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The Suicide Substrate Reaction Between Plasminogen Activator Inhibitor 1
and Thrombin Is Regulated by the Cofactors Vitronectin and Heparin

By Marja van Meijer, Annelies Smilde, Guido Tans, Michael E. Nesheim, Hans Pannekoek,
and Anton J.G. Horrevoets

The interaction of thrombin with plasminogen activator in- of inhibition, both cofactors increase the apparent stoichi-
hibitor 1 (PAI-1) is shown to result in the simultaneous for- ometry of the PAI-1–thrombin interaction, with cofactor
mation of both cleaved PAI-1 and a sodium dodecyl sulfate- concentration dependencies similar to the inhibition reac-
stable thrombin-PAI-1 complex. The kinetics of this reaction tion. Thus, at 377C approximately six cleavage reactions oc-
can be described by a ‘‘suicide substrate’’ mechanism that cur per inhibition reaction. Therefore, thrombin will effi-
includes a branched reaction pathway, which terminates in ciently inactivate PAI-1 in the presence of either vitronectin
either the stable inhibitor-enzyme complex or the cleaved or heparin, unless a sufficient excess of the inhibitor is pres-
inhibitor plus free enzyme. Because of the branched path- ent. These results show that physiological cofactors are able
way, approximately three moles of PAI-1 are needed to com- to switch a protease-serpin inhibition reaction to a substrate
pletely inhibit one mole of thrombin. Heparin and vitronectin reaction, depending on the local concentrations of each of
enhance the rate of inhibition from 9.8 Ì 102 L molÏ1 sÏ1 to the components.
6.2 Ì 104 L molÏ1 sÏ1 and 2.1 Ì 105 L molÏ1 sÏ1, respectively,

q 1997 by The American Society of Hematology.
under optimal conditions. In addition to enhancing the rate

P provided by mutagenesis experiments: deletion of VR1 or
replacement of the positively charged residues of VR1 by

LASMINOGEN activator inhibitor 1 (PAI-1)1 is the
main physiological inhibitor of both tissue-type (t-PA)

negative ones, reduced the second-order rate constant of inhi-and urokinase-type (u-PA) plasminogen activator1 and be-
bition for this reaction by at least three orders of magnitudelongs to the ‘serpin’ superfamily of homologous proteins.2-5

(from 2 1 107 to °104 L mol01 s01).10 Consistent with theseThrombin is inhibited by PAI-1 at a slow rate, but we have
data, we showed that a thrombin variant having its entiredescribed that the cofactors heparin and vitronectin increase
variable region 1 substituted by that of t-PA (thrombin-VR1),this rate by about two orders of magnitude.6,7 The physiologi-
showed a 2,000-fold increased rate of inhibition by PAI-cal relevance of this finding was shown in the endothelial
1.13 In this case, as with native thrombin, substantial PAI-1cell matrix (ECM), where efficient thrombin/PAI-1 complex
cleavage was observed during the time course of inhibition.formation is strongly dependent on the presence of endoge-
In contrast to the inhibition of native thrombin by PAI-1,nous vitronectin.8 Experiments performed with metabolically
thrombin-VR1 inhibition is only marginally influenced bylabeled ECM showed that addition of thrombin, t-PA or u-
the presence of cofactors.PA to the ECM resulted not only in the formation of sodium

The interaction of a serpin with its target protease hasdodecyl sulfate (SDS)-stable PAI-1/protease complexes, but
been suggested to occur via the branched pathway of a so-also in proteolytically cleaved PAI-1.8 Apparently, in this
called suicide substrate mechanism.14-16 In the ‘substrate’setting PAI-1 can be cleaved, either before or after complex
pathway, the serpin acts as a substrate, ultimately leading toformation with these proteases.
cleaved inhibitor and the release of active protease. CleavageThe interaction of t-PA with PAI-1, which has been stud-
of the inhibitor occurs between the reactive site P1 and P*

1ied in great detail, is dependent on the presence of a posi-
residues on an exposed surface loop, located about 30 resi-tively charged variable region (VR1) on the protease domain
dues from the C-terminus. In the ‘inhibition’ pathway pre-of t-PA, which presumably interacts with negatively charged
sumably reversible complex formation also occurs but atresidues on PAI-1.9-12 Evidence of the importance of the
some point the reaction is arrested, resulting in the formationVR1 domain of t-PA for the interaction with PAI-1 was
of a SDS-stable, inactive serpin-protease complex. Within
this complex, ultimate cleavage of the inhibitor is very slow
and, consequently, in vivo the complexes will be clearedFrom the Departments of Biochemistry of the Academic Medical
before progressive cleavage occurs. This mechanism wasCenter, University of Amsterdam, Amsterdam; University of Lim-
proposed because the balance between the two pathways, asburg, Maastricht, the Netherlands; and Queen’s University, Kings-
defined by the partition ratio of rate constants k3 (substrateton, Canada.
pathway) and k4 (inhibition pathway), can be modulated.17-23Submitted September 30, 1996; accepted April 15, 1997.

Supported by the Netherlands Organization for Scientific Re- The studies which lead to this proposal, however, were per-
search (The Hague) (Grant 902-26-132); by the Netherlands Throm- formed under special (mostly nonphysiological) conditions,
bosis Foundation (The Hague) (Grant 92.003); and by the Molecular eg, in the presence of SDS,21 at high versus low ionic
Cardiology Program of the Netherlands Heart Foundation (The strength,19 at 47C,17 or in the presence of peptides.20 In the
Hague) (Grant M93.007). case of thrombin inhibition by PAI-1, however, we observed

Address reprint request to Anton J.G. Horrevoets, PhD, Academic substrate behavior of PAI-1 under conditions that might be
Medical Center, Department of Biochemistry (K1-163), Meiberg-

relevant in vivo, ie, in the ECM,8 where both cofactors
dreef 15, 1105 AZ Amsterdam, The Netherlands.

vitronectin and heparin are present.24,25 Therefore, we set outThe publication costs of this article were defrayed in part by page
to describe the mechanism of thrombin inhibition by PAI-1charge payment. This article must therefore be hereby marked
and the role of both cofactors in more detail. In view of the‘‘advertisement’’ in accordance with 18 U.S.C. section 1734 solely to
proposed suicide substrate mechanism for serpin action, weindicate this fact.
investigated a possible influence of these cofactors on theq 1997 by The American Society of Hematology.
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KINETICS OF PAI-1:THROMBIN INTERACTION 1875

centrations in a fluorimeter microcuvette (Hellma Benelux, Rijswijk,EXPERIMENTAL PROCEDURES
the Netherlands). The inhibition reaction was started by the addition

Materials. Unfractionated heparin from porcine intestinal mu-
of a small volume of PAI-1 and the reaction was monitored continu-

cosa (# H-3125, grade I, Lot 29F-0314; specific activity of 178 U/
ously until no further change in fluorescence intensity was observed.

mg, average Mr of 15,000 to 18,000) and hirudin were obtained
Alternatively, the inhibition reaction was stopped after approxi-

from Sigma (St Louis, MO). The chromogenic substrates CH3SO2-
mately 10 minutes by the addition of 0.5 mL of 3.2 mmol/L of

D-HHT-Gly-Arg-p-nitroanilide (Pefachrome tPA) and H-D-Phe-
the active-site directed irreversible thrombin inhibitor PPACK to

Pip-Arg-p-nitroanilide (where Pip is pipecolic acid; S2238) were
determine the maximal change in fluorescence intensity. Initial reac-

obtained from Pentapharm (Basel, Switzerland) and Chromogenix
tion rates of thrombin inhibition were calculated from the slope of

(Mölndal, Sweden), respectively. The fluorescent active-site di- a plot of fluorescence intensity versus time. The initial reaction
rected, reversible inhibitor of thrombin Dansylarginine N-(3-Ethyl- rate equals: To*slope/(Fi0Fo), in which To represents total thrombin
1,5-pentanediyl)amide (DAPA) was prepared as described.26 The concentration, Fi is the initial fluorescence intensity at time zero, and
irreversible active-site directed thrombin inhibitor Phe-Pro-Arg- Fo is the fluorescence intensity at complete inhibition. Alternatively,
Chloromethyl-ketone (PPACK) was obtained from Calbiochem (San initial reaction rates were determined by fitting inhibition curves
Diego, CA).27

with single exponential decay and multiplying the rate constant with
Proteins. Human a-thrombin and the recombinant thrombin To . To correct for the attenuation of the reaction by DAPA, rates

variant, designated thrombin-VR1 (containing the VR1 domain of were multiplied with: (1) 1/(DAPAt /kd) when DAPA concentra-
t-PA), were obtained as described.13,28,29 Thrombin and thrombin- tions exceeded the thrombin concentration by at least 10-fold,30 or
VR1 were active site-titrated with calibrated hirudin.13 Vitronectin with (2) (10((1/2 * ((kd / To / DAPAt)0Sqrt((kd / To / DAPAt)2

was kindly donated by Dr K.T. Preissner (Max-Planck Institute, Bad 0 (4 * DAPAt * To))))/To))01 when DAPA concentrations were
Nauheim, Germany). Two-chain Bowes melanoma t-PA (616,000 similar to the thrombin concentrations, necessitating the use of the
IU/mg) was purchased from Biopool (#2114154, Umea, Sweden). quadratic equilibrium binding equation. The terms DAPAt and kd,
Active PAI-1 was generously provided by Dr T.M. Reilly (Dupont represent total DAPA concentration and the dissociation constant of
de Nemours, Wilmington, DE). thrombin for DAPA, respectively. The data for the inhibition of

Gel electrophoretic analysis of PAI-1 cleavage and complex for- thrombin by PAI-1 in the presence of vitronectin were analyzed
mation. To prevent protein adsorption all experiments were per- according to a model in which only the PAI-1/vitronectin complex
formed in Eppendorf tubes or in wells of a microtiter plate (Nunc contributes significantly to the reaction rate. In such a model the
Maxisorp; GIBCO-BRL, Gaithersburg, MD) that had been pretreated rate of thrombin inhibition can be expressed by the second-order
for 1 hour at 377C with 1% (wt/vol) polyethylene glycol 20,000 and rate equation: (3) Rate Å k * [thrombin] * [PAI/VN]. The symbol
subsequently washed with distilled water. Thrombin (600 nmol/L) k represents the second-order rate constant for thrombin inhibition
and PAI-1 (3,600 nmol/L) were incubated at 377C in HBST buffer by the PAI-1/VN complex, the concentration of which is calculated
(20 mmol/L HEPES [pH 7.4], 150 mmol/L NaCl, and 0.1% [vol/ according to the quadratic equilibrium binding equation: (4) [PAI/
vol] Tween 80). At specific intervals, samples of 55 mL were taken VN] Å 1/2 * (P / V / kd 0 Sqrt((P / V / kd)2 0 4 * P * V)),
and the reaction was quenched by mixing the aliquot with an equal in which P Å PAI-1, V Å vitronectin, kd Å dissociation constant
volume of sample buffer (5% [wt/vol] SDS, 45% [vol/vol] glycerol, of the PAI-1/vitronectin complex. Our experimental data were sub-
0.05 mol/L TRIS-HCl [pH 6.8], and 0.05% [wt/vol] bromphenol jected to a global fit to these equations, which yields values for k and
blue). Mixtures were heated at 957C for 5 minutes and subsequently kd, by employing the nonlinear regression algorithm of Marquardt-
subjected to 10% (wt/vol) SDS-polyacrylamide gel electrophoresis Levenberg.
(SDS-PAGE) under nonreducing conditions in a Hoefer apparatus Determination of the apparent stoichiometry. The apparent stoi-
(Hoefer Scientific Instruments, San Francisco, CA). Proteins were chiometry for the interaction of PAI-1 with thrombin, thrombin-
stained with Coomassie Brilliant Blue (GIBCO-BRL) and reaction VR1, or t-PA was determined by titration of the enzyme with step-
products were quantified by laser densitometry. At identical time wise increased concentrations of PAI-1 as described in detail.7 These
points, 20 mL aliquots were withdrawn and the reaction was titrations were performed for various times (between 1.5 and 18
quenched by adding the aliquots to 680 mL 0.5 mmol/L of the hours) at 377C with various concentrations (between 2 and 100 nmol/
chromogenic substrate S2238. Residual thrombin amidolytic activity L) of either thrombin, thrombin-VR1, or t-PA in a volume of 25 mL
in these aliquots was measured at 377C after a 25-fold dilution of HBST buffer. The incubation times used were determined from
in HBST buffer, containing 0.5 mmol/L S2238, by continuously calculations using known inhibition rate constants. Control experi-
recording the absorbance at 405 nm in a Titertek Twinreader (Flow ments indicated that these incubation times were sufficient for com-
Laboratories, Irvine, UK). pletion of the reaction. In all cases, a control incubation containing

Fluorometric assay for thrombin inhibition. The reaction be- no inhibitor was included. In some reactions, various concentrations
tween thrombin and PAI-1 was monitored by including the fluores- of vitronectin or heparin were included. Residual protease activity
cent, reversible thrombin inhibitor DAPA26 in the reaction solution was subsequently determined at 377C by the addition of a sample
as described.30 Traditional progress curve analysis could not be per- to a mixture of 150 mL HBST buffer and 25 mL of 4 mmol/L of
formed, since PAI-1 is rapidly inactivated by a number of chromo- the chromogenic substrate S2238 (thrombin or thrombin-VR1) or

Pefachrome tPA (t-PA), respectively, by measuring the increase ingenic substrates tested (Van Meijer M. and Horrevoets A.J.G., un-
absorbance at 405 nm in a Titertek Twinreader. Results were plottedpublished observations, March 1993, and ref 31). Fluorescence
as the fraction of residual enzyme activity versus the initial inhibitorintensity was measured at 377C with a Perkin-Elmer LS-50 fluorim-
concentration. The intercept on the abscissa is the apparent stoichi-eter (Norwalk, CT). The excitation wavelength was 280 nm with a
ometry of the reaction, being equal to 1 / the partition ratio (r).15band pass of 10 nm, the emission wavelength was 565 nm with a
This partition ratio (k3/k4 , see Fig 1) represents the number of cata-15-nm band pass, using a 430-nm cut-off filter in the emission beam.
lytic turnovers per inactivation event.The dissociation constant (kd) for DAPA of the thrombin used in

this study was determined to be 63.5 nmol/L.26 Briefly, a solution RESULTS
of thrombin (final concentration of 18.6 nmol/L or 36.6 nmol/L)

Time course of PAI-1 cleavage by thrombin and of throm-was prewarmed in HBST buffer in the presence of DAPA (370.4
nmol/L or 182.9 nmol/L) and vitronectin or heparin at various con- bin/PAI-1 complex formation. Gel electrophoretic analysis
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Fig 1. Time course of PAI-1 cleavage by thrombin
and of thrombin/PAI-1 complex formation. Thrombin
(600 nmol/L) and PAI-1 (3,600 nmol/L) were incu-
bated at 377C as described under the Experimental
Procedures. At the indicated time points aliquots
were withdrawn and subjected to 10% (wt/vol) SDS-
polyacrylamide gel electrophoresis, stained with
Coomassie Brilliant Blue (A). The indicated reaction
products were quantified by densitometry and the
amounts obtained were expressed as percentage of
maximum intensity observed for each individual
band (B). The lines represent the outcome of nonlin-
ear regression analysis, according to a single-expo-
nential reaction mechanism. The rate of disappear-
ance of the thrombin band yields a second-order rate
constant for inhibition of 9.8 Ì 102 L molÏ1 sÏ1. (A)
‘‘A’’ represents PAI-1; ‘‘B’’ represents thrombin.
Times were as indicated (min). (B) (s), thrombin; (j),
cleaved PAI-1; (m), PAI-1/thrombin complex.

of the time course of inhibition of thrombin by PAI-1 shows and PAI-1 and the appearance of the different species was
followed for a time period much longer than the time neededthe appearance of cleaved inhibitor, in addition to stable

complex formation (Fig 1A). This observation can be ex- to inhibit all thrombin present. The reaction products seen
on the gel were quantified using laser densitometry (Fig 1Aplained by two different reaction pathways: (1) after forma-

tion of the SDS-stable complex, hydrolysis of the complex and B). Complex formation and cleavage of PAI-1 clearly
occur simultaneously during the reaction as depicted by theresults in release of active enzyme and cleaved inhibitor,

and (2) the serpin can act as a suicide substrate. This means fitted first-order reaction curve for the appearance of both
species. The rate of disappearance of the thrombin bandthat after the formation of the reversible complex, two path-

ways can be followed: one leading to the formation of the agrees with a second-order rate constant of 9.8 1 102 L
mol01 s01, which is consistent with published numbers. AsSDS-stable complex (inhibition pathway) and one leading

to cleavage of the inhibitor and release of the active enzyme a control, the amidolytic activity of thrombin was determined
at similar time points and was shown to decrease with an(substrate pathway) (Fig 2). To discriminate between these

possibilities, the progress of the reaction between thrombin identical second-order rate constant (data not shown). Fur-

Fig 2. The branched pathway of a suicide substrate mechanism. The inhibitor (I) forms a reversible complex (EI) with its target serine
protease (E), characterized by the bimolecular rate constant k1 and the dissociation rate constant kÏ1 . Subsequently, an intermediate complex
(EI*) is formed, which can convert with a rate constant k4 into the SDS-stable complex E-I# or it can react according to a substrate mechanism,
resulting in free enzyme and cleaved inhibitor (I*) with the corresponding rate constant k3. The partition ratio (r ! k3/k4) represents the number
of catalytic turnovers per inactivation event, 1 " r is the apparent stoichiometry. Finally, the stable bimolecular complex (E-I#) can dissociate
with a rate constant k5 into the free active enzyme (E) and cleaved, inactive inhibitor (I*).
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Table 1. Apparent Stoichiometry for Protease Inhibition by PAI-1

Protease 1.5 h 2.5 h 4.3 h 18 h /Heparin /Vitronectin

Thrombin 3.2 3.1 2.8 3.0 7.1 5.1
Thrombin-VR1 2.3 2.9 2.3 2.3 6.6 7.4
t-PA 1.0 1.0 1.0 1.0 1.0 1.0

The apparent stoichiometries were determined by titration at 377C at
least in duplicate as described under ‘‘Experimental Procedures.’’ Indi-
cated are results obtained at different time points and, when indicated,
in the presence of either an optimal heparin concentration (ie, 1 U/mL
in case of thrombin (502.5 nmol/L) inhibition, and 0.5 U/mL in case of
thrombin-VR1 (20 nmol/L inhibition), or 200 nmol/L vitronectin.

thermore, the concentration of cleaved inhibitor remained
stable during a further 19 hours incubation without reappear-
ance of free active thrombin and little degradation of the
complex was observed. The apparent stoichiometry deter-
mined within the experimental limits of gel quantitation was
about 3, which is in good agreement with the more accurate
numbers as determined by titration (Table 1). Control experi-
ments performed with latent PAI-1, which is unable to com-
plex with thrombin, revealed no cleavage of PAI-1 (data not
shown).

Kinetic analysis of cofactor influence on the inhibition
pathway. Previous data from our laboratory,6,32 suggested
that heparin might accelerate the inhibition of thrombin by
PAI-1 by acting as a template. In Fig 3 we have now elabo-
rated on these observations by studying this reaction in more
detail. This was done by studying these kinetics by means
of displacement of the thrombin specific fluorescent inhibitor
DAPA from the active site by PAI-1. Traditional progress
curve analysis could not be performed, since we observed
that PAI-1 is rapidly inactivated by a number of chromogenic
substrates tested (data not shown) as has been reported dur-
ing the progress of these studies by others.31 Central to the
template mechanism is that inhibitor and enzyme are concen-
trated on the template in a way that favors the interaction.
At any fixed concentration of inhibitor and enzyme, an opti-
mum in the inhibition rate with increasing concentrations of
heparin is observed. Furthermore, the reaction rate saturates

r
Fig 3. Inhibition of thrombin by PAI-1 in the presence of heparin.

(A) Initial rates of thrombin (36.6 nmol/L) inhibition in the presence
of heparin and PAI-1 (concentrations as indicated), were determined.
Initial rates were corrected for the presence of DAPA (182.9 nmol/L)
as described under Experimental Procedures. (m), 190 nmol/L PAI-1;
(●), 570 nmol/L PAI-1; (j), 1,476 nmol/L PAI-1. (B) Initial rates of
thrombin (30 nmol/L) inhibition by increasing concentrations of PAI-
1 (100 to 1,800 nmol/L) were measured at a fixed concentration of
heparin (0.17 U/mL; 60 nmol/L) and corrected for the presence of
DAPA (370.4 nmol/L) as described under Experimental Procedures.
(C) Initial reaction rates were measured at fixed concentrations of
heparin (0.17 U/mL; 60 nmol/L), PAI-1 (1 mmol/L), and DAPA (150
nmol/L) at various concentrations of thrombin. Rates were corrected
for the presence of DAPA, according to equation (2), as described
under Experimental Procedures. The linear increase in the double-
logarithmic plot of rate versus thrombin exhibits a slope of 1.0, indi-
cating that the reaction is first-order with respect to thrombin. The
inset shows the relation between fractional lifetime (t1/3) as a func-
tion of thrombin concentration. The inflection point indicates a transi-
tion from first-order to zero-order kinetics with respect to thrombin
concentration, as a result of saturation of the heparin template. For
further details see Experimental Procedures.
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VAN MEIJER ET AL1878

in both proteins at a fixed concentration of heparin.33 Figure
3A illustrates that increased concentrations of heparin, in the
presence of fixed concentrations of thrombin and PAI-1,
result in increased initial rates of thrombin inhibition up to
a maximum, followed by a decrease in rates. Furthermore,
with increasing concentrations of PAI-1, the rate obtained
at the peak of the bell-shaped curves, and the heparin concen-
tration required to obtain the maximum, increases. The maxi-
mal rate of inhibition accords to a second-order rate constant
for inhibition of 6.2 1 104 L mol01 s01, representing a 124-
fold increase over the rate in the absence of heparin. As
shown in Fig 3B, the thrombin inhibition rate saturates at
high PAI-1 concentrations, reflecting saturation of the bind-
ing sites on heparin with PAI-1. The existence of saturation
implies that PAI-1 does not effectively compete with func-
tionally significant bound thrombin. In contrast, when the
rate of thrombin inhibition was determined at various throm-
bin concentrations at fixed concentrations of PAI-1, heparin,
and DAPA, the observed rate of inhibition increases up to
a maximum and then decreases (Fig 3C). This decrease in

Fig 4. Inhibition of thrombin by PAI-1 in the presence of vitronec-the inhibition rate may indicate that thrombin can bind to
tin. The initial rates for thrombin inhibition by PAI-1 in the presencefunctionally significant PAI-1 binding sites on heparin.33 The
of increasing concentrations of vitronectin are indicated. The rates

linear increase in the double-logarithmic plot of rate versus were measured at a thrombin concentration of 18.6 nmol/L and PAI-
thrombin exhibits a slope of 1.0, indicating that the reaction 1 concentrations of 100 nmol/L (m), 200 nmol/L (●), or 400 nmol/L

(j), and corrected for the presence of DAPA (370, 4 nmol/L) as de-is first order with respect to thrombin. The inset of Fig 3C
scribed under Experimental Procedures. The lines represent results ofshows the relation between fractional lifetime (t1/3 ) as a func-
a global fit of rates as a function of the bimolecular PAI-1/vitronectintion of thrombin concentration.30 The inflection point indi-
complex as described under Experimental Procedures. Optimal fit

cates a transition from first to zero-order kinetics with respect was obtained with the values of 51 Ô 29 nmol/L for kd and k of 2.1
to the thrombin concentration upon saturation of the heparin Ô 0.1 Ì 105 L molÏ1 sÏ1.
template. This occurs when approximately two molecules of
thrombin are bound to one heparin molecule. Figure 4 shows
the effect of increasing concentrations of vitronectin on the
rate of thrombin inhibition by PAI-1. Increasing concentra- bin, even in the absence of cofactors.13 First, we determined
tions of vitronectin result in increased rates for inhibition up that the apparent stoichiometry of the PAI-1-protease reac-
to a maximum. Within the experimentally feasible range of tion is stable in time at 377C for all proteases (Table 1) and
concentrations, however, no decrease is observed at higher is independent of protease concentrations (data not shown).
concentrations of this cofactor. Apparently, at each of the Second, we determined the cofactor concentration depen-
PAI-1 concentrations tested, rates are maximal when all the dence of the cleavage pathway by determining the amount
PAI-1 is complexed to vitronectin. In agreement with this of PAI-1 required to inhibit 1 nmol/L of thrombin-VR1. This
finding, the maximum rate of thrombin inhibition observed thrombin variant was used for this study, since the inhibition
was proportional to the concentration of PAI-1 present. Fur- rate with native thrombin is too low to perform these experi-
thermore, the rates as a function of the bimolecular PAI-1/ ments with experimentally feasible concentrations of the pro-
vitronectin complex at each of the PAI-1 concentrations teins. As shown in Fig 5A, similar to the cofactor dependence
could be well fitted with a kd of approximately 50 nmol/L observed for the rate of thrombin inhibition (Fig 3A), the
for the formation of the PAI-1/vitronectin complex and a stoichiometry showed an optimum with respect to the hepa-
second-order rate constant for thrombin inhibition by this rin concentration. Moreover, the optimal heparin concentra-
complex of 2.1 1 105 L mol01 s01 (solid lines, Fig 4). tions are similar, and both pathways show a bell-shaped

Distribution of PAI-1 over substrate and inhibition path- profile (Fig 3A and 5A). In contrast, as shown in Fig 5B, in
ways. In the previous section we have shown that PAI-1 the case of PAI-1 and vitronectin there is a maximum PAI-1
acts as a suicide substrate (Fig 1). Furthermore, we have cleavage at high vitronectin concentrations. Figure 5B is an
shown that the cofactors heparin and vitronectin increase the endpoint titration in which the components are incubated for
rate of thrombin inhibition by at least two orders of magni- one hour. Therefore, the stoichiometry of PAI-1 to vitronectin
tude (Figs 3 and 4). Initially, we hypothesized that the in- is not necessarily 1:1, since vitronectin can be recycled for
creased inhibition rates in the presence of the cofactors might another interaction with uncomplexed PAI-1. This result is
be the result of protection against PAI-1 cleavage. Therefore, comparable with the relationship of increasing vitronectin con-
we monitored the thrombin and, as a control, the t-PA inhibi- centrations and maximum initial rate of inhibition (Fig 4). Next,
tion reaction under several conditions. In addition, we used we determined the apparent stoichiometry of native thrombin
a thrombin variant, denoted thrombin-VR1, that is inhibited inhibition in the presence of optimal concentrations of the co-

factors (Table 1). Both cofactors increase the apparent stoichi-three orders of magnitude faster by PAI-1 than native throm-
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ometry approximately twofold to threefold not only for native
thrombin but also for thrombin-VR1. So although cofactors
hardly influence the inhibition rate for this variant, they do
have the same effect on the partition ratio. In contrast, t-PA
inhibition by PAI-1 did not show an increased stoichiometry
in the presence of heparin and vitronectin (Table 1). This dem-
onstrates that the effect of the cofactors on product distribution
is specific for thrombin.

DISCUSSION

The data presented in this report show that the inhibition
of thrombin by PAI-1 can be described in terms of a suicide
substrate mechanism (Fig 2) in which after formation of the
bimolecular complex, the enzyme can either be trapped in a
SDS-stable complex or can cleave the inhibitor and thereby
become available for another catalytic turnover. In agree-
ment with such a mechanism it was found that the kinetics of
complex formation and PAI-1 cleavage are virtually identical
(Fig 1), and prolonged incubation of thrombin and PAI-1
(19.5 hours) did not result in detectable release of active
thrombin, excluding progressive cleavage of the SDS-stable
thrombin/PAI-1 complexes within the experimental time.
Thus the value of rate constant k5 (Fig 2) is negligible. The
product distribution of the reaction between thrombin and
PAI-1 can be deduced from the apparent stoichiometry of
the reaction (Table 1). Notably, the variant thrombin-VR1,
which is inhibited three orders of magnitude faster than
thrombin, shows a similar apparent stoichiometry. In con-
trast, t-PA inhibition by PAI-1 in a purified system shows
a 1:1 stoichiometry at 377C, excluding the presence of a
‘‘substrate-form’’ of PAI-1 in our preparation.34

The kinetics of the stimulation of the rate of thrombin
inhibition by PAI-1 by the cofactor heparin are fully consis-
tent with a template mechanism as suggested previously by
studies from our laboratory.6,32 Our data are comparable to
those reported on the inhibition of thrombin by antithrombin
III in the presence of heparin.30 In that study it was shown
that the enzyme does not interfere with antithrombin III
binding to heparin. It should be noted that in that study the
heparin was fractionated on immobilized antithrombin III,
to select the high affinity subfraction. However, we find
competition when two thrombin binding sites are saturated,35

probably caused by the almost 10-fold lower affinity of PAI-
1 for unfractionated heparin compared to antithrombin III.6

In contrast to the results for heparin, increasing concentra-
tions of vitronectin result in increased rates of inhibition up
to a maximum without a decrease at higher concentrations
of this cofactor. Thus, within our experimental limits, we
did not find evidence that vitronectin would accelerate the

Fig 5. Influence of cofactors on the distribution of PAI-1 over the
rate of the reaction by acting as a template. This is in agree-substrate and inhibition pathway. The apparent stoichiometry for
ment with our previous data obtained at nanomolar concen-the inhibition of thrombin-VR1 by PAI-1 in the presence of increasing

amounts of heparin (A), or vitronectin (B) were determined as de- trations of the proteins,7 where it was shown that a 300-fold
scribed under Experimental Procedures. These titrations were per- excess of vitronectin over PAI-1 did not result in a decreased
formed at concentrations of thrombin-VR1 of 20 nmol/L (A) or 4 rate. Naski et al,36 who used a similar range of vitronectinnmol/L (B) with an increasing concentration of PAI-1 (from 0 nmol/

concentrations as in the present study, suggested such a tem-L to 50 nmol/L) to determine the apparent stoichiometry. This appar-
ent stoichiometry represents 1 " the partition ratio (k3/k4), as de- plate mechanism based on indirect evidence for binding of
picted in Fig 2. thrombin to vitronectin.36,37 These authors also hypothesized

the existence of additional accelerating effects other than a
template mechanism. Our data show optimal rates of throm-
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bin inhibition at vitronectin concentrations that are equal to and PAI-1, since in this case the outcome of the reaction
can be locally influenced by the cofactors vitronectin andor exceed the PAI-1 concentration, indicating that the in-

creased rate is a reflection of an increased concentration of heparin, both of which increase the thrombin inhibition rate
by PAI-1 at the expense of increased PAI-1 consumptionthe bimolecular PAI-1/vitronectin complex, which is max-

imized when all PAI-1 is complexed. Apparently, the PAI-1/ through the cleavage pathway. It can be speculated that
cleavage of PAI-1 rather than inhibition of thrombin will bevitronectin complex acts as a functionally different inhibitor

species than uncomplexed PAI-1, as discussed in more detail the main event occurring in vivo, since the PAI-1 consump-
tion exceeds the amount of complexes formed under mostbelow. A global fit of our data to this reaction mechanism

yields a kd of approximately 50 nmol/L for the formation conditions tested. Thus, thrombin will efficiently inactivate
PAI-1 in the presence of either vitronectin or heparin, pro-of the vitronectin/PAI-1 complex. This value inferred by

kinetics is comparable with that for the low-affinity PAI- vided thrombin is present in sufficient amounts to overcome
the minor contribution of the inhibition reaction (1 in 61 binding site on vitronectin (kd Å 55 nmol/L), found by

equilibrium binding studies.38 catalytic events). This situation is likely to occur in plasma,
where during coagulation high local concentrations of throm-Previously it has been shown that addition of high concen-

trations of thrombin and heparin to preformed PAI-1/throm- bin will be generated. This is particularly relevant in the
setting of platelet-rich plasma clots, which are rich in a-bin complexes results in the appearance of cleaved forms of

the complex and PAI-1.39 However, the molecular weight of granule PAI-1 and thereby thrombolysis resistant. Under
these circumstances, high concentrations of thrombin willthe cleaved forms of PAI-1 (õ31 kD) were not consistent

with cleavage within the reactive center loop. We show for act profibrinolytic by inactivating PAI-1, the inhibitor of the
fibrinolytic enzyme t-PA. Therefore, the direct and efficientthe first time that the cofactors vitronectin and heparin in-

crease the amount of reactive center loop-cleaved, inactive inhibition of thrombin during thrombolytic therapy as ad-
junctive therapy to prevent reocclusion, might in fact ad-PAI-1 that is formed during the interaction of thrombin with

PAI-1 in addition to their accelerating effect on the formation versely affect thrombolysis, a phenomenon that needs further
study.of the inactive PAI-1/thrombin complex. Again, appearance

of reactive center loop-cleaved PAI-1 (MW 39 kD; SDS- These findings also have implications for the processes
that occur in the vessel wall under (patho)physiological con-PAGE, data not shown) occurs simultaneous to but not after

complex formation, consistent with a suicide substrate mech- ditions. A vast number of studies have shown that the pro-
teins described in this study are synthesized in the vessel wallanism. Apparently, these cofactors have a profound effect

on more than one of the individual rate constants that consti- under inflammatory conditions. Specifically, such conditions
induce the synthesis and surface exposure of tissue factortute the suicide substrate mechanism of thrombin/PAI-1 in-

teraction (Fig 2), since the overall rate of thrombin inhibition by smooth muscle cells, which may ultimately result in the
generation of thrombin.43,44 Recently, it has been shown thatis increased by two orders of magnitude, and cleavage is

increased twofold to threefold, as reflected by the increased smooth muscle cells express the specific thrombin receptor,45

permitting effects of thrombin on smooth muscle cell specificapparent stoichiometry of the reaction (Table 1).
Recently, time-resolved fluorescence spectroscopy has in- gene expression. Furthermore, several laboratories have re-

ported on the induction of PAI-1 synthesis and secretiondicated that binding of the cofactors heparin and vitronectin
to PAI-1 induces a conformational change in the reactive by smooth muscle cells by thrombin.46,47 Finally, a natural

constituent of this cell matrix, namely vitronectin, has re-center of PAI-1.40 Apparently, the different architecture of
the exposed loop upon binding of PAI-1 to one of its cofac- cently been shown to promote the clearance of active throm-

bin in a PAI-1 dependent manner by low density lipoproteintors makes these amino acid residues more accessible for
receptor-related protein-expressing cells.48 Collectively,the thrombin catalytic center. Our results imply that this
those observations suggest a potential ‘‘feed-back’’ regula-altered conformation of the reactive site loop results in both
tory mechanism for thrombin activity. The data reported inincreased substrate and inhibition reactions in the case of
this paper provide a mechanistic concept for the interactionsthrombin. The reaction between t-PA with PAI-1 in a puri-
between thrombin, PAI-1 and specific cofactors. Therefore,fied system differs from thrombin by the appearance of
the relative amounts of active PAI-1 and thrombin at this site,cleaved inhibitor in the latter case. Apparently, the k4 of t-
which might be determined by the outcome of the suicidePA exceeds the k3 to a great extent, since no cleavage of
substrate mechanism, will have important implications forPAI-1 is observed, unless the reaction is performed in the
local cellular processes.ECM.8 An explanation for the difference in the partition

ratio between t-PA and thrombin might be that thrombin is
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