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SUMMARY Y 

Thrombomodulinn (TM) slows down the interaction rate between thrombin and 

plasminogenn activator inhibitor 1 (PAI-1). We now show that the 12-fold reduced 

inhibitionn rate in the presence of TM does not result from an altered distribution between 

PAJ-]]  cleavage and irreversible complex formation. Surface plasmon resonance (SPR) 

revealedd an over 200-foid reduced affinity of TM for thrombin-VRltPA as compared to 

thrombin,, demonstrating the importance of the VR1 loop in the interaction of thrombin 

withh both TM and PAI 1. Furthermore, in contrast to antithrombin 111, PAI-11 was not 

ablee to bind the thrombin/TM complex demonstrating complete competitive binding 

betweenn PAI-I and TM. Kinetic modeling on the inhtbitorv effect of TM confirms a 

mechanismm that involves complete steric blocking of the thrombin/PAI-1 interaction. 

Also,, it accurately decribes the biphasic inhibition profile resulting from the substantial 

reductionn or the extremely fast rate of reversible Michaelis complex formation, which is 

essentiall  for efficient inhibition of thrombin by PAI 1. Vitronectin (VN) is shown to 

partiallyy relieve TM inhibitory action only by vastly increasing the initial rate of interaction 

herweenn free thrombin and PAI-1. In addition, SPR established that solution-phase PAT 

1/VNN complexes and non-native VN (extracellular matrix form) bind TM direcdv via the 

chondroitinn sulphate moiety- of TM. Collectively, these results show that VR1 is a subsite 

off  vxosite-l on thrombin's surface, which regulates exclusive binding of either PAI-1 or 

TM.. This competition will be physiologically significant in controlling the mitogenic 

activityy of thrombin during vascular disease. 
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INTRODUCTION N 

Classical]v,, the serine protease thrombin is known tor its dual role in hemostasis, 

exhibitingg coagulant as well as anti-coagulant properties. Reversible binding of" thrombin 

too the endothelial cell surface cotactor thrombomodulin (TM) endows thrombin with 

potentt anti-coagulant properties (Esmon, 1987; Rsmon, 1995). The thrombin-TM 

complexx is no longer able to bind and cleave fibrinogen and various other substrates and 

inhibitorss but becomes a potent activator of protein G The catalytic activity of" thrombin 

cann be inhibited bv a number of serine protease inhibitors (scrpins), including anti-

thrombinn III (ATI 11), heparin cofactor II , and PAI-1. Inactivation of thrombin by PAI-1, 

however,, is a verv inefficient process with a second-order rate constant (ki) of 10' M 's ', 

whichh can be increased up to 250-fold bv the cofactors vitronectin (VN) and heparin 

(Uhrlichh etui, 1990; F.hrlich et ai, 1991). 

Thee VR1- or 37-loop of thrombin has been implicated in a number of intriguing 

interactions.. First, substitution of the YR1-loop of thrombin by that of t-PA, yielding 

thrombin-VRlll>A ,, increases the bimolecular rate constant of inhibition by PAI-1 at least 

1000-foldd to UK' M-'s-1 (Horrevoets et ai, 1993). Recently, we reported that this alteration 

resultss from an increased rate of a unimolecular catalytic step (Dekker et ai, ! 999). It has 

beenn unambiguously evidenced that VR1 is essential for The interaction of both t-PA 

(Madisonn et ui, 1990) and thrombin (Horrevoets et ai, 1993; Dekker el ai, 1999) with 

PAI-1.. Second, binding kinetics and structural studies have established that the Kpidermal 

Growthh Factor domains 4-6 (FGF4-6) of TM bind thrombin electrostatically at exos/te-1 

(Baerga-Ortizz eta/., 2000), but are also involved in hydrophobic contacts with VRl-loop 

residuess (Mathews et ai, 1994; Fuentes-Prior el ai, 2000). As a result, a marked influence of 

TMM binding on the interaction of PAI-1 and thrombin can be envisioned. The hirudin-

derivedd decapeptide himgen, however, also interacts with thrombin by utilizing exosite-l 

(Hofsteenge,, 1986; Ksmon, 19H7; lismon, 1995), although it did not prevent binding of 

PAI-11 but altered a catalytic step of the reaction between thrombin and PAI 1 (Dekker et 

ui,ui, 1999). 

TMM acts as a positive effector on other thrombin interactions, e.g. with ATIII , protein C 

inhibitor,, thrombin-activatable fibrinolysis inhibitor (TAFI) and protein C (Horsteenge et 

ai,ai, 1986; Rezaie et ui, 1995; Bajzar et ai, 1996). However, previous work from our 

laboratoryy has demonstrated that thrombin inhibition by PAI-1/YN complexes is 

impairedd in the presence of TM (Uhrlich et ai, 1991). These findings have later been 

studiedd in more detail, though the mechanism of TM interference in this interaction has 

nott vet been elucidated, nor is any evidence available on the possible physiologic role 

(Tohdaa et ai, 1998; Rezaie, 1999). Interestingly, using immunohistochemistry, TM antigen 

waswas demonstrated on vascular smooth muscle cells (SMC), monocytes, and macrophages 

inn atherosclerotic lesions of the human and rabbit aorta (Tohda etui, 1998). Also, due to 
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thee colocalization of thrombin, PAI-1 and VN in the vessel wall, increasing attention is 

beingg paid to the mitogenic effect of thrombin, and its control by PA1-1/VN in the 

pathogenesiss of vascular disease (Smith tt a/., 1996; Stoop et ai, 2000). Together, the 

presencee of PAI-1, VN and TM in the vessel wall, including the unique property of 

thrombinn to inactivate PAI-1, suggests a novel role of TM in controlling the behavior of 

vascularr cells. 

Here,, we report that binding of TM and PAI-1 to thrombin is mutually exclusive, both in 

thee presence and absence of VN. Furthermore, the data presented here is in agreement 

withh a mechanism in which the rate of thrombin inhibition by PAI-1 is dependent on the 

ratee of dissociation of thrombin from TM, explaining the observed biphasic inhibition 

profiles.. These findings are in marked contrast to the binding of all other thrombin-

bindingg components, and comprise yet another level of specificity switching of thrombin 

thatt is controlled by TM. 
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RESULTS S 

TMM is an effectiv e inhibito r of the thrombi n interactio n wit h PAI-1 in the absenc e 

andd presenc e of VN 

F.arlierr studies both from our group and others have shown that the rate or thrombin 

inhibitionn hv PA1 I is significantly reduced in the presence of TM (Fhrlich H aL 1991; 

Rexaei,, 1999). In this study, we performed quantitative measurements of this inhibition. 

Furthermore,, we attempted to elucidate the mechanism of interference by TM on 

thrombinn inhibition by PAI-1. The rate of thrombin inhibition by 1.5 uM PA1 1 was 

measuredd in the presence of increasing concentrations (0-800 nM) or recombinant soluble 

TMM (Solulin). Solulin lacks the transmembrane domain and docs not contain chondroitin 

sulphate,, which might have an additional heparin-like effect on the thrombin/PAI-1 

interactionn (Parkinson at n/., 199(1). In this way, only protein-protein interactions between 

thrombinn and TM are considered. At the highest concentration of TM (800 nM Solulin), 

thrombinn is inhibited bv PAI-1 with a half-time of the reaction (ti  2) that is 12.5-fold 

longerr than in the absence of TM, i.e. 6810 and 545 seconds, respectively (Figure 1A), 

Becausee of the lower affinity of Solulin for thrombin (due to the lack or the chondroitin 

sulphates)) (Clarke el rf/., 1993), high concentrations of the TM preparation were necessary 

too obtain the observed effect. Hence, rabbit-lung TM (rl-TM), which has a higher affinity 

forr thrombin due to its chondroitin sulphate moiety, was also used to study the etrect on 

thee thrombin/PAI-1 interaction. The inhibitory effect of only 100 nM rl-TM on the rate 

off  inhibition of human plasma thrombin by PAT-1 was more substantial than that ot the 

highestt concentration of Solulin (800 nM) (Figure IB). Next, the effect of TM on the 

inhibitionn of the substitution variant thrombin A'R'lrPA by PAI-1 was studied. In marked 

contrastt to thrombin, onlv a 17-fold inhibitory effect of 100 nM rl-TM is observed on the 

inhibitionn of 2 nM thrombin-VRll i n by 15 nM PAI-1, measured as difference of the half-

timee (t| 2) of the reaction (Figure 1C). Opposed to the accelerating etfeet ot TM on 

thrombinn inhibition by ATI II and protein C inhibitor, these findings indicate that TM 

considerablyy reduces the rate of thrombin inhibition by PAI-1. 

Thee poor rate of inhibition of thrombin by PAI-1 alone (k: -  101 M 's 'j can be 

substantiallyy increased bv the cofactor VN (Fhrlich el <il.,  1990). Complexed to VN, PAI-1 

inhibitss thrombin at a rate that is at least two orders or magnitude higher compared to 

PAI-ll  alone (k, - 10" M !s :). Therefore, the inhibitory effect of TM on the inhibition of 

155 nM thrombin by preincubated PAI-1/VN complexes (lOOnM PAI and 150 nM VN) 

waswas determined (Figure ID). The presence of 100 nM rl-TM in this reaction decreased the 

inhibitionn rate bv 14-fold (ti : = 940 and 6" sec, respectively). Still, even in die presence of 

rl-TM,, VN accelerates the rate of thrombin inhibition by PAI-1 36-tokl [Figure IB (A) 

rem/sDrem/sD {0)|. 
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FIGUREE 1 - Effect of TM and VN on the rates of thrombin inhibition by PAI-1. Residual thrombin 
amidolyticc activity was measured at various time intervals and used to calculate the half times ) of PAI-1 
inhibition.. (A) Residual activity was monitored during the inhibition of 15 nM human thrombin by 1.5 |iM PAI-1, 
inn the absence ) or presence of 30 nM ( ), 50 nM , 100 nM (: ). 400 nM ( A ) or 800 nM ( A ) TM (Solulin). 
(B)) Residual thrombin activity was monitored as in panel (a), only now in the presence of 0 . 10 (O), 20 

,, 50 (D) or 100 ) nM rl-TM. (C) Residual activity decrease was monitored during the inhibition of 2 nM 
thrombin-VR1"'PAA by 15 nM PAI-1 in the absence ) or presence of 100 nM rl-TM ( ). (D) Thrombin activity 
decreasee that was observed during the inhibition of 15 nM thrombin by 100 nM PAI-1 /VN complexes, in the 
absencee ) or presence of 100 nM rl-TM ( ). 

TMM bindin g to thrombin-VR1 tPA is substantiall y reduce d 

Thee minor effect of T.\l on the rate of thrombin-VRl,PA inhibition bv PAI-1 suggests that 

thee binding between thrombin and 'I'M. involving the VR] loop of thrombin, is affected in 

thee substitution variant. Indeed, the rate of protein C activation by thrombin-VR1,I>A, 

whichh is comparable to that of thrombin, was nor affected by TM, whereas TM 

substantiallyy increased the rate of protein C activation by thrombin, as expected [data not 

shorn/).shorn/). The affinity of TM for thrombin-VR ltPA was determined using Surface Plasmon 

Resonancee (SPR) (data not sho7im). Binding of thrombin-VRltPA to immobilized rl-TM was 

significant!)) reduced (KQ - 121  23 nM) compared to thrombin (KQ - 0.5 nM 
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(Hoftseengee et al., 1986; Esmon, 1995). Thus, the minor effect of TM on the thrombin-

VR l t P A /PA I - ll  interaction appears to be the result of the decreased ability of TM to bind 

thrombin-VRll P A .. Moreover, these results demonstrate that, like for PA1-1, the VR1 loop 

off  thrombin is an essential interaction site for'I 'M . 

Thee stoichiometr y of the suicide-substrat e mechanis m is not influence d by TM 

Thee kinetics of the inhibition of thrombin by PA1-1 can be described by the so-called 

'suicide-substrate'' mechanism as previously elaborated by our group (van Meijer et al, 

'1997;; Dekker et al., 1999). In this mechanism, each productive encounter of serpin and 

proteasee can either lead to formation of the enzyme-inhibitor complex or can result in 

cleavagee of the inhibitor and release of active enzyme. A decreased overall inhibition rare 

cann thus he the result of a shift of the rate constants of the branched part of mechanism. 

i.e.i.e. increased cleavage at the expense of complex formation. Therefore, the products oi the 

reactionn were analyzed by SDS-PAGE (figure 2). We found no evidence of increased 

cleavagee indicating that TM does not alter the product distribution of the suicide-substrate 

reactionn between thrombin anil PA I I. These findings leave a role for TM open in altering 

thee initial binding step between thrombin and PAI-1 or in changing the ability of thrombin 

too catalyze subsequent steps that are common to both branches in the mechanism, i.e. 

stericc hindrance versus allosteric modulat ion, respectively. 

11 2 3 4 5 6 7 8 9 

m*'«ttm*'«tt *«-*** *  mum- MrrW 4fNN» T M 

P P 

FIGUREE 2 — TM does not alter the distribution of the cleavage and substrate pathway. Analysis by SDS-

PAGEE of the products of the reaction of 600 nM thrombin with 3.5 uM PAI-1 in the presence of 0 {lanes 2-3), 

4300 (lanes 1. 4-5), 630 (lanes 6-7), and 885 (lanes 8-9) nM TM (Solulin). After 0 min (lane 1), 3 min (lanes 2, A, 

66 and 8) or 16 h (fanes 3, 5, 7 and 9) the samples were immediately quenched by adding sample buffer, 

subjectedd to 10% (w/v) SDS-PAGE and stained with Coomassie brilliant blue. Indicated are free thrombin (T), 

intactt PAI-1 (P), cleaved PAI-1 (P'l, SDS-stable thrombin/PAI-1 complex (T-P"), and thrombomodulin (TM), as 

describedd in the legend of Figure 4. Note that after 16 hour incubation, the thrombin-PAI-1 complexes formed 

inn the presence of TM (lanes 5, 7 and 9) have mostly been degraded to lower molecular weight species by the 

remainingg free, active thrombin as noted before (van Meijer et al.. 1997). 
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PAI-11 and TM compet e for an overlappin g bindin g sit e on thrombi n 

Att this point, the mechanism of the inhibitor)- effect of TM on the interaction between 

PAI-11 and thrombin remains to be elucidated. To that end, binding of PAI-1 to 

immobilizedd thrombin/TM complexes was studied in real-time using SPR. The high rate 

constantt of initial thrombin/PAI-1 complex formation (A'i - 10(' M 's ') (Dekker et *//, 

1999)) would result in a significant increase in surface-bound mass if formation of ternary 

thrombin/PAl-1/TMM complexes occurs. First, thrombin/TM complexes were formed by 

applyingg a solution of 200 nM thrombin on rl-TM that was immobilized on a sensor chip. 

AA high affinity interaction between thrombin and TM was observed, consistent with a 

dissociationn constant of the thrombin/TM complex in the sub-nanomolar range 

(Hofsteengee et al., 1986; Ksmon, 1995). Binding was mass transport-limited, precluding 

exactt determination of the rate constants for this interaction under these conditions. 

Alternatively,, an estimate of ktti-f can be given using the half time of thrombin/TM 

dissociation,, i.e. U/i = 470 sec and £„» ~- 10J s l. Second, immediately following the 

thrombinn injection, either a solution of 800 nM PAI-1, 800 nM latent PAI 1 or buffer was 

appliedd to study the formation of ternary TM/thrombin/PAl 1 complexes on the chip 

surface.. However, thrombin slowly and continuously dissociated from the immobilized 

TMM at the same rate as in the absence of PAI-1 and no increase in surface-bound mass 

wass observed as a result of PAI-1 binding to TM/thrombin complexes (Figure 3A). Also, 

noo significant difference in binding between the active and latent form of PAI-1 was 

observed,, the latter rendered unable to bind thrombin. The absence of ternary complex 

formationn implies that TM has a steric effect on the interaction between thrombin and 

PAI-1.. An allosteric effect of TM is not consistent with these results since the formation 

off  ternary complexes, that would be more slowly converted to stable pro tease-serpin 

complexess due to TM-induced allosteric changes in thrombin, is not observed, even at the 

highh concentrations of PAI-1 used. 

Ass a positive control, identical experiments were performed with ATII I that inhibits 

thrombinn at a rate comparable to PAI-1, and in contrast to PAI 1 is known to inhibit the 

thrombin/TMM complex even slightly more efficient than thrombin alone (Hofsteenge et 

aL,aL, 1986). Injection of ATII I after formation of thrombin/TM complexes on the chip 

surface,, resulted in a considerably increased dissociation of thrombin from TM, depending 

onn the ATII I concentration that was used (Figure 3A). These findings are in agreement 

withh fast binding of ATII I to thrombin/TM followed by rapid dissociation of the 

thrombin/ATIIII  complex from TM, resulting in a net decrease in TM-associated mass on 

thee chip surface. Moreover, these data are consistent with the previously described strong 

reductionn of the affinity of the thrombin/ATIII complex for TM (Hofsteenge et al.  ̂ 1 986; 

Bockk f/a/., 1997). 
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FIGUREE 3 — TM and PAI-I competitively bind thrombin. Binding of various proteins to immobilized rl-TM 

wass studied using SPR (A-C). Plots show the increase in surface-associated mass (AResonance Units) measured 

inn real-time, resulting from binding to rl-TM that was immobilized on the sensor chip surface. (A) At 0 seconds 

100 ul 200 nM recombinant thrombin was injected directly followed (at 30 seconds) by 40 ul 800 nM active PAI-1 

(( ), 800 nM latent PAI-1 ( ), buffer ( • • • ) . 600 nM ( ) or 6 M (— • •) ATIII. Hereafter, 

dissociationn was continuously monitored by injecting buffer alone (beyond 150 seconds). (B) Again, 10 ;il 200 

nMM rllA was injected directly followed by 40 ul 800 nM active PAI-1 ( - • •), 300 nM VN ( ), 200 nM latent 

PAI-11 preincubated with 300 nM VN ( ), or 200 nM active PAI-1 preincubated with 75-300 nM VN 

(( labeled 75-300). (C) 60 ul of the following solutions was directly applied (at 0 sec) to the immobilized 

rl-TMM in the absence of thrombin, and dissociation was monitored under continuous buffer flow (180 sec and 

beyond):: 800 nM active PAI-1 ( • • • ). 300 nM VN ( ), 200 nM latent PAI-1 preincubated with 300 nM VN 

(( ), or 200 nM active PAI-1 preincubated with 300 nM VN ( ). (D) Alternatively, direct binding of rl-TM 

too VN was studied by immobilizing VN on a sensor chip. Next, at 0 sec 40 ;.! 200 nM rl-TM was directly injected 

inn the absence ( ( or presence of 200 ( ). 500 ( ) or 1000 (• • •) U/ml heparin. Subsequently, 

dissociationn was monitored under continuous buffer flow (beyond 120 sec). 

Thee PAI-1/VN comple x directl y bind s to TM 

Recently,, we have shown that the PA1 l/vitronectin complex can be treated as an entity 

withh different kinetic properties than PAI-1 alone (van Meijer et al., 1997). The finding that 

thee PAI-1 /VN complex still inhibits the thrombin/TM complex at a 36-fold higher rate 

thann thrombin alone, suggests that a possibly different binding mode of PAI-1 ,/YX to 
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FIGUREE 4 - Competitive mechanism of TM inhibition of the thrombin/PAI-1 interaction. The inhibitor 
PAI-11 (P) forms a reversible Michaelis-type complex (TP) with thrombin (T). characterized by the bimolecular 
associationn rate constant A, and the dissociation rate constant A:.,. Subsequently, an intermediate irreversible 
complexx (TP') is formed with rate constant A.,, that can convert with a rate constant A3 into the SDS-stable 
complexx (T-P'). or it can react according to a substrate mechanism, resulting in the release of free enzyme 
togetherr with cleaved, inactive inhibitor (P*) with the rate constant /• • A3. The partition ratio (r) represents the 
numberr of catalytic turnovers per inactivation event, where 1 * /• is the apparent stoichiometry. The rate of 
PAI-11 conversion to its latent form (Pl) is described by the rate constant kL. Alternatively, thrombin binds to 
TMM forming a reversible complex (T-TM) described by the association and dissociation rate constants km and 
kgif,kgif, respectively. 

thrombinn might allow the formation of quaternary T M / t h r o m b i n / P AI 1/VN complexes. 

Therefore,, binding of P A I - l / V N to TM./ thrombin complexes was rested using SPR. 

Increasingg concentrations of VN (0-300 nM) were preincubated with 200 n.\l PAI-1 and 

bindingg to preformed thrombin / r l -TM complexes was monitored (Figure 3B). In contrast 

too PAI-1 and AT 111, binding of P A I - l / V N to the chip surface was observed without an 

apparentt increased dissociation of TM-bound thrombin. Interestingly, neither active PAI-1 

orr VN alone, nor latent PAI-1 preincubated with VN, had a significant effect on the 

th romb in /TMM dissociation rate. However, direct binding of active P A I - l / V N complexes 

too rl-TM was observed making a possible interaction between P A I - l / V N and TM-bound 

thrombinn unlikely (Figure 3C). Again, the observed binding was specific for active PAI-1 

whenn preincubated with VN, since no binding was observed for latent PAI-1 in the 

presencee of \ N. Additional binding studies demonstrate that rl-TM (glycosylated), but not 

Solulinn (not glycosylated) binds direciK to immobilized VN, even in the absence of PAI-1 

{data{data not shown). Therefore, binding of VN to rl-TM occurs either direcdy to immobilized 

VNN or to VN in solution exclusively when bound to active PAI-1. The latter is in 

agreementt with the inability of latent PAI-1 to bind VN (Seiffert eta/., 1991). 

finally ,, the lack of the chondroit in sulphate moiety on Solulin, in conjunction with its 

inabilityy to bind P A I - l / V N complexes, suggests the involvement of die chondroit in 
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sulphatee of rl-TM in the binding of PAI-1 / \ ' N . Indeed, both in the absence and presence 

off  PAI -1, the interaction of rl-TM with immobilized V N could be competed by including 

increasingg concentrat ions of heparin (2(H) - 1,000 U/ml) in the SPR experiments 

['Figuree 3D). 

Inn conclusion, these results suggest a mechanism in which TM stericallv blocks both 

PAI-11 and PA1-1/YX complexes in the association with thrombin. In addition, upon 

bindingg PAI -1. YN is able to bind the chondroma sulphate moiety of rl-TM independent 

<< >fTM-bound thrombin. 

Kineti cc  modelin g usin g TM as a competitive  inhibito r correctl y predict s the 

inhibitor yy effec t of TM 

Wee decided to model the kinetics of the modulat ing effect of TM on the thrombin/PAI-1 

reactionn to supply a mechanistic basis for the mult i -component reactions. Solulin kinetic 

andd binding data were used throughout the initial modeling, as the equilibrium binding ot 

rl-TMM to thrombin displayed a sigmoidal character due to the cooperative effects ot both 

protein-proieinn and protcin-glvcosaminoglycan interactions. Complete sterical blocking ot 

thee th rombin /PAI -1 interaction would suggest the ability of TM to completely prevent the 

inhibit ionn of thrombin by PAI-1 at high TM concentrat ions. However, this is not 

observedd experimentally at TM concentrations that are several fold higher than An (Vl-TM 

-200-fo ld;; Solulin >lM-fold) . An indication that could explain this apparent discrepancy is 

ourr previous description of the high reversible association rate of thrombin and PAI-1 

(Dekkerr et n/„  1999). The reaction scheme in Figure 4 implies that at infinite TM 

concentrat ionn all thrombin is in complex with TM , and the inhibition of thrombin activity 

byy PAI-1 is thus dependent on the dissociation rate of t h romb in /TM complexes. Upon 

dissociationn of the th romb in /TM complex, there wil l be competit ion between PAI-1 and 

TMM for (re)associaring with thrombin. Competi t ion is dependent on the second-order rate 

constantss for the th rombin /PAI -1 and th romb in /TM interaction, including the actual 

concentrat ionn of TM and PAI-1 throughout the course of the reaction. Thererore, an 

infinit ee concentration of TM would completely compete PAI-1 binding to thrombin. To 

testt this concept, numerical integration of the rate equations that describe the mechanism 

inn Figure 4 was performed to obtain theoretical insight into the cttect ot the second-order 

ratee constants and concentrat ions of TM and PAI-1 on the rate of th rombin /PAI-1 

complexx formation. For various combinat ions ot k,,n anti k„ n tor the th romb in /TM 

interaction,, the concentrat ion of all reactants and intermediates was calculated throughout 

thee course of the reaction. The model tits the experimental data best when k,,-: - 3 * 104 

MM  :s ! and A..-, 1 * 10 "' s ' {düta tint shown). The Kn tor Solulin ['-30 nMj that was deri\ ed 

fromm these values is in good agreement with literature (Light <7 (//, 1999). I he total 

thrombinn aniidolvtic activin that is thus predicted was compared to the experimentally 

observedd decrease in thrombin acdvirv /Figure 3A). The modeling adequately predicts the 
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effectt of TM on the thrombin /PAI-1 inhibition kinetics. The extremely fast formation of 

thee initial th rombin /PAI -1 Michaelis-type complex, which is predicted during the pre 

Steadyy state phase of the reaction, is dependent on the starring concentration of free 

thrombinn molecules (which itself is dependent on the total 'I'M concentration) (Figure 513;. 

Consequently,, the maximal concentration of this reversible intermediate determines the 

ratee of formation of the first irreversible intermediate TP' and thus establishes the overall 

ratee ot thrombin inhibition, i.e. the rate at which TP disappears in time at steady state after 

thee rapid initial increase. The pronounced biphasic character of the inhibition profiles in 

Figuree 1A-C is explained by the [ire-steady state and steady state phases of the reaction 

thatt are predicted by the modeling. At pre-steady stale free thrombin is quickly captured in 

thee reversible TP complex, which accounts for the rapid decrease of thrombin activity that 

iss observed during the first minutes. The second phase in the inhibition profiles describes 

thee steady state phase ol the reaction where thrombin is slowlv released bv TM and 

FIGUREE 5 - A computer-simulated competitive 
modelmodel correctly predicts the effect of TM on 
thethe thrombin/PAI-1 inhibition kinetics. 
Computer-aidedd numerical integration was 
performed,, using the method of Runge-Kutta, to 
predictt the concentration of all reactants and 
intermediatess described in Figure 4 during the full 
timee course of the inhibition reaction. The rate 
constantss km and kofl were fitted to the 
experimentall data from Figure 1A. All other rate 
constantss have been described in a previous study 
(Dekkerr et al., 1999). (A) The time-dependent 
decreasee of residual thrombin activity predicted 
byy the model fits closely to the experimental 
data.. Lines represent the residual thrombin 
activityy that was calculated using the same set of 
ratee constants for all TM concentrations. The 
lowerr panel shows the residuals of the fit 
expressedd as the difference between the 
experimentall and calculated values. (B) Shows the 
calculatedd change in concentration of the 
thrombin/PAI-11 reversible Michaelis complex 
([TP]).. as predicted throughout the course of the 
reactionn modeled in panel A. The maximal amount 
off TP complexes that is formed during the initial 
phasee of the reaction (<10 sec) is reduced in a TM 
concentration-dependentt fashion. This decrease is 
relatedd to the free thrombin concentration at the 
startt of the inhibition reaction that is determined 
byy the TM concentration and the K0 of the 
thrombin/TMM complex. Symbols are identical to 
Figuree 1A. Lines represent the TM concentration 

thatt was used. i.e. 0 ( ). 30 ( ). 
500 ( ), 100 I ), 400 ( ), and 
8000 ( • • • ) nM. 

00 1000 2000 3000 4000 5000 

Timee (s) 

122 T , 

00 500 1000 1500 2000 
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inhibitedd bv PAI-1. The reduced affinity of TM for thrombin-VR1,PA results in a higher 

freee thrombin concentration at the start of the reaction and thus a more prominent 

biphasicc inhibition profile with a longer initial phase (Figure 1C). According to Figure 5B 

thee difference in the maximal concentration of TP, which is reached in the absence or 

presencee of BOO ni\l TM, is approximately 12-fold. This value is in agreement wïth the 

inhibitoryy effect of TM that is observed experimentally. Finally, a similar model describing 

ann allosteric inhibitory effect of TM, by allowing thrombin/PAI-1/TM complex 

formation,, did not fit  the experimentally observed TM-dependent decrease of the 

thrombin/PAJ-11 interaction rate (results not shown). 
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DISCUSSION N 

Thee TM functions as a powerful procoagulant to anticoagulant specificity switch upon 

bindingg lo thrombin with high affinity ( l ismon, 1987; irlsmon, 1995). The binding of N a' 

too thrombin constitutes a second switch that potently modulates the coagulant versus 

anticoagulantt functions of thrombin (Dang et ai., 1996). The allosteric effect that results 

fromm the binding of Na+ makes thrombin a significandy more efficient procoagulant 

(Pinedaa et ai, 2002a). However, in both its Na" -bound and Na+-free form thrombin has a 

highh specificity for protein C in the presence of TM . The data presented in this study 

demonstratess that the VR1 loop of thrombin, being in close vicinity of the compact 

functionall  epitope for TM (Pineda et ai, 2002b), is the subsitc of exosite-1 that regulates 

exclusivee binding of either PAI-1 or TM. Previous studies have unambiguously 

demonstratedd that the VR1 loop is responsible for the specific interaction of PAI-1 with 

t-PAA (Madison et ai., 1990) and thrombin (Horrevocts et ai., 1993; Meijer et ai, 1997; 

Dekkerr et ai, 1999). The dominant contr ibut ion of the t-PA VR1 loop residues to 

inhibitionn by PAI-1 strongly suggests binding of PAI-1 to VR1 residues in t-PA and 

thrombin-VRlt P A.. In contrast, the interaction of thrombin with ATII I is primarily 

determinedd by subsites located in the Western-exit of thrombin (hydrophobic binding 

pocket /amino-terminall  subsites), which is located distant from the VR1 loop on the 

oppositee side of the active-center (Skrzypczak-Jankun et ai, 1991; Mathews et ai, 1994; 

Tsiangg et ai, 1997). Interestingly, PAI-1 appears to be the only serpin that utilizes the VR1 

loop,, in contrast to ATII I and protein C inhibitor (PCI). In agreement with this concept, 

thee t h romb in /TM complex can be efficiendy inhibited by ATII I and PCI (Hofsteenge et 

ai.,ai., 1986; Rebate et ai, 1995). Moreover, TM acts as a stimulator of thrombin inhibition by 

thesee serpins, in line with the cofactor effect of TM on protein C activation. The exclusive 

functionn of the VR1 loop is now further supported by the results obtained with the 

exosite-bindingg proteins TM and hirugen (Dekker et ai, 1999; this study). The possibility of 

ternaryy complex formation between thrombin(-VRl, ! > A ), PAI 1 and hirugen demonstrates 

thatt PAI-1 does not bind the part of the anion binding exosite-1 of thrombin that is utilized 

byy hirugen as well as by TM (Liu et ai, 1991; Skrzypczak-Jankun et ai, 1991; Bock et ai., 

1997).. However, as demonstrated in this study, binding of TM does sterically hinder PAI-1 

bindingg to thrombin(-VRl 'l 'A ) . Therefore, the binding of PAI-1 to thrombin either 

involvess a small part of the VR1 loop that is physically blocked by TM , or the bulkiness of 

TMM bound to exosite-1 decreases the accessibility of the VR1 loop for PAI-1 (Mathews et 

ai,ai, 1994; Fuentes-Prior et ai, 2000; Pineda et ai, 2002b). Previous Ala scanning 

mutagenesiss studies have demonstrated that the YR1 residues Phe34, Lvs36, Pro37 and 

Ciln388 are involved in the binding of TM to thrombin (Pineda et ai, 2002b; Hall et ai., 

1999).. These residues therefore comprise the most likely overlapping binding site for TM 

andd PAI-1 on thrombin, since they are also of substantial importance to the inhibition of 

thrombinn by PAI-1 (Horrevoets et ai., 1993; van Meijer et ai., 1997; Dekker et ai, 1999). In 
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addition,, the reduced affinity of TM for thrombin-VR1'PA is in agreement with the 

significantt contribution of this part of the YR1 loop to the binding of TM by thrombin. 

Bindingg of the carboxy-terminal part of the reactive center loop of PA1-1 in the small cleft 

formedd by the 60-loop and VR1 loop can be envisioned. The kinetics of the interaction of 

thrombinn and TM were shown to be governed by electrostatic interactions, explaining the 

fastt association rates (Baerga-Ortiz et a/., 2000). This does not explain, however, the high 

affinityy binding of TM to thrombin as shown by the slow dissociation rates observed in 

thiss study (k,lt-f — 10 ̂  s '; Figure 3). Structural arguments were put forward that a major 

hydrophobicc interacuon in this strong hydrophilic environment governs the specificity and 

tightnesss of TM binding to thrombin (Fuentes-Prior el iif., 2000). Hydrophobic residues of 

TMM arc buried in a surface hydrophobic pocket that is partly formed by VR1 and e.xosite-1. 

Thiss would explain die significantiy reduced binding of TM to thrombin-VRltRA as 

comparedd to thrombin, despite the fact that according to the structure the lower, highly 

chargedd rim of exosite-1 is unchanged (Dekker e! a/., 1999), This hydrophobic interaction, 

involvingg Phe34 in the VR1 loop, would then exclude the interaction of PAI-1 with the 

VR11 if thrombin is bound to TM. 

Thee kinetic model of TM/PAI 1 competition for thrombin described here has the 

followingg features. Previous studies from our laboratory have shown that initial Michaelis 

complexx formation is not the rate-limiting step in the thrombin/PAI-1 reaction, but rather 

aa unimolecular step in the mechanism (ki in Figure 4). These findings imply that with the 

highh PA1-1 concentrations that were used to rapidly inhibit thrombin, a major fraction of 

thee thrombin molecules is quickly forming a reversible Michaelis complex with PAI 1 

duringg the initial phase of the reaction. Subsequently, the formation of stable 

thrombin/PAII  1 complexes is dependent on the (rate-limiting) efficiency of successive 

catalyticc events in the inhibition pathway (i.e. k?. and A'i in Figure 4). When the amidolytic 

activityy of thrombin is assayed during the course of the reaction, quenching of the reaction 

mixturee leads to dissociation of die majority of initial Michaelis complexes, and thus 

releasess active thrombin. In the presence of a theoretical infinite concentration of TM, all 

thrombinn would be in complex with TM at the start of the reaction. When PAI-1 is added, 

competitionn between TM and PAI-1 for thrombin will occur after dissociation of each 

thrombinn /TM complex, which was thus far at equilibrium. Consequently, the 

concentrationss of PAI-1 and TM, including their rate constants of association with 

thrombin,, will determine the maximum rate at which the thrombin/TM complex will be 

irreversiblyy inhibited by PAI-1 (Figure 5). Under the experimental conditions used in this 

study,, relatively low TM concentrations (<1 u.M) are sufficient to have most thrombin in 

complexx with TM. At the high PAI-1 concentration (>1 [JLM) that was used, PAI-1 will 

competee efficiently with TM since k\ > k,t„  and [PAI 1| > [TM] . Therefore, even though 

TMM significantly slows down the thrombin/PAI 1 interaction, eventually thrombin will In-

completelyy inhibited by PAI-1. The inhibitory effect of TM on the thrombin/PAl-1 

interactionn is partly masked in the presence of the cofactor \^N when assayed kincticallv 
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(Rezaie,, 1999; this study). The data presented in this study demonstrate that only 

PAI-1/VNN complexes and immobili/ed VN! directly bind to TM, most likely via its 

glvcosaminoglvcann sugar moiety. In contrast, tree VN or PAI-1 does not bind to TM. In 

agreementt with this finding, \"N is known to expose a high-affinity heparin binding-site 

onJvv after it is converted to its non-native (active) conformation, i.e. when bound to PAI-1 

orr when immobilized on a surface (Stockmann et al, 1993). Therefore, the interaction 

betweenn VN and TM has probably no effect on the rate of thrombin inhibition by PAI-1 

inn the presence of TM. A slightly larger inhibitory effect of TM on the rate of thrombin 

inhibitionn by PA1-1/VN was observed compared to inhibition by PAI-1 alone, i.e. 14 versus 

12-fold,, respectively. In the presence of TM, however, thrombin is still inhibited 36-fold 

fasterr by the PAI-l /V N complex compared to PAI-1 alone. The vastly increased 

associationn rate between thrombin and PA1-1/VN would result in an immediate capturing 

off  any free thrombin that is at equilibrium with the thrombin/TM species by competing 

moree efficiently for reassociating with TM. 

Thee physiologic relevance of TM interference in the thrombin/PAI-1 interaction can 

possibh'' be found in the (atherosclerotic) vessel wall, where all these proteins and 

cofactorss are present (Stoop et al., 2000), including TM on vascular SMC (Tohda el al, 

1998).. Both thrombin and PAI-1 can substantially influence migration and proliferation of 

vascularr SMC, the latter process via the protease-activated receptors, or. which PARI was 

foundd to be expressed bv SMC in vivo (Nelken et al, 1992). In this respect, the interplay 

betweenn thrombin and PAI 1 in the vessel wall has two faces. First, PA1 1 is able to inhibit 

thee mitogenic potential of thrombin. On the other hand, cleavage and inactivation of 

PAI-11 bv thrombin controls the urokinase-type plasminogen activator (u-PA)-mediatcd 

migratory-- effect of PAI-1 on SMC. The suicide-substrate mechanism stoichiometry is 

ratherr 'unfavorable' for the thrombin/PAI-1 protease-serpin pair, especially in the 

presencee of VN, being six inactivated (cleaved) PAI-1 molecules for each thrombin 

moleculee that is inhibited (/• - 5) (van Meijer et al., 1997). Probably the main physiologic 

consequencee of this interaction is an inactivation of the PAI-1 pool in the vascular wall by 

thrombin,, making it no longer available for interaction with u-PA and VN, which can 

explainn part of the effect of thrombin on the proliferation and migration or vascular SMC 

(lihrlichh et al., 1991; Kanse et a!., 1996). In the context of the vessel wall, TM might 

thereforee function as a regulator of PAI-1 inactivation by thrombin in the presence of the 

abundantt matrix protein VN. The presence of TM on the surface of SMC might be 

importantt in focusing its modulatory' potential to the cell surface. In this respect, 

physiologicc significance can be attributed to the binding of X'N in its unfolded 

conformationn (i.e. as adhered matrix protein or in solution complexed to PAI-1) to the 

chondroitinn sulphate moiety of TM as was observed in this study. Neointimal vascular 

SMCC can thus focus TM to sites where VN is present, e.g. at the leading edge of migration, 

andd prevent local inactivation of PAI-1 bv thrombin. The ability of PAI 1 to compete with 

thee SMC surface-exposed integrin a v ^ and u-PA receptor tor binding VN therefore 
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suggestss a possible migrator)- role of TM in neointimal hyperplasia (Kanse ef a/., 1996). 

Thiss concept is in agreement with the expression of TM by neointimal vascular SMC that 

wass found in vim (Tohda eta/., 1998). 

Inn conclusion, this study provides a mechanistic concept, elucidating a multi-component 

systemm of proteases, serpins and cofactors. Again, TM acts as a molecular switch by 

excludingg an interaction between thrombin and PAI-1 thereby protecting the serpin from 

inactivation.. Furthermore, these findings propose a possible novel role for TM expressed 

byy vascular SMC in die pathogenesis of vascular disease. 
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MATERIALSS AND METHODS 

Material s s 

Thee chromogenic substrate H-D-Phe-Pip-Arg-/)-nirroaniline (where Pip is L-pipeco]ic 

acid;; S2238) was obtained from Chromogenix (Mö/nda/, Sweden). All additional chemicals 

weree obtained from Sigma (St. Jjmis, MO). Polysorbatc-20 (Surfactant P2(l), and all 

additionall BlAcore materials were obtained from BlAcore AB (Uppsala, Sweden). 

Protein s s 

Ovalbuminn (grade V) was obtained from Sigma. Rabbit-lung TM (rl-TM) was purchased 

fromm American Diagnostics Inc. (I.ot#97(H 17A, I 'eeriendaal. The Netherlands). Recombinant 

solublee human TM (Solulin) was a gift of dr. J. Morser (Her/ex li/osciences, Richmond, CA). 

Activee PAI-1 was generously provided by dr. T.M. Reillv (Dupotit de Nemours, Wilmington, 

DE).DE). Human «-thrombin purified from plasma was a gift of dr. G. Tans (University of 

Maastricht,Maastricht, Maastricht, The Netherlands). Construction, expression, and activation of 

recombinantt prothrombin variants were described (Dekker tt ai., 1999). VN was a kind 

girtt of dr. K.T. Prcissner (Justus ! Jebig University, Glessen, Germany). Anti-thrombin III was 

obtainedd from the Sanquin Foundation [CLE, .Amsterdam, The Netherlands). 

Determinatio nn of the PAI-1 inhibitio n rates 

Too prevent protein adsorption, all experiments were performed in Iippendorf xuhes or in 

wellss of a microliter plate (Nunc Maxisorp; GIBCO-HRL, Gaitherslmrg, MD) that had been 

pretreatedd for I h at 37°C with l"'.. (w/v) polyethylene glycol 20,000 and subscqucntlv 

washedd with distilled water. Prior to all experiments, PAI-l dilutions were titrated on a 

calibratedd r-PA standard. The decrease of thrombin amidohtic activity during the 

inhibitionn by PAI-1 was determined after incubating 15 nM thrombin with 1.5 p.M PAI-1 

att 37°C in HBSO buffer (20 mM HF.PF.S [pH 7.4|, 150 mM NaCl, and 0.5 mg/ml 

ovalbumin).. At specific time intervals, aliquots of 5 u.1 were withdrawn and the reaction 

waswas ejuenched by diluting 45-fold in I1BSO buffer containing 0.u5 mM of S223S 

chromogenicc substrate. Residual thrombin amidohtic activity in these aliquots was 

measuredd at 37°C by continuously recording the absorhance at 405 nm in a Titcrtek 

Twinn reader (\iow laboratories, brine, UK). Plots of residual activity (relative to thrombin 

activityy in the absence of PAI-1) versus time were constructed and analyzed as described 

(Dekkerr et ai, 1999). The effect of increasing concentrations of soluble human 

recombinantt TM (Solulin) on the inhibition of thrombin and thrombin-YR1'1"1 by PAI-1 

waswas determined. To that end, a solution of 15 nM human ^-thrombin was prewarmed in 

PBSTT buffer (phosphate-buffered saline with li.nl"',, [v/v| Tween-Sd) for 5 min at 37°C, in 

thee presence of increasing concentrations of Solulin (0-80(1 nM in PBST buffer) or rl-TM 
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(0-1000 nM in 2n mM Tris-buffcr [pH ~A\ with 100 mM NaCl). Subsequently, the 

inhibitionn reaction was started bv the addition of PA1-1 to a final concentration or" 1.5 u.M. 

Att various time intervals, the residual thrombin amidolyuc activity was determined as 

describedd above. Alternativelv, the inhibition of 2 nM thrombin-YRlt|,Al by ID nM PAi-1 

waswas determined in the absence or presence of HI. 10 nM Solulin. Therefore, 13 u.1 aliejuots 

weree quenched by diluting 9-fold in HBS() buffer, containing 0.9 m.M of S223H 

chromogenicc substrate. 

Surfac ee plasmo n resonanc e (SPR) bindin g studie s 

Reversiblee binding of various components was studied using SPR in a BlAcore 2000 system 

(BIAcw(BIAcw .IB, Vppsnin, Sweden). Binding experiments were performed using CMS Sensor 

(Mips(Mips {BlAcore AB) at 25.0°C. All recorded sensorgrams were corrected for refractive index 

variations,, using an emptv flow cell. Thrombin-S 195A and thrombin-S195A-VRl!fH were 

immobilizedd on a sensor chip as described for thrombin (van Meijer rf «/., 1997). 

Thrombinn was immobilized at 40 ng/u.1 in 10 mM sodium acetate buffer (pi I 6.0), rl-TM 

waswas immobilized at 15 ng/u.1 in 10 mM sodium formate buffer (pH 3.6), and vitronectin 

waswas immobilized at 120 ng/u.1 in 10 mM sodium acetate buffer (pH 4.8), resulting in 

approximatelyy 4000, 2000, and 17,000 immobilized resonance units, respectively. In all 

SPRR experiments, HBS buffer (20 mM HKPES [pH 7.4], 150 mM N a d , 2 mM CaCb, 

0,005"/,,, |v/v] P20) was used at a 20 u.l/min flow rate. 

Bindingg of thrombin and thrombin-VRllPV to immobilized rl-TM was monitored by 

applyingg either thrombin (0.5-20 nM), or thrombin-VRl tM (10-100 nM) in HBS buffer, at 

200 pd/min. Association and dissociation rate constants were determined Irom the SPR 

sensorr grams by global non-linear regression using the BlAevalitation software (BlAcore 

AB).AB). Binding (if various analvtes to rbTM/thrombin complexes was studied as follows: 10 

ull of 200 nM human recombinant a-thrombin in HBS buffer was injected on a sensorchip 

withh immobilized rl-TM, directlv followed by a 40 u.1 injection (using the co-inject option) 

off the respective proteins or HBS buffer alone. Hereafter, dissociation of thrombin and 

boundd analvte from TM was continuously monitored in HBS butter. 

Directt binding to rl-TM of 200 nM PAI-1, 200 nM latent PAI-1, 300 nM VN. or 200 nM 

activee or latent PAI-1 preincubated with 75-30(1 nM VN was studied by injecting 60 u.1 or 

thee respective proteins in HBS buffer. Latent PAI-1 was obtained bv incubating 200 nM 

PAI-11 at 3~°C for at least 20 h. 

Directt binding of rl-TM and Solulin to VN was studied by injecting 40 ul 200 nM rl-TM, 

orr 1 JJLM Solulin, in the absence or presence of heparin (0-1000 I'/ml). Alternatively, 

previouss lo the TM injections, 40 pd 500 nM PAI-1 solution was injected to form 

PAI-11 /VN complexes on the chip surface. Hereafter, during the slow dissociation ot 

PAI-11 /VN, rl-TM or Solulin was injected as described above. 
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Kineticc modeling 

Thee procedure of numerical integration of the rate equations derived from the mechanism 

shownn in Figure 4 has been described elsewhere, including the rate constants of the 

suicide-substratee mechanism {k\ to fa) that were used (Dekker et al., 2002). Briefly, at 

variouss combinations of k„ n and k„ i{  for the thrombin/TM interaction, the total thrombin 

amidojyticc activity was calculated at various rime intervals, i.e. the sum of actual free 

thrombin,, thrombin/TM complex, and free thrombin resulting from completion of all 

thrombin/PAI-11 intermediates after quenching of the reaction. The thrombin/TM 

complexx has a similar amidolytic activity towards S2238 as thrombin {data not shown). For 

alll combinations of A„n and /wf, the calculated total thrombin activity was compared to the 

experimentall activity decrease shown in Figure 1A. The combination that fitted the 

experimentall data best was used for the calculations shown in Figure 5. 
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