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SUMMARY Y 

Substitutionn of the native variable region-1 (YRl/37-loop) of thrombin bv the 

correspondingg YR1 ot tissuc-tvpe plasminogen activator (thronibin-YRl,]i.\) increases the 

ratee of inhibition by plasminogen activator inhibitor tvpe 1 (PAI-1) bv three orders of 

magnitude,, and is thus sufficient to confer PAI-1 specificitv to a heterologous serine 

protease.. A structural and kinetica! approach to establish the function of the YR1 loop of 

t-PAA in the context of the thrombin-VRl,! 'A variant is described. The crvstal structure of 

rhrombin-YRld'AA was resolved and showed a conserved overall a-thrombin structure, but 

aa partially disordered VR1 loop as also reported for t-PA. The contribution of a prominent 

chargee substitution close ro the active site was studied using charge neutralization variants 

thrombin-E;.39Q(c3*.))) and thrombin-VRl'ilA -R3(>4Q(c39), resulting in only fourfold 

changess in the PAI-1 inhibition rate. Surface plasmon resonance revealed that the affinitv 

off  initial reversible complex formation between PAI-1 and catalvticallv inactive 

Serl95—*Alaa variants of thrombin and thrombin-VR1|PA is only increased fivefold, i.e. Kn 

iss 652 and 128 n'M for thrombin-S195A and rhrombin-Sl<J5A-YR'l'|,\ respectively. We 

establishedd that the partition ratio of the suicide substrate reaction between the proteases 

andd PAI-1 was largeiv unaffected in am' variant studied. Hirugcn allostericallv decreases 

thee rate of thrombin inhibition by PAI-l 2.5-fold and of thrombin-YRlrlM 20-fold, by 

interferingg with a unimolccular step in the reaction, not by decreasing initial complex 

formationn or by altering the stoichiometry. Finally, kinetic modeling demonstrated that 

acylationn is the rate-limiting step in thrombin inhibition bv PAI-1 (k ~~ 10 * s') and this 

kineticc block is alleviated by the introduction of the tPA-YRl into thrombin (k > 1 s1). We 

proposee that the length, flexibilit y and different charge architecture of the YR1 loop of 

t-PAA invoke an induced fit ot the reactive center loop of PAI-1, therebv enhancing the rate 

off  acylation in the Miehaelis complex benveen thrombin-VRl' PA and PAI-1 by more than 

twoo orders of magnitude. 
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INTRODUCTION N 

Inn general, most serine proteases cleave their target substrates with a high degree of 

specificity.. To that end, serine proteases harbor unique surface-exposed loops around their 

activee site, that facilitate right substrate/inhibitor binding or stimulate subsequent 

unimolecukrr catalytic steps (Furie et al., 1982; Bode et al, 1989, 1992; Famba eta/., 1996). 

Thee two plasminogen activators tissue-type (t-PA) and urokinase-type (u-PA) plasminogen 

activatorr can activate the zymogen plasminogen to plasmin (Collen, 1980). Due to the 

powerfull  capacities of the plasminogen activator system, the activity of the serine 

proteasess t-PA and u-PA is tightly controled bv plasminogen activator inhibitor 1 (PA1-1), 

onee of the main physiological inhibitors of fibrinolysis (Lucore & Sobel, 1988). Thrombin, 

aa serine protease structurally homologous to the t-PA catalytic domain, can also be 

inhibitedd bv PAT-1, albeit at a rate four orders of magnitude lower than t-PA (Hhrlich el ai, 

199(1).. Various mutagenesis studies have identified residues in t-PA, thrombin and PAI-1 

thatt confer specificity to the respective serine protease for PAI-1. The variable region-1 

(VR'11 or 37-loop) surface exposed loop of t-PA (Phe294 to Phe305, t-PA numbering; c34 

too c4U, chvmotrvpsinogen numbering), which had been found to be partially disordered in 

alll  three crystal structures of the human t-PA catalytic domain (Lamba et a/., 1996; Renatus 

elel al, 1997a,b), was identified to be of major importance for the interaction with reactive 

centerr loop (RCL) residues of PAI-1. First, deletion or charge reversal of the basic motif 

KHRRR (296-299; c36-c37B) and Arg304(c39) in the t-PA VR1 loop resulted in a 470 and 

2800-foldd reduction of the PAI-1 inhibition rate constants, respectively (Madison et at, 

1989,, 1990a). Counter residues in the RCL of PAI-1 that specifically interact with this 

stretchh of basic residues were identified by charge reversals of glutamic acid residues 

(Glu3500 and Glu351), thus restoring the inhibition rates of the t-PA mutants (Madison et 

a/.,a/., 1990b). Second, replacement of the VR'1 surface-exposed loop on thrombin (Phe34 to 

Leu40,, eight residues, chvmotrvpsinogen numbering) with the corresponding region of 

t-PAA (Phe34 to Phe40, 12 residues, chvmotrvpsinogen numbering) results in the thrombin 

variantt thrombin-VRlrpA that is inhibited three orders of magnitude faster by PAI-1 than 

wild-typee thrombin (Horrevoets et al, 1993). This VR1 substitution specifically increases 

thee inhibition bv PAI-1 and does not affect the interaction of thrombin-VRl,,,A with other 

substratess and inhibitors. This indicates that the VR'1 loop of t-PA is the major 

determinantt for PAI-1 specificity of serine proteases, i.e. t-PA and tiSrombin. Finally, an 

additionall  study was performed with random mutagenesis of PAI-1, using the phage 

displayy technique, and has identified solely residues in the carboxy-terminal part of the 

RCT.. of PAI-1 (i.e. P'4/Glu350) as being involved in the interaction with thrombin-VR1,,,A 

(vann Meijer et al, 1996), in accordance with the studies on t-PA by other research groups 

(Madisonn et al., 1990b). Based on these experiments, an identical function of the t-PA VR1 

loopp in P.Al-1 inhibition can be expected in thrombin-YRPPA and t-PA. Furthermore, an 
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identicall  role of the homologous \H1 of u-PA has been evidenced convincingly (Siplcy et 
at,at, 1997). 

Despitee the firm establishment of VR1 as a specificity determinant for PAI-1 (Horrevoets 

ftft a/., 1993; Sipley et a/., 1997), the exact mechanistic role of this surface-exposed loop 

remainedd elusive. It is generally believed to be involved in a high affinity docking step, e.g. 

acceleratingg inhibition by facilitating the formation of a tight initial reversible complex 

betweenn the target protease and its cognate inhibitor, although evidence for this 

hypothesiss is still lacking. To address this question, we have used thrombin, the 

substitutionn variant thrombin-VRltl>A , and mutants thereof, to characterize the t-PA VR1 

]oopp in an isolated context, which harbors the obligatory structural elements of a serine 

proteasee but lacks significant PAI-1 specificity. Thrombin was considered a suitable 

environmentt because of its high degree of structural homology with t-PA, successful 

exchangee of its VR1 loop with that of t-PA, and their specificity- for different substrates 

(Bodee et aL, 1989; Lamba eta/., 1996). Rather than increasing the bimolecular rate constant 

off  initial reversible complex formation, we found that the specificity of the VR1 loop of 

t-PAA for inhibition by PAI-1 is primarily caused by an increase in the unimolecular rate-

constantss of the catalytic steps. 
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RESULTS S 

Structura ll  analysi s 

Determinatio nn and analysi s of th e crysta l structur e of thrombin-VR1 ,PA 

Thee crystal structure of thrombin-VRfIM in complex with hirugen 55-65 was determined. 

AA comparison between the structures of thrombin-YRl, | ,v and x-thrombin was done in 

orderr to locate differences in the overall protein structure, and that of the VR1 loop in 

particular,, that can explain the enhancing effect of the t-PA VR1 loop on the rate ot 

thrombin-YRl'1^^ inhibition by PA1-1. 

Thee structure analvsis reveals (Figure LA and B) an overall catalytic domain structure of 

thrombinn YRl ll 'A very similar to that of human PPACK-a-thrombin (Bode vi id, 19X9, 

1992),, in non-covalent complex with A-acetyl-hirudin 55H-651» with sulfato-Tvru.V 

(Skrzypczak-fankunn et al., 1991). In particular, the N-terminal part of die rhrombin-

characteristicc 6n insertion loop forms a flap projecting (identical with the wild-type 

thrombin)) into the active-site cleft and partially obstructs access to the active-site residues, 

whilee seven C-terminal residues LyscGUF to Asnc62 are arranged along the surface. The 

adjacentt 37-loop (VR1), based to some extent on this latter 6U-loop region, extends out of 

thee molecular surface pointing towards the active-site cleft, it is fully defined by electron 

densityy up to Lvs296(c36) and from Arg3U4(c39) onwards, with a thrombindike main-

chainn conformation and with the Arg304(c.39) side-chain directed towards this clett, as the 

Glu39(c39)) side-chain does in thrombin. Residue His297(c37) is only partially defined, 

whilee the five residues in between, Arg298(c37A)-Arg299(c37B)-Ser3()0(c37C)-

Pro30l(c37D)-(";iv3<)2(c37K),, are completely disordered as had also been found in all t-PA 

structuress (Lamba et a/., 1996; Renatus tt a/., 1997a,b). As in t-PA, this elongated 37-loop 

off  thrombinA'Rl11^ must form a surface-exposed turn extending into, but not blocking, 

thee fibrinogen recognition exosite (union binding exositc 1) of thrombin, which is here 

occupiedd by hirugen. Model building studies show that the His297(c3^)-Arg298(c.37A)-

Arg299(c37B)) segment might be placed on the outer rim of the cleft, with one ot the 

argininee side-chains directed to it. 

Fromm this structural analvsis we conclude that there are no significant changes in the 

overalll  thrombin strucmrc, other than the introduction of VKl''^ , that could Ir-

responsiblee for the increased rate of reaction with PA1-1. The most striking change close-

too the active site is a charge reversal at position c39 (Glu—*Arg substitution), which will be 

addressedd below. Finally, five out of 12 of the VR1 residues are disordered in the crystal 

structure,, like in all t-PA structures known thus far, indicating the flexible nature ot the 

topp of the solution-exposed loop. 
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FIGUREE 1 - Comparison of the crystal structures of the thrombin-hirusen (55-64) and thrombin-VR1'PA-
hirugenhirugen (55-64) complexes. The molecular surfaces are colored red where the charge is negative and blue 
wheree positive. Hirugen is shown as a stick model. (A) Structure of the complex of human o.-thrombin with 
hirugenn 55-64 (Skrzypczak-Jankun et a/., 1991; PDB code: 1hgt). (B) Structure of the complex of thrombin-
VR1,PAA with hirugen 55-64 (this study). The location of the VR1 loop (37-loop), 60-loop and catalytic serine 
(Ser195)) is indicated. The figure was produced with GRASP (Nicholls et at., 1991). 

Mutagenesi ss  of VR1 loo p residue s 

Extensivee mutagenesis of charged VR1 residues in t-PA have demonstrated their positive 

contributionn to the high i PA/PAI-1 inhibition rate (Madison et al, 1989, I990a,b). < »ne 

strikingg difference between the structures of the i PA and thrombin VR1 loop in 

thrombin-VRltPAA and wild type thrombin, respectively, is the presence of a basic arginine 

residuee at position 304(c39), which is occupied by glutamic acid (Glu39) at the identical 

positionn in thrombin. In both structures these residues are directed towards ihe active-site 

clefll  and are in close proximity i<> the active-site serine residue (Serl95) of the protease, 

andd thus are likely responsible tor pan of the high P \l- l specificity of the t-PA YR1 loop. 

Too test this hypothesis, we constructed two thrombin variants containing single mutations 

inn the YR1 loop. The potentially unfavorable effect of GluVJ j n thrombin on the 

inhibitionn of thrombin by PAI-1 was assessed by constructing a variant with ,in uncharged 

glutaminee residue replacing Glu39, denoted thrombin-1 ;.3(K,). The contribution of 

Arg304(c39)) to the efficient inhibition of thrombin-VRltPA by PAI-1 was studied In 

constructingg a thrombin-VR ltPA variant with an uncharged glutamine residue replacing 

Arg304(c39),, denoted thrombin-VRltPA/R304Q. 

Thee rates ot inhibition of these thrombin variants by PA I 1 were determined (Table I). 

Thee apparent second-order rate constant of inhibition of thrombin-E39Q by PAI-1 was 

fourfoldd higher compared to wild-type thrombin. In contrast, the apparent second order 

rattt constant of inhibition of thrombin-VRltPA/R304Q by PAI-1 was fourfold lower 

comparedd to thrombin-YRl',>\ These mutagenesis results demonstrate that the studied 

singlee charges in the YR1 loop of thrornbin(-VR1 PA) are involved in the interaction with 

PAI-1,, but only marginally contribute to the rate of thrombin inhibition by PAI-1. 
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TABLEE 1 — Kinetic constants for the inhibition of all thrombin variants by PAI-1. 

Thrombinn variant 
Inhibitionn by PAI-1 

jfc(M'V )) ( r+1) 

Wild-type e 

E39Q Q 

VR1tpA A 

VR1lp*-R304Q Q 

ApparentApparent stoichiometrics (r + i) for PAI-t inhibition wen determined by titration. All 

tbruruhitttbruruhitt variants and PA]-1 were calibrated on OL-tbirwbin and t-PA standards, resfwtiirh. 

1.2**  103 

5.22 * 103 

1.11 x 10' 

3.00 x 10s 

2.5 5 

2.0 0 

1.5 5 

1.1 1 

Kineti cc  analysi s 
Thee generally accepted mechanism that describes the interaction ot SKRPINs with their 

targett proteases is the 'suicide substrate mechanism' (Figure 2). It involves a branched 

pathwayy that accounts for the formation of SDS-stable protease-SHRPlX complexes in 

onee branch, and cleaved inactive S l iRPIN together with the release of the active protease 

inn the other branch. We have rccentlv found that thrombin is inhibited by P AM according 

too this mechanism (van Meijer ct it/., 1997). Speculation on what stage of catalysis is 

actuallvv augmented in t-PA and t h r o t n b i n - Y R Pp \ requires that the mechanistic events 

thatt comprise the suicide substrate mechanism and their order, are known. A clear 

definitionn of the suicide substrate mechanism is starting to evolve based on the work ot 

severall  groups as discussed below. The mechanism that was proposed on the basis ot 

thesee data comprises at least three distinct stages at which the rate ot protease-SFRPIN 

inhibitionn can be altered, i.e. Michaclis complex formation, covalem intermediate 

formationn (acvlation) and the branched steps that determine the apparent stoichiometry 

off  the reaction (loop insertion and dcacvlation). Tine contribution ot the VR1 to each ot 

thesee individual steps was established as described below. 

Effec tt  of the t-PA VR1 loo p on reversibl e PAI-1 bindin g by thrombin-S195 A 

Catalvticallvv inactive Serl93—>-Ala variants of thrombin and thrombin-YR]T i M were 

constructedd to stuck the effect of the t-PA VRI loop on the initial reversible 

protease/PAl-11 docking step. Both variants thrombin SI95A and rhrombin-S195A-

\"RR 1 'r" ï were produced and purified as described in "Materials and Methods'. The 

differencee in affinity of PAI-1 for both Scrl95—>Ala variants was determined bv 

measuringg the kinetic binding constants (k..~. and k.,u ) f(>r reversible binding of PA1 I to 

thesee Scr 19.5—* Ala variants using surface plastnon resonance (SPR). The results indicate 

thatt the strength of the initial non-covaleru th rombin /PAI 1 Michaelis complex is 
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EE + I = ^  El — El' 

EE + I* 

E-l## --** E + T 

FIGUREE 2 — The branched  pathway  of  a suicide  substrate  mechanism.  The inhibitor (I) forms a reversible 

Michaelis-typee complex (El) with its target proteinase (E), characterized by the bimolecular association rate 

constantt (k\) and the dissociation rate constant {k.-t). Subsequently, an intermediate irreversible complex is 

formedd (El'), that can convert with a rate constant kA into the SDS-stable complex (E-l*), or it can react 

accordingaccording to a substrate mechanism, resulting in the release of free enzyme together with cleaved, inactive 

inhibitorr (I') with the rate constant k). The partition ratio (/  = kjlk^ represents the number of catalytic 

turnoverss per inactivation event, where 1 + /  is the apparent stoichiometry. Finally, the stable complex E l * 

dissociatess with a rate constant A5 according to the substrate branch. For both thrombin and t-PA, k$ is 

negligiblyy small. 

marginall  in the absence of a functional active-site serine residue. Furthermore, they show 

thatt PAM has a fivefold higher affinity (A'n) for thrombin-Sl95A-Y~Rl,I)A compared to 

thrombin-S195A,, which is the result of a modest 1.9-fold increase and 2.7-fold decrease of 

kklialia and kC!tt , respectively (Table 2 and Figure 3). Thus, there is no significant effect of the 

VR11 substitution on the actual rate of initial complex formation, the first bimolecular step 

ott the overal] irreversible inhibition reaction. Furthermore, at the inhibitor concentrations 

usedd in this study, the rate of association of initial complexes limits the overall rate of 

thrombin-VRl'|JAA inhibition bv l3AJ-l, which are both in the same order of magnitude. 

TABLEE 2 — Kineti c bindin g constant s for the interactio n of the thrombin-S195 A variant s wit h PAM , 

Thrombi nn S195A varian t 

S195A A 

S195A-VR1lPA(1) ) 

S195A-VR1lPA(2> > 

St95A-VR1 tPAA + hiruge n 

(MV) ) 

1.22 x 103 

5.22 x 101 

1.11 *10 6 

3.00 * 105 

k' k' 

(s-1) ) 

0.35 5 

0.13 3 

0.11 1 

0.15 5 

^ ^ 

(nM) ) 

652 2 

128 8 

98 8 

139 9 

AssociationAssociation rak {kim), dissociation rate {k„-{}  and equilibrium dissociation constants (Ko) v>en determined by SPR. 

T'hrombin~S195AAT'hrombin~S195AA 'R}'!'-"' was immobilized in separate, experiments (1) and {2) [or studying PAl-1 binding in the presence of 

70//,\i70//,\i birugen {Figure .?C). 

''''  The constants k<„,  and k„f>  urn obtained by global fitting the SPR data recorded at a range of PAI-1 emxentrations. 

S.E.-nalmsS.E.-nalms pronded l>y the fitting algorithm were a/a-ays < 2"-'r>. 

K\>K\>  was calculated from k.,„ and A".,., using: Ku— k,.,n/kt,„. 
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FIGUREE 3 - Reversible binding of PAI-1 to 
thrombin-S195Athrombin-S195A and thrombin-S195A-VR1'Pi. The 
differencee in initial reversible complex formation that 
iss the result of the t-PA VR1 substitution in thrombin 
wass determined by SPR. Binding of PAI-1 to either 
immobilizedd thrombin-S195A {blue) or thrombin-S195A-
VR1tPAA {red) was monitored at various concentrations 
off PAI-1 (50-250 nM). The data shown was obtained 
withh 100 nM PAI-1. 

Effec tt  of the t-PA VR1 loop on PAI-1 cleavage by thrombin-VR1 tPA A 

Thrombinn and th rombinA 'R l 'l ' x are inhibited by PAI-1 according to the suicide substrate 

mechanismm (van Meijer et i//., 1997), After formation of an initial non-covalent 

th romb in /PAll  I complex, this mechanism allows either the formation of a SDS stable 

pseudoo irreversible complex, or release of cleaved inactivated PAI-1 and tree active 

thrombin.. The increased PAI-1 inhibition rate that is the result of the substitution of the 

YR11 loop of thrombin with that of t-PA, might be caused by an altered product 

distributionn between these two branches of the reaction mechanism, i.e. creating a 

preferencee for irreversible complex formation. Therefore, the apparent stoichiometrics 

(r(r  + 1; partition ratio + 1) of the thrombin and thrombin-YRl ' ' 'A inhibition reactions by 

PAI-11 were determined using two methods. First, titration of thrombin(-VRlt P A) with 

calibratedd PAI-1 revealed small differences in the partition ratios (Table 1). Second, SDS-

P A GEE analysis of the products of the inhibition reaction confirmed the small differences 

foundd bv titration, showing significant and comparable PAI-1 cleavage tor both thrombin 

andd thrombin VRl t PA (Figure 4). Apparent stoichiometrics for the reaction of the c39 

66 7 

E-l l 

FIGUREE 4 - Effect of the t-PA VR1 loop on the apparent stoichiometry. SDS-PAGE analysis of the products 
off the inhibition reactions of thrombin {lanes 1-2), thrombin-E39Q {lanes 3-4), thrombin-VR1lPA {lanes 5-6) and 
thrombin-VRl"'',-R304QQ {lanes 7-8) by PAI-1. Each thrombin variant (800 nM) was incubated with PAI-1 (3600 
nM)) for either ten seconds {lanes 1, 3, 5 and 7) or one hour {lanes 2, 4, 6 and 8) at 37 C. After the respective 
timee intervals, the samples were immediately quenched and subjected to 10% (w/v) SDS-PAGE and stained 
withh Coomassie brilliant blue. Indicated are: thrombin variant (E). intact PAI-1 (I), cleaved PAI-1 (I*) and 
pseudo-irreversiblee thrombin/PAI-1 complex (E-T), as described in the legend to Figure 2. 
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variantss with PAJ-1 were determined in the same way, with comparable results 'Table 1 

andd Figure 4). The results show that the YR1 loop mutations cause minor differences in 

[hee stoichiometry, comparable to the differences found b\ substitution of the entire t-PA 

\'R11 loop in thrombin. 

Hence,, substitution of die \'R1 loop of t-PA in thn imbin-VR.llPA or the presence oi odier 

substitutionss (c3()) do not significantly alter the distribution in the reaction pathway 

betweenn PA1 1 cleavage and irreversible protease/PAI-1 complex formation. 
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FIGUREE 5 - The effects of hirusen on the interaction 

ofof thrombin and thrombin-VRUPA with PAI-1. (A) 

Thrombinn and (B) thrombin-VR1lPi amidolytic activity was 

measuredd at various time intervals and used to calculate 

thee apparent second-order rate constants (A,) of PAI-1 

inhibitionn as described in 'Materials and Methods'. 

Apparentt second-order rate constants (A,) were calculated 

fromm the initial rates of inhibition of either 5 nM thrombin 

byy 1.8 iiM PAI-1, or 5 nM thrombin-VR1'BA by 7 nM PAI-1, 

bothh in the presence of increasing hirugen 

concentrations.. Apparent A, is plotted versus the hirugen 

concentration.. The continuous lines are fits of the plots 

shownn in (A) and (B) to the hyperbolic equation described 

inn 'Materials and Methods'. Apparent equilibrium 

dissociationn constants [K , ) determined from these fits 

weree 73 and 297 nM for the thrombin/hirugen and 

thrombin-VR1'5i/hirugenn complexes, respectively. (C) The 

effectt of hirugen on reversible binding of PAI-1 to 

thrombin-S^A-VRl"-'''' was determined using SPR. 

Thrombin-S195A-VR1lPAA was immobilized and either 

saturatedd with hirugen (70 uM) prior to applying a 

solutionn of 50 nM PAI-1 with 70 JIM hirugen (blue), or a 

solutionn of 50 nM PAI-1 was directly applied in the 

absencee of hirugen {red). Kinetic binding constants for 

thee interaction of PAI-1 with the hirugen/thrombin-S195A 

variantt complexes were deter-mined from four different 

PAI-11 concentrations (50-400 nM; see Table 2). 
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Effec tt  of hiruge n on th e inhibitio n of thrombi n by PAI-1 

Till  e hirudin-derived dccapeptide, hirugen, is known for its ability to allosterically modulate 

thee interaction of thrombin with numerous target substrates and inhibitors by altering 

catalysiss rather than affinity (Skrzypczak-Jankun et ai, 1991; Bock et ai, 1997). On these 

grounds,, hirugen was tested for its ability to alter catalysis in the thrombin(-

\Tll ! |JA)/PAI-ll  complex, similar to the stimulator)' effect of the t-PA VR] loop on the 

samee catalytic event(s). The hirugen-like peptide, succ-(Pro58, D-Glu65)-hirudin(56-65) 

wliichh is one residue shorter than the hirugen used in the crystal structure, was used 

becausee of its higher affinity for thrombin than hirugen (Kn < 100 nM; Payne et ai, 1991). 

Thee dose-response of the hirugen fragment concentration on the apparent second-order 

ratee constant (ki) of thrombin(-YrRlrPA) inhibition by PAI-1 was determined (Figure 5A 

andd B). Plots for both thrombin and thrombin-VR1,PA show that the hirugen fragment has 

ann allostcric effect on thrombin inhibition by PAI-1, since the rate constants approach a 

non-zeroo value (kl
J) at high hirugen fragment concentrations (highest concentration used 

iss 0.5 mM; data not shown). At these saturating conditions, hirugen has an eight-fold 

largerr effect (kï'/k,*) on the apparent rate constant of thrombin-VRltPA inhibition 

(20-fold),, compared to wild-type thrombin (2.5-fold). The minimal values of kt at 

saturadngg hirugen concentradon (k*) equal the apparent second-order rate constants for 

inhibitionn of the thrombin/hirugen-complex and were determined to be 2.7 x 10- M ' s ' 

andd 5.5 x IQ4 M 's-1 for thrombin and riirombin-VRl r l ' \ respectively. This indicates that 

hirugenn decreases the rate of thrombin-VRltpi l inhibition by PAI-1 towards that of wild-

typee thrombin. Thus, a 200-fold difference in the inhibition rate is observed between these 

thrombinn variants, instead of tine 1600-fold difference in the absence of hirugen. In 

addition,, the apparent dissociation constants (A'niirr) of the thrombin/hirugen-complexes 

derivedd trom these data (half-maximal effect) are 73 and 297 nM, respectively, indicating 

weakerr binding of hirugen to thrombin-VRlIPA but a larger maximal effect on its rate of 

inhibitionn by PAI-1. Therefore, hirugen binding to thrombin(-VRl,PA) still allows 

inhibitionn of the thrombin-hirugen complex by PAI-1, but substantially decreases the 

inhibitionn rate. 

Wee studied the effect of hirugen on the initial reversible binding step of thrombin-YRl,PA 

andd PAI-1, using thrombin-S195A-VRl'PA and SPR. Thrombin-S195A-VRltpA was 

immobilizedd on a sensor-chip, saturated with hirugen bv preinjecting 80 ml of 70mM 

hirugen,, and PAI-1 binding was monitored at various PAI-1 concentrations (50-400 nM) 

inn the presence of 70 mM hirugen (Figure 5Q. The results indicate that the thrombin-

VR1,PP Vhirugcn complex binds PAI-1 with similar association and dissociation rate-

constantss compared to uncomplexed thrombin-YRlrpA (Table 2). Next, we established 

thatt hirugen did not alter the stoichiometry of the reactions by titration and SDS-PAGF as 

describedd in the above (data not shown). Therefore, the observed 20-fold decreased PAI-1 

inhibitionn rate in the presence of hirugen is not the result of an equivalent decrease of 
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PAl-11 binding to thrombin-VRl,PA/hirugen complexes or increased cleavage of PAI-1. 

Rather,, it is a consequence of the decreased rate constant of a Linimolecular step in the 

catalyticc mechanism of rhrombin(-VR1rPA)/PAI-l inhibition. 

Simulatio nn of the suicid e substrat e mechanis m kinetic s 

Thee dominant role of the catalytic serine in the interaction of serine proteinases with 

SKRPINss has been documented (Olson et at, 1995). The absence of a significant effect of 

thee t-PA VR1 loop substitution in thrombin(-S195A) on reversible PAI-1 binding, 

stronglyy suggests a change of unimolccular steps in the catalytic mechanism of the active 

protease.. In this view, the t-PA VR1 loop likely augments the potency of the active-site 

serinee residue (Serl95) of" thrombin-VRltpA to participate in the catalytic events that are 

definedd by the protease/SliRPIN inhibition mechanism (Wilc/vnska et al, 1995; Olson, 

1985;; Patston d a!.y 1991). In order to determine the magnitude of this effect we have 

utilizedd a computer-simulated model of the suicide substrate mechanism as described in 

'Materialss and Methods'. Briefly, the rate equations that describe the suicide substrate 

mechanismm were numerically integrated employing the concentrations and rate constants 

describedd here. Thus, the concentrations of all rcactants, intermediates and products were 

calculatedd over the time-course of the inhibition reaction and compared to experimentally 

obtainedd data. Two out of the five rate constants that describe the interaction between 

thrombinn (-VRltPA) and PAI-1 kinetically (Figure 2), have been determined directly (k\ and 

kk i; see Table 2). The rate constants of irreversible acylation (Ai), the substrate branch (Jt;,) 

andd the suicide branch (A'4) are difficult to determine experimentally. The apparent 

stoichiometry,, however, quantifies the partitioning of the inhibition mechanism (r < ki/kA), 

thuss making it possible to calculate k\ from each value of /r4, or vice vena. Therefore, the 

kineticc model was based on the experimentally determined values of k\, k.\ and r, and an 

arbitraryy set of values of k2 and ki. 

Thee resulting theoretically predicted decrease in thrombin(-VRItPA) activity was calculated 

forr —700 combinations of k2 and £4, and for each combination a comparison was made 

withh the decrease in thrombin activity that is observed cxperimentally. The statistical value 

ySyS (weighed sum of squared residuals) was taken as a measure for the agreement of the 

modell  with the experimental data, and normalized to the minimal value observed 

(JC/Xmm)-- P 'o ts °f k and Ar
4 versus X  ̂/ X~mm for thrombin and thrombin-VR1,PA are shown 

inn Figure 6A and B, respectively. Interestingly, an optimal fit is found for a distinct value 

forr kz of 3.1 x  s ' for wild-type thrombin, while for thrombin-VRltPA ail k2 values 

higherr than 1 s"1 are best. For both thrombin and thrombin-VRlrpA, however, all values of 

kiki higher than lO2 s ', in combination with the optimal values for k2, give an optimal fit to 

thee experimental data. Therefore, in wild-type thrombin acylation (k2) is the rate-limiting 

stepp in catalysis, since at the narrowly defined optimal value for k2, all values of A'4 higher 
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ih.inn us rate-determining limit are possible. In other words, increasing k. does not increase 

thee reaction rate, t lua ln increasing the X values, because of the rate-limiting nature of 

acylation.. T<> he in agreement with the experimental findings, acylation (fe) in thrombin-

VKl tpAA must be increased at least 5'in f,,ld to a value of I s ;, which is no longer rate 

limiting .. As a consequence, the apparent second-order rate constant ot inhibition is of the 

samee magnitude as the rate constant of initial complex formation (A-;). Since tor thrombin-

YR1' ' 'NN A': » A'i, initial complex formation is the rate-limiting event in the inhibition 

mechanismm at the inhibitor concentrations used in this study. 

Finally,, for thrombin-VR1, PA an identical plot was calculated with an apparent 

sto ichiometnn of 1 :/'  (I), . inhibitor cleavage is infinitcsimally low (data not shown). 

Thee result is virtually identical with that obtained for r  0.5, with similar minimal values of 

A-- and A.|. Therefore, due to the irreversible nature of the acylation step (A2), a substantia] 

increasee of A. resulting in a decrease in apparent stoichiometrv to approximate!) 1, cannot 

hee responsible for the increase in the rate of t h r o m b i n - V R l^ inhibition h\ P VI-1. 

FIGUREE 6 - Comparison of experimental data to a kinetic model of the suicide substrate mechanism. 

Usingg the procedures described in 'Materials and Methods', the decrease in (A) thrombin and (B) thrombin-

VR1'PAA activity resulting from the inhibition by PAI-1, was calculated theoretically for a set of -700 

combinationss of k2 and A4. For each of these combinations, the resulting modeled values were compared to the 

experimentallyy obtained decrease in thrombin(-VR1,PA) concentration by assessing the statistical value Z.r i 

(weighedd sum of squared residuals), which was normalized to the minimal values (X.,,,,.) that were observed 

usingg X. X „. Combinations of ki and k* that agree well with the experimental data result in low values of 

// '/ {optimal = 1). The solid surface that was imposed on these results is colored by X X value. 

accordingg to: <1.2 (red), 1.2-1.5 {dark red), 1.5-2.0 {dark blue), and >2.0 {blue). 
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DISCUSSION N 

Thee YR1 loop in serine proteases is one or'several surface-exposed loops that are believed 

too facilitate target protein binding by serine proteases, functioning independently trom the 

active-sitee catalytic triad (I-'uric ef a/., 1 lJ82; Bode eta!., 1989, 1992). It has been identified 

specificallyy to (partially) confer specificity of t-PA ('Madison et a/., 1989, 1990a,b), u-PA 

(Siplcyy eta/., 199~) and thrombin (Horrevoers ef al.y 1993) for the SERPIX PAI-l. In order 

roro gam a structural and mechanistic insight into the way this is accomplished, we used the 

thrombinn variant thrombin-VRf  , p' \ which displays a t-PA-like PA1-I inhibition rate after 

replacementt of the entire VR1 loop of thrombin with that of t-PA (Horrcvoets ef aL, 

1993). . 

Thee structure of thrombin-VRl, l 'A (Figure IB) was resolved, showing that no gross 

changess were introduced in thrombin's structure bv introducing the much longer t-PA 

VR11 loop. Although five out of 12 residues of this flexible surface-exposed loop were 

unresolved,, the structure clearly shows that the resolved VR'1 residue Arg304(c39) at the 

bottomm of the loop, is located on the corner of the northern-exit and the eastern-exit 

(anionn binding exosite I). The involvement of glutamic acid residues in the R(X of PAI-l 

inn forming a salt bridge with Arg304(c39) in t-PA and thrombin-VRlr,'v was demonstrated 

inn various studies (Madison ef a/., 1989, 1990a,b; van Meijer et al, 1996). Recently, a 

deleteriouss effect of Glu39 was suggested to be at the basis of the low rate of the 

PAI-ll  /thrombin interaction (Rezaic, 1998). Interestingly, this position (c39) is occupied by 

aa threonine residue in u-PA, the protease with the highest rate of inhibition bv PAI-l , 

makingg the importance of this salt bridge questionable (Spraggon et a!., 1995). Indeed, our 

studyy demonstrates a minor contribution of Glu39 and Arg304(c39) in the VR1 of 

thrombin(-YR']rP'v)) to the rate of PAI-'l inhibition. Nevertheless, the differences in 

inhibitionn rates that were observed are in agreement with the existence of such an 

interaction.. Similar studies have been performed for t-PA inhibition bv PA I -1 yielding 

similarr fourfold differences as a result of the replacement of single charged with uncharged 

residuess (Madison et a/., 1989, 1990a; T-e Iïonniec ef at, 1991). Much larger effects were 

observedd by single or triple arginine to glutamic acid charge reversals of charged residues 

att the (unresolved) top of the VR1 (Madison et a/., 1990a). These results suggest that this 

parrr of the VR1 loop of t-PA (KHRR 296-299) or u-PA (RRHR) (Sipley et a/., 1997) \% 

significantlyy involved in the physical contact between the protease and the RCL of PAI-l . 

Chargee reversal mutations, although very informative in locating interaction sites, tend to 

exaggeratee the contribution of these residues to the total binding energy, as exemplified bv 

thee SPR studies described here. 

AA clear definition of the suicide substrate mechanism is starting to evolve based on the 

workk of different research groups (Olson, 1985; Patston et <//, 1991). The mechanism that 

waswas proposed on the basis of these data comprises at least three distinct stages at which 
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thee rate of protease-SFRPIN inhibition can bc altered, i.e. Michaelis complex formation, 

covalentt intermediate formation (acylation) and the branched steps that determine the 

apparentt stoichiometrv of the reaction (loop insertion and deacvlation). Several studies 

havee shown that in the pseudo-irreversible SF,R PIN-protease complex the catalytic serine 

off  the protease is covalently linked to die PI residue of the SF.RPIN, and that the scissile 

bondd (P,-P'i) of the RCL is cleaved (Olson et al, 1995; VC'ikzynska el a/., 1995; Shore et a/., 

1995).. Furthermore, it has been shown that insertion of the SERPTN RCL in its central 

[3-sheett is a prerequisite for stable complex formation, which can occur only after RCL 

cleavagee and thus covalent attachment of the SKRPIN P[ residue to the catalytic serine of 

thee protease (Olson c/rf/, 1995; Shore et a/., 1995; Björk et a/., 1993). 

Wee now show that the VRl-loop of t-PA stimulates exacdy this crucial step (acylation) in 

thee suicide substrate reaction. The results of the modeling of the suicide substrate reaction 

kineticss showed that the interaction is insensitive for the rate constants of loop insertion 

andd deacylation at values of >10  s '. In contrast, for wild-type thrombin an optimal match 

off  the model to the experimental data is found at a distinct value for the acylation rate 

constantt of 3 x 10° s1, whilst for thrombin-VRlrPA best fits arc obtained at values of 

>11 s"1. This demonstrates that in the case of wild-tvpe thrombin, acylation is the rate-

limitingg step in the irreversible inhibition bv PAF1, which is alleviated by the substitution 

off  the VR1 loop of t-PA in thrombin. In this way the kinetic block is released that causes 

thee poor rate of wild-type thrombin inhibition by PAI-1 (k, - K)1 M 's '), despite the high 

ratee of reversible association, i.e. Michaelis complex formation (ki — 10f' M 's '). The 

overalll  result of the 50(1-fold increased rate of acylation being diat most thrombin-

VTC1'P'YPAI-11 encounters lead to a full turnover of the mechanism before dissociation of 

thee Michaelis complex can occur. The values for the individual rate constants that we 

obtainedd correlate well with the published data for various SERPIN-protease interactions 

(Olsonn & Shore, 1986; Shoree et at., 1995). 

Thus,, the major part of the effect of the t-PA VR1 loop on the mechanism of 

protease/PAl-11 inhibition is the result of a substantial increase in the rate of acylation. 

Combiningg our structural and kinetic data, we come to the following mechanistic 

interpretation.. Based on the proposed mechanism of SF.RP1N action, we hypothesize that 

thee highly charged t-PA VR1 loop mediates an induced fit-Type of interaction between the 

PAI-11 RCL and the active site of t-PA and thrombin-VR1,P\ Hence, it can induce a more 

optimall  conformation (preorientation) of the PAI-1 RCL that has a substantial stimulatory 

effectt on the rate of acylation, but produces just a minor increase in the affinity or the 

initiall  docked complex, which is in agreement with the fivefold higher affinity of PAI-1 tor 

thrombin-YR1, lMM found in this study. The profound conformational changes that 

accompanyy irreversible complex formation, i.e. RCL insertion, likelv cause a disruption of 

thee catalytic triad of the protease and/or exclusion of water from the active site, thus 

preventingg deacvlation of die post-loop insertion acvl-enzvme intermediate. This concept 
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suggestss the ability of the t-PA VR1 loop to take advantage of its flexible nature in 

drawingg the initial reversible protcasc-SERPIN complex past the acvlation stage, thus 

convertingg it into the pseudo-irreversible form. However, the t-PA VR1 loop substitution 

inn thrombin specifically accelerates PAI 1 inhibition, while neither the rates of inhibition 

byy antithrombin 111 or heparin cofactor 11 nor the cleavage of the substrates fibrinogen or 

proteinn C are affected (Horrevoets et rf/., 1993; A.J.G.H. d a/., unpublished results). These 

findingsfindings impose the restriction that the t-PA YR1 loop only optimizes the conformation 

off  the highly flexible RCL of PAI-1. It can thus be stated that binding of the SHRPlN's 

RCLL <Glu350, 351) to the top part of the t-PA VR1 (Arg298, 299) is a prerequisite for 

obtainingg the large accelerating effect on the interaction rate constant, a condition that 

onlyy PAI-1 complies with of all substrates/inhibitors tested. In fact, this part of the VRI 

loopp is disordered in thrombin-VRlrPA, very similar to all published structures of the t-PA 

catalyticc domain, indicating that flexibilit y is an inherent property of this loop and likelv a 

necessityy to establish this interaction (Lamba at <//., 1996; Renatus et aL 1997a,b). The 

proposedd mechanism of t-PA YR1 loop function is confirmed by the fact that binding of 

hirugenn to or near the VRI of t-PA in thrombin-VRl, l n decreases the PAI-1 inhibition 

ratee towards that of wild-type thrombin, thus reducing the 1600-fold increased rate of 

thrombin-VRIl |,AA inhibition to 200-fold. It is possible that the binding of hirugen to 

thrombin-VRIlI>AA counteracts this catalytic step that is stimulated by the presence of the 

flexiblee t-PA VRI loop, by restraining its adaptability to the very mobile SFRPIN RCL. 

Withh respect to these findings, it is interesting to note that a comparable catalvtic serine to 

alaninee variant of t-PA has a 30-fold higher affinity for PAI-1 than thrombin-Sl 95A-

VR l t p \\ i.e. KD 3-5 nM (Lijnen et aL, 1991). The VRI loop of t-PA most likely increases the 

PAJ-11 inhibition rate by functioning identically in both t-PA and thrombin-VRl,|JA. The 

approximatelyy tenfold higher inhibition rate constant for t-PA/PAI-'l (- I f f M 's ' ), 

comparedd to thrombin VR1, !>\ might then be the result of this 30-fold higher affinity of 

PAI-11 in the native environment of the t-PA VRI loop, i.e. the t-PA catalvtic Ser—*v\!a 

variant.. This difference is presumably caused by the presence of other surface exposed 

regionss in t-PA that facilitate PAI-1 binding, and/or the property of the t-PA VRI loop to 

bindd PA 1-1 better if it is present in t-PA. 

Inn conclusion, using protein crystallography, VRI loop mutagenesis, an allusteric thrombin 

modulatorr and catalytic serine residue-inactivated thrombin variants we show that the 

isolatedd t-PA VRI loop in thrombin-VRP1^ profoundly augments the PAI-1 inhibition 

ratee by increasing a unimolecular catalytic step in the inhibition mechanism. This shows 

thatt the specificity of the SRRPIN-protease pair can be established at the level of a 

unimolecularr (catalytic) step rather than an initial binding step. We provide the first 

evidencee tor a protease-SKRPIN interaction site that facilitates a unimolecular catalytic 

event,, rather than enhance an initial binding step: a single surface-exposed loop capable of 

alleviatingg a kinetic block that restricts the limited SKRPIN specificity of a serine protease. 
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MATERIAL SS AND METHODS 

Material s s 

Thee chromogenic substrates PvroGlud^ro-Arg-ZMiitroanibdc (where PvroGlu is I.-

pvroglutamicc acid; $2366), and 1 l-D-Phe-Pip-.\rg-/>nirroanil ine (where Pip is L-pipecolic 

acid;; S2238) were obtained trom Chromogenix (Miilmiat, Sirrrfw). The irreversible active 

s[redirectedd thrombin inhibitor PIx--Pro-Arg-chloromethylketone (PPACK) was obtained 

fromm Calbiuchem {San Dit-otj,  Al l additional chemicals were obtained from Sigma (St. 

II  /mis. I A'_ I). 

Protein s s 

(( ha lhumin (grade Y) was obtained from Sigma (St. !/a/is. l.'S.l). The hirugen-like 

decapeptidee succ-(Pro58, D-Glu65) hirudin f56-65), designated hirugen, was obtained 

fromm Badiem (Bubendorf, Switzerland; Lo t# 5<11.574). Active PAI-1 was generously 

providedd b\' Dr. T. M. Reillv {Dapont ck Xewwrs. ÏÏ'ibt/inettm, PI:). Phospholipids, h l ; X „ 

hb'Y,, and human ^-thrombin purified from plasma were a gift from Dr. G. Tans (( 'uimsity 

of'Maastricht,of'Maastricht, The \i'fberlati(js). 

Construction ,, expression , and activatio n of recombinan t prothrombi n variant s 

Humann prothrombin and prothrombin-VR1, , ,A {containing the YR1 domain of t-PA) 

cDN.Vss were obtained as described and cloned in the Staa\ site of the p N l ' T eukaryotic 

expressionn vector as phage T4 polvmerasc-bluntcd /.:'(V/Rl-A7«l fragments (Horrevoets ft 

al.,al., l lW3]. The pro thrombin variants prothrombin-I; .39Q, prothrombin-YRl, , 1 A-R3n4(,), 

prothrombin-S195AA and prothrunibin-$195AA-'R'l '1'^ were constructed with the PCR 

overlapp extension techniejue (T'.hrlich ft at., 1991) using two flanking simplification primers, 

andd partiallv overlapping oligonucleotides: 5' CCA GCA G CT G CT G TG T GG G-3' and 

5'' CCA CAC AGC AGC T GC T GG G-3' (prothrombin- i ;39Q); 5'-GGCi AGC AGT 

TCCC T GT CiTG G G - 3' and 5'-CCA CAC AGG A AC T GC TCC CC-3' (prothrombin 

YRl' l "^-R3n4Qgg and 5'-GTG AA G G TG ACG CCG G GG G AC CCT T T G 3' and 5'-

CAAA AGG G TC CCC C GG C GT CAC C TT CAC-3' (prothrombin- S195A). 

Subsequently,, the wild-rvpe YRl sequence of the pNL'T-pro thrombin construct was 

replacedd with the Sst\-B^A\ fragments of the variant YRl sequences. The variant 

prothrombin-S^hSA-YRl '1 '^^ was prepared by inserting the Sst\-li»Al fragment oi 

thrombinn YR1'1" 1 (containing the YRl domain of t-PA) in prothrombin-S195A, and 

verifiedd hv sequencing. Al l prothrombin variants were expressed in stable babv hamster 

kidnevv cell lines and purified as described (I lorrevoets t-t at, 1993, 199^}. Subsequently, the 

prothrombinn variants were converted to iheir 'active*  two-chain forms bv ihe 

prothrombinasee complex <"hF\.,. hFA',, Ca:" , and phosphol ipids), and purified to 

666 | ChapterChapter 2 



homogeneityy (Tans vt it/., 1991j. Thrombin{-L39Q) and thrombin-YR]',M(-R304<,)) were 

activee site-titrated with hirudin and PPACK, both calibrated on a human ^- thrombin 

standardd ( l lorrevoets vt ai, 1993). All thrombin variants had near wild-tvpe amidolvuc 

activitiess on the chromogrn ir substrate S223S. The concentrat ions of the thrombin-S195A 

variantss were determined using a standard BCA assay [Pivrw, ilockfon!, If/im/'s, l'S',-l), and 

byy measuring the ab^orhance at 280 nm (A.*,,). All purified thrombin variants showed a 

singlee band of -3~" kDa after SDS-PAGF analysis and Western blotting. 

Crystallization ,, data collectio n and mode l buildin g 

Crystalss of thrombin-YRll PV were grown with rhe hanging drop vapour diffusion method. 

Too a solution of t h r o m b i n - Y R l 'p \ dialy/ed against 3 mM 1 lepes (pi 1 6.0), 130 m.M NaCI, 

ann eightfold molar excess of hirugen (.Vacctvl hirudin 55-65, Tvr63 sulfated. Sigma) was 

added.. The initial drops consisting of 4 JJLI of 1.7 mg /ml of thrombin-YRL1'^ and 2 u.1 of 

precipitantt solution were equilibrated against a precipitant solution containing 22-32" .. 

(w/v)) PKG 8000, 200 mM NaCI and 100 mM Tris- 1IC1 (pi I T4-8.6). After one day of 

equilibrationn at 6°C, the drops were micro-seeded with crystals of human %- thrombin 

{FxH'hringi'}){FxH'hringi'})  grown under the same condit ions. Small crystals of thrombin-YR1i PX were used 

ass macro seeds to obtain larger crystals. These crystals of monoclinic space group C2 have 

unitt cell parameters a - 70.88 A, b - 7 1 .% A, c =  T3.04 A, a = |3 = 90° and y = 100.65°. 

Diffractionn data to 1.9 A resolution were collected at I6°C using a MAR 300 image plate 

withh a Rigaku rotating anode (Culvx) source. The intensities were integrated with 

MOSFLMM (Leslie, 1991), then scaled and merged with the CCP4 programs SCALA and 

T R U N C A TLL (CCP4, 1994). The thrombin-hirugen complex (Skrzvpczak-|ankun vt al.y 

1991;; PDB code, Ihgt) was used as a starting model for crystal lographic refinement. The 

modell  was impro\ 'ed in several cycles of refinement including rigid both' and JLfactor 

refinementt using RLLMA C (Murshudov vt a/., 1997). Structure annealing was carried out 

withh the CXS suite (Brungcr <-/ at., 1998). l : R O DO ((ones, \(P8) was used for model 

building.. As there was no electron density for the YRL i M loop, the RRSPG {c37A-c37I ;.j 

segmentt as modeled for the t-PA catalytic, domain (see Lamba vt ti/., 1996) was transferred 

intoo the th rombin-YRl, p^ model and regularized with L R O D O. Witter molecules were 

builtt with ARP (Lamzin vt a/., 1993). The final model looks ven similar to that of the 

thrombin-hirugenn 55-64 complex (Skrzvpcxak-Jankun vt ///., 1991). Optimal superposition 

calculatedd wnth all O atom coordinates of the heavy chain revealed a r.m.s. deviation of 0.3 

A.. The light chain is defined from AlalB to I leMK , the heavy chain from l lel6 io His3~. 

fromm Glu38 to T h r l 4T and from Gl\ 150 ro Asp243. The hirugen is ordered from Asp55 

too LCLI64, with no adequate density tor the \ -acctvl group and the C-termina! Leu residue. 

Al ll  ordered residues exhibit an allowed or generously allowed mam-chain conformation as 

provedd with PR( )CI Ib'.CK (I .askowski vt a!., 1993). The final m< idel parameters are given 

inn Table 3. 
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TABLEE 3 - Crystallographic and refinement statistics. 

Celll dimensions (A, deg.) 

Spacee group 

Resolutionn range (A) 

Uniquee reflections 

Multiplicit y y 
Completee (%) (last shell/A) 

R,R,yrnyrn(%)(%) (last shell) 

A.. Refinement statistics 
Resolutionn range (A) 

Uniquee reflections 

Reflectionss in test set 

RfreeRfree  (%) 

Proteinn atoms (non-H) 

Ligandd atoms (non-H) 

Solventt atoms (non-H) 

Averagee B-factor (A2) 

r.. m. s. AB 

B.. Deviations from ideality (r.m.s.) 

r.. m. s. bonds (A) 

r.. m, s. angels (deg.) 

aa = 70.88, b = 71.96, c =• 73.04, * = p = 90, y = 100.65 

CI CI 
11 molecule per asymmetric unit 

19.99 1.9 

24,804 4 
2.3 3 

92.2(81.8) ) 

(2.04-- 1.93) 

9.44 (43.9) 

19.99 1.9 

24,228 8 

2487 7 

20.4 4 

25.6 6 

2344 4 

91 1 

84 4 
42.3 3 
4.05 5 

K.„,K.„,  = 
Z|'W,-{/(/-0)| | 

0.014 4 
2.7 7 

-** i ' 

. . 

Determinatio nn of the PAI-1 inhibitio n rate constant s 

Too prevent protein adsorption all experiments were performed in \'.ppoidorj tubes or in 

wellss of a micro titer plate {Suite Xlax-iswp: G/btv-fiRL. Guiti.u-rsbttrj, \ID) that had been 

prerrcatedd tor one hour at 3~i°(', with l"'i i (w/v) polvcthvlenc glvco! 2(),UU0 and 

subsccjuentlvv washed with distilled water. Prior to all experiments, the required PAI-I 

dilutionss were- titrated on a calibrated r-PA standard. Apparent second-order PA I I 

inhibitionn rate constants were determined Tor thrombin and thrombin-1 \39(,) bv incubating 

55 n\I thrombin variant with 2 m\1 PAI-1 at .V°C in IIBSO butter (2*) mM Hepes (pM 
T.4),, LSM mM XaCl. and It.5 m^./ml ovalbumin). Apparent second-order PAI 1 inhibition 

ratee constants for thrombin-YRl'1"*  and thrombin-YRl'''Ml.^UQ were determined by 

incubatint:: 1 nM rhmmbin-YRl11^ variant with in n.M PAI-1 at 3~°C in 1 IBS() buffer. At 
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specificc rime intervals, aliquots of 5 ul (thrombin variant) or 35 pd (thrombin-YRl,px 

variant)) samples were withdrawn and the reaction was quenched bv diluting 20-fold or 

fivefold,, respectively, in HBSO buffer containing 0.5 mM of S2238 chromogenic 

substrate.. Residual thrombin amidolytic activity in these aliquots was measured at 37°C, bv 

continuouslyy recording the absorbance at 405 nra in a 'Yitertek Twinnader (7-'loir laboratories, 

Irrint;Irrint;  U.K.). Plots of residual activity (relative to thrombin activity in the absence of 

PAI-1)) versus time were constructed, and analyzed as described below. Apparent 

stoichiometricss (1 + /') for the inhibition of all thrombin variants bv PAM were 

determinedd using the titration method and, alternatively, bv quantitative analysis of 

Coomassie-stainedd SHS-PAGI' gels, both as described (van Meijer et ai, 1997). 

Surfac ee Plasmo n Resonanc e (SPR) 

Reversiblee binding ot various components was studied using SPR in a HIAcure 2000 svstcm 

fromm BIAcore AB {Uppsala, Sneden). All binding experiments were performed on CM5 

SensorSensor Chips {IIIAeon AB) at 25.0°C Thrombin-S195A and fhrombin-S195A-YRlrI^ were 

immobilizedd on a sensor chip as described for thrombin (van Meijer et ai, 1997). 

Approximatelyy 4000 response units of both thrombin-S195A variants were coupled at 40 

ng/mll  in KlniM sodium acetate (pH 6.0) buffer. In all SPR experiments, complex 

dissociationn was monitored by injecting HBS buffer (20 mM Hepes (pH 7.4), 150 mM 

NaCl,, 3.4 mM I-DTA, and 0.005% (v/v) P20) at a flow rate of 20 ul/minute. Binding of 

PAI-11 to the immobilized thrombin-S195A variants was monitored bv applying various 

concentrationss of PAI-1 (50-250 nM) in UBS buffer at a flow rate of 20 pj/minute. 

Bindingg of PAI-1 to thrombin-SI95A-VRltpV hirugen complexes was monitored by first 

saturatingg surface bound thrombin-S195A-VRl"'A with hirugen. To that end, 80 ul of 70 

uMM hirugen in HBS buffer was preinjected at 20 uJ/minute, immediately followed by 

PAI-11 (50-400 nM) with 70 u.M hirugen in HBS, using the 'co-inject' function, and binding 

wass monitored. For the binding experiments in the presence and absence of hirugen, a 

neww sensor chip with immobilized thrombin-S195A-VR1U>A was prepared. Association 

andd dissociation rate constants were determined from the sensorgrams that were obtained 

withh SPR, using the \MAevaiuation software (HIAeon AB). Briefly, dissociation rate 

constantss (£,.,>-) were fitted globally on the dissociation data that were obtained with 

variouss analyte concentrations. Subsequently, the association rate constants (k,in) were 

determinedd by global fitting of the association phase of the sensorgram, with fixed 

dissociationn constants that were determined previously. Thermodynamic equilibrium 

dissociationn constants (Ko) were calculated using the relation: A'D = k,,^/k,,„. 
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Effec tt  of hiruge n on PAI-1 inhibitio n 

AA similar procedure was used to determine the effect of succ-(Pro58, D-GIu65)-hirudin 

(56-65),, denoted hirugen, on the inhibition of thrombin and thrombin-YR1,PA by PAI-1. 

II  either 5 nM thrombin or thrombin-YRl,fM was prewarmed in HBSO buffer for five 

minutess at 37°C, in the presence of increasing concentrations (0-100 uAl) ot hirugen. The 

inhibitionn reaction was started by the addition of PAI-1 to a final concentration of 1.8 jiM 

andd ~? nM, respectively. At various time intervals, 20 u.1 subsamples were withdrawn, and 

quenchedd hy diluting eightfold in HBSO buffer containing 0.7 mM of S2238 criminogenic 

substrate.. Thrombin residual amidolytic activity was determined as described above. 

Kineti cc  data analysi s 

Apparentt second-order rate constants of PAI-1 inhibition for all thrombin variants were 

determinedd using the non-linear regression algorithm of Mtirqueirdt-Lsrenberg (Sigwaphl 4.01, 

SPSSSPSS Inc., l.'SA). Thrombin and thromhin-K39Q were inhibited by PAI-1 under pseudo 

first-orderfirst-order conditions. Therefore, the time-residual activity plots were fitted using a single-

exponentiall  decay function. The resulting pseudo first-order rate constant (k') was 

convertedd to the apparent second-order rate constant of inhibition (A',), according to the 

relation:: k, = A7[PAI-1]. Plots for thrombin-\TU,1H and thrombin-VR1'PA-R304Q were 

convertedd to the second-order linear relation described in equation (1): 

J—-+A J—-+A 
{{  A + ) .. . (A^-A,) , | thrombin |„  . 

kk i = with A = — — and d = (1) 
|PA[]„„  - [thrombin J,, { Atl - ,-1, J |PAI](, 

wheree . 1, is the residual thrombin activity at the time points measured, A,, is the initial and 

A,_A,_ is the final (all thrombin inhibited) residual amidolytic activity. In addition, [thrombin],, 

andd [PAI]» are the total thrombin and PAI-1 concentrations, respectively. Plots or (A',t) 

versuss time were hnear with a slope that equals the apparent second-order rate constant oi 

inhibitionn by PAI-1 (A',). Apparent second-order rate constants of thrombinf-VRl'PA) 

inhibitionn by PAI-1 in the presence of hirugen, were calculated from the subsample 

experimentss using initial inhibition rates. Therefore, plots or residual activity versus time 

weree each separately fitted to a standard double exponential decay function using the 

nonlinearr regression algorithm of ShMfHardf-ljemiberg. Parameters that fitted the data best 

weree used to calculate initial rates, which were converted to apparent second-order 

inhibitionn rate constants (k,) according to equation (2): 

VV - <k,.-l, + k-,i] - . I.))[thrombin],, <=> k- = :- (2) 
11 ' ' ' ' | thrombin],,) PA1|„ 
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wheree f is the initial rate in Ms !, A-, and A: the time constants tor both exponential 

components,, and .1] the amplitude of the first component. Plots of the apparent second-

orderr inhibition rate constant (A,) versus hirugen concentration were fitted to equation (3): 

.. ,, ( AAr A.';1,' ] . , , 
A,, = A, + ' ° with AA, = A." -A, (3) 

{{ K'l'C + |hin.ii>i.-n] J 

wheree A'," and k' are the apparent second-order inhibition rate constants at zero and 

infinitee hirugen concentrations in M 's ', respectively. The decrease of A, for inhibition of 

thee thrombin-hirugen complex by PA1-1 is AAï, K'^v is the apparent dissociation constant 

orr the thrombin-hirugen complex, and [hirugen] is the total hirugen concentration. 

Kineti cc  simulatio n of the suicid e substrat e mechanis m 

Thee rate equations that describe the suicide substrate mechanism were numerical!v 

integratedd and compared with the experimental data to further elaborate on the affected 

stepss in the inhibition mechanism. J equations (4) to C7) mathematically describe the rates at 

whichh the respective thrombin variant (K), PA1-1 (I) and all intermediates (lil , Michaelis 

complex;; HI', irreversible covalent complex) are converted as described bv the suicide 

substratee mechanism (see Figure 2): 

~^~  ̂ = -A,ir-l[I l + A_,|l-l| + rkJl-V] (4) 
d/ / 

^r^r = - * ' [ R i n i + * i i w i - *. in (5) 
at at 

d/ / 

d | l - l ' | | 

d/ / 

A , | l i | [ I || - (A_, + A',)|I-I ] (6) 

A :[l-1 ]]  - kA\ + r)\H\'\ (J) 

Thiss stitt system ot coupled differential equations (equations (4) to (7)) was solved bv 

computerr aided numerical integration, using the method of Riuixf-Kuf-tu with adaptive 

integrationn intenrals (Buclier, 1(J87). equation (5) contains an extra term (-AiJIj) that 

expressess the rate at which P:\l-1 becomes latent (ti 2 ~ nl) minutes; Ai = 1.3 x ](l  ; s '). 

Thee time range was taken to be 0 *" / < 2700 seconds and this interval was divided into 

polll  steps. Numerical integrations were performed for the inhibition of wild-type 

thrombinn and thrombin-YRl 'PA by PAI-1 using fixed values for A'i and k 1 f from Table 2} 

andd /' f trom Table 1). Both rate constants A; and A4 were varied over a broad range of 

valuesvalues ( lo" 1 ky_ 1 I M S' and 10  ̂tki.1 H>' s ') while A; was calculated from each value of 
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A'44 and the fixed parameter /' using the relation: k\ - >'ki. Thus a numerical solution was 

obtainedd describing the variation of the concentration or" tree thrombin ([K|t), and all 

intermediates,, throughout the course of the reaction independently for -70(1 combinations 

off  ki and A'4. To allow comparison with die experimentally determined decrease in 

thrombinn concentration [E]'M>, the modeled values [E]r were corrected tor the quenching 

thatt occurs in the experimental setup according to equation (8). Subsamples withdrawn at 

variouss time intervals were quenched by (i) diluting at least 20-told; and (ii) bv the addition 

off  a large excess of chromogenic substrate (1 mM S2238), as described above. The 

inhibitionn reactions were performed in SPR buffer at 25.0°C to allow the use ot the 

bindingg rate constants derived bv SPR. Dilution of PAI-1 and saturation of the active site 

off  thrombin with the excess of chromogenic substrate renders both thrombin and PAI-1 

unablee to further participate in the inhibition reaction, [equation (8) calculates the 

additionall  release of free E that results from the complete dissociation of EI and El' at 

steady-statee after quenching, and adds this to the concentration of tree E that is already 

presentt at the time of quenching ([EJ,): 

^^  = | [ H^) 1 E U + fe)|li;i ' l+fe)|F'u} (8) 

Now,, [El;1" ,Jd is directly comparable to [E]'Ap. Subsequently, for all combinations of ki 

andd A'4 the modeled and experimental values of [E] were compared at all experimental rime 

intervalss (tt) bv assessing the statistical parameter X as described in equation (9): 

Z ( r oo - [>•*"")' 
X""  = 

/// - p 

wheree // is the number of time intervals at which residual thrombin activity was 

experimentallyy determined (n - 1 8), and p is the number of parameters that were varied 

(/.c.. ki and ki\p - 2). Values of X~ were normalized to the minimal value observed (Xmm)-

beingg 2.9 x 10- for thrombin and 2.6 x 10 ' for thrombin-VRlr ,1\ Three-dimensional 

plotss were constructed of A"? and £4 versus X / X«im for wild-tvpe thrombin and thromhin-

VR l t P\\ upon which a solid surface was imposed. The selection criterion X. / Xmm < 1-5 

wass used to obtain the values of ki and A'4 at which the model fits the experimental data 

best. . 

Protei nn Data Bank accessio n numbe r 

Thee coordinates have been deposited in the Brooklwen PDB (code 1VRT). 
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