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ABSTRACT. Plasminogen activator inhibitor-1 (PAI-1) is a serine protease inhibitor of the serpin superfamily
which rapidly inactivates tissue plasminogen activator (tPA), but reacts with thrombin at a much slower
rate. Based on the previous mutagenesis studies and the X-ray crystal structure of the thrombin E192Q
bovine pancreatic trypsin inhibitor (BPTI) complex, the structural basis for the slow reactivity of thrombin
with PAI-1 is investigated in this study. In the crystal structure of the thrombin EX®E¥Y | complex,

the reactive site loop of BPTI is stabilized in a canonical conformation by several productive interactions
(e.g., Glu39 of thrombin is ion-paired to the 'P&rg, and GIn192 is hydrogen-bonded to the P2 and P4
backbone carbonyls of BPTI). PAI-1 contains Glu residues at both tharédP5 positions, and previous
mutagenesis studies suggest that these residues make productive interactions with Arg39 of tPA as well
as with two other positively charged residues present on the 39-loop of the protease (chymotrypsin
numbering). Glu39 and Glu192 of thrombin would be unable to make such productive interactions with
PAI-1. Instead, their repulsive interactions with the similarly charged residues and/or the backbone
carbonyls of the PAI-1 reactive site loop could restrict the reaction. To test this, the rate congants (
for the PAI-1 inactivation of wild-type, E39K, E39Q, E192Q, E192M, and E39K/E192Q thrombins were
determined. The inactivation rates of E3%¢ [ (4.3+ 0.2) x 10* Mt s and E39Q k. = (1.0 +

0.1) x 10* M~ s71] were 50- and 12-fold faster than the inactivation of wild-type thromkin= (8.6

+ 0.5) x 10* M~ s71], respectively. Relative to thrombin, the PAI-1 inactivation rates were improved
31-fold for E192Q k» = (2.7 + 0.5) x 10* Mt s 1] and 5-fold for E192M k, = (4.3+ 0.8) x 10° M1

s71] thrombins. With the double mutant E39K/E192Q, the inactivation tate=[(5.4+ 0.4) x 1P M~!

s 1] was improved 628-fold over wild-type thrombin. These results suggest that repulsive interactions
and/or lack of productive electrostatic interactions between PAI-1 and Glu39 and Glu192 of thrombin are
responsible for the slow reaction of thrombin with this serpin.

Plasminogen activator inhibitor-1 (PAI4)s a serine of tPA has an insertion of seven amino acids (residues-296
protease inhibitor of the serpin superfamily which rapidly 302), three of which are positively charged and contact a
inactivates the proteinases of the fibrinolytic system, tissue- region of PAI-1 on the reactive site loop that contains two
type (tPA) and urokinase-type (UPA) plasminogen activators, negatively charged Glu residues at the &dd P5 site€ of
but reacts with thrombin at a much slower rade4). The the scissile bond5, 6). Previous mutagenesis studies
structural basis for the high reactivity of tPA with PAI-1 demonstrated that charge reversal or deletion of the positively
has been investigated by several mutagenesis studies in theharged residues from the 39-loop of tPA, or substitution of
past b, 6). Collectively, the results suggest that tPA contains Arg304 (Arg39 in chymotrypsin numbering) with Glu, results
a secondary binding site for PAI-1 on a loop in the protease in tPA variants which are resistant to inactivation by PAI-1
domain known as variable region T)( or the 39-loop (6, 8). Furthermore, compensatory mutations in PAI-1 (Glu
(chymotrypsin numbering)lj. Relative to trypsin, thisloop  to Arg substitutions at the P4nd P5 positions) resulted in

serpin variants which reacted effectively with the tPA
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by the National Heart, Lung, and Blood Institute of the National atthe 39-loop, but very poorly with wild-type tPA) These
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study demonstrated that it may be possible to partially Tapie 1; Alignment of the Amino Acid Sequences from Positions
transfer the inhibitor specificity of tPA to thrombin by 28-42 and 189198 of tPA, Thrombin, and Trypsin

replacing the entire 39-loop of thrombin (Phe34eu40) with

. " 296 304 475

the corresponding sequence of tPIY. The improvement o 1 |

in the reactivity of this mutant with PAI-1 was to the extent — Toi vy sINS - GviEc DScaansaar
that the rate constant for its inactivation by PAI-1 was only ~ Thrombin PWQVMLFR*T Ce SPQfLLC DACFGDSGGP
~10-fold lower than the rate constant for the PAI-1 inactiva- 36 39 192

tion of tPA. The result of this interesting study provided

further evidence that the interaction of the 39-loop with the _° The residue numbers listed above the sequences are in tPA, and
those at the bottom are in chymotrypsin numbering systems. Residues

_reaCt_ive .Site loop of PAI-1 is (_:ritical for efficient pr'otease F34—L40 of thrombin (F294F305 of tPA) are referred to as the 39-
inactivation by PAI-1 10). This study, however, did not  |oop (1) or variable region 17).
reveal if any of the deleted native residues of the 39-loop of

thrombin play a restrictive role in the reaction of thrombin cells, purified to homogeneity, activated to thrombin, and

with PAl'l,' ] ] ) o active-site-titrated as previously describé@,(15). Recom-
Thrombin is resistant to inactivation by several other pinant active human PAI-1 (product PAI-A, 955% active

inhibitors including the Kunitz-type inhibitors, bovine pan- 4 titrated by uPA) was obtained from Molecular Innovations,

creatic trypsin inhibitor (BPTI) and tissue factor pathway |nc. (Royal Oak, MI). The plasmid used to produce active

inhibitor, and the serpiml—anfcitrypsin. It was previously  PAI-1in bacteria has been describd®,(17). The second-
demonstrated that the substitution of Glu192 of thrombin o qer rate constant for the tPA and uPA inactivation by this

with GlIn results in a mutant (E192Q) which is effectively preparation of PAI-1 is~1 x 107/ M~1 s'L. Spectrozyme
inactivated by all three inhibitorsl@, _12). Recentl_y, the PCa (SpPCa) was purchased from American Diagnostica,
crystal structure of thrombin E192Q in complex with BPTI Greenwich, CT. Polybrene and unfractionated heparin

was resolved ¥3). Structural analysis of the complex (horcine intestinal mucosa, sodium salt, grade Il) were
indicated that BPTI binds to the active site of thrombin purchased from Sigma.

E192Q in a canonical conformation identical to that observed i otic Methods. The PAI-1 inactivation rates of wild-
in trypsin (L4). Similar to trypsin, the carboxamide nitrogen
atom of GIn192 of the mutant protease was found in
hydrogen bonds with the backbone carbonyls of Cys14 (P2)
and Glyl2 (P4) of BPTI. Furthermore, in the crystal

structure of the thrombin E192€BPTI complex, Glu39 of with 25—200 nM PAI-1 in 50uL reactions in Tris-HCI (pH

thrombin was ion-paired to the PBrg20 of BPTI. Such 7.5), 0.1 M NaCl buffer (TBS) containing 1 mg/mL BSA
productive interactions cannot occur in the reaction of and 0.1% PEG 8000. At the end of the incubation times
thrombin with PAI-1. Instead, repulsive interactions of (20 st.o 45 min depehding on the reaction rates),6®f
G|U.39 and Glu192 With the similarly charged'Red/or P5 SpPCa was adaed to a final concentration of 0.2 mM. The
re3|d.ues as well as ‘.N'th the backb_ong _carb_onyls O.f PAI-1 remaining activities of thrombins were measured from the
are likely to destabilize the enzyménhibitor interaction. rate of chromogenic substrate hydrolysis USINGVidx

To elucidate the contribution of these negatively charged Kinetics Microplate Reader (Molecular Devices, Menlo Park,
residues to the slow reactivity of thrombin with PAI-1, the CA). The pseudo-first-order inactivation rate constakfs (
second-order rate constant for the PAI-1 inactivation of wild- \vere calculated by fitting the time-dependent change of the
type thrombin was determined and compared to the corre-thrombin activity to a first-order rate equation using the
sponding values obtained from the PAI-1 inactivation of Enzfitter computer program (R. J. Leatherbarrow, Elsevier,
E39K, E39Q, E192Q, E192M, and E39K/E192Q thrombins. Bjosoft). The second-order inactivation rate constakgs (
The reactivities of all mutants with PAI-1 were improved at \vere calculated from the slope of the linear plot of e
varying degrees. However, the improvements in the reac-values vs PAI-1 concentrations. All reactions contained 100
tivities were the hlghest for the mutants that contained a Mg/mL P0|ybrene to eliminate any possib|e trace contamina-

positively charged Lys at position 39 and a GIn at position tion of PAI-1 with heparin. In all assays, less than 10%
192. Relative to WIId-type thrombin, the PAI-1 inactivation Chromogenic substrate was utilized.

of the double mutant E39K/E192Q was enhanced 628-fold.

These results suggest that both Glu39 and Glul92 of RESULTS

thrombin are responsible for the slow reactivity of thrombin . . .

with PAI-1. Comparison of the PAI-1 inactivation rates of ' aple 1 shows the alignment of the amino acid sequences
E39K and E192Q thrombins with those of E39Q and E192M of the 39-I(_)(_)p, and the amino acid sequences .from pos_ltlon
thrombins suggests that the repulsive negativegative 189 to position 198 of thrombin, tI?A, anq trypsin. Relative
charge interactions and/or lack of productive electrostatic {© yPSin, this loop of tPA contains an insertion of seven

interactions between these residues and those of the reactiy@Mino acids, three of which are basic Lys and Arg residues.
site loop of PAI-1 may account for the poor reactivity of All three proteases contain a variant residue at position 39.

type and mutant thrombins were measured under pseudo-
first-order rate conditions by a discontinuous assay method
as described previoushyl 8, 19). Briefly, 1 nM wild-type

or mutant thrombins were incubated at room temperature

thrombin with this serpin. This _residue is Arg in tPA, Glu in thrombin, an_d Tyr in
trypsin. In the crystal structure of the trypsiBPTI
MATERIALS AND METHODS complex, Tyr39 of trypsin makes a van der Waals contact

with the P4 lle of the inhibitor (L4, 20). Using the structure
Proteins and ReagentsThe prethrombin 1 forms of the  of this complex as a model, Madison et &) §emonstrated
wild-type and mutant proteins were expressed in mammalianthat two of the positively charged insertion residues as well
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Ficure 1: Ball and stick representation of the side chains of Arg20
of BPTI and Glu39 of thrombin E192Q with the salt-bridges shown
as dashed lines. The coordinates are from the Brookhaven Protein 0.08
Data Bank (Accession No. IBTH).

0.10

'‘n 0.06 A
as Arg39 of tPA interact with the Pdnd/or P5GIu residues x
of PAI-1, resulting in rapid tPA inactivation. Thrombin also 0.041
differs from tPA and trypsin in that it has a Glu, instead of 0.02
GlIn, at position 192 (Table 1). Previous mutagenesis studies
suggest that residue 192 plays a critical role in the macro- 0.00% S0 100 1%0 200
molecular substrate and inhibitor specificity of thrombin and [PAI-1] nM

other Coagu'at."’“ proteastZI_. The substitution of GIL§192_ Ficure 2: Dependence of the pseudo-first-ordéj (ate constants
of thrombin with Gin results in a mutant, E192Q, which, in - 54 pa|-1 concentration. (A) The values for the inactivation of
contrast to wild-type thrombin, is effectively inactivated by wild-type @), E39K (O), and E192Q @) thrombins (1 nM) were
az-antitrypsin, BPTI, and tissue factor pathway inhibitbt,( determined at varying concentrations of PAI-1 {290 nM) and
12). Recently, the crystal structure of the thrombBPTI plotted vs PAI-1 concentrations. Thevalues were calculated from

. ; _ the slopes of the straight lines which are presented in Table 2. (B)
complex was resolved §). Similar to trypsin, the carboxa The same as panel A except that #ealues for the inactivation

mide nitrogen atom of GIn192 of the thrombin mutant of thrombin E39K/E192Qm) are plotted vs PAI-1 concentrations.
hydrogen bonds to the backbone carbonyls of the P2 and P4

residues of BPTI. The other interesting observation is that Table 2: Second-Order Rate Constants for the PAI-1 Inactivation
Glu39 of thrombin forms an ion pair with the PArg20 of of Wild-Type and Mutant Thrombins

BPTI (Figure 1). Using this structure as a model and the ke (M~1s )2 relative raté
observations mentioned above, it was hypothesized in this .
study that both Glu39 and Glul92 would restrict the E‘;S{?b'“ ((2'36i 8j§§§ igi 5(l)
specificity of thrombin in reaction with PAI-1. E39Q (1.0£0.1) x 104 12

To test this hypothesis, the pseudo-first-order rate constants  E192Q (2.7 0.5) x 10 31
(k") for the PAI-1 inactivation of wild type as well as the Eégiwzlng ((45"%& g'igi igz 6258
residue 39 and the residue 192 substitution mutants of ges-ppw (6.8 0.2) x 10 08
thrombin were determined at several concentrations of PAI-1  des-YPPW (4.6 1.7)x 17 0.5

as described under Materials and Methods. A straight line athe second-order inactivation rate constants were determined from
was observed when thié values were plotted vs PAI-1  the linear slope of the plot of thé values vs PAI-1 concentrations as
concentrations (Figure 2A, shown for wild-type, E39K, and shown in Figure 2, and described under Materials and MetHdds.
E192Q thrombins; and Figure 2B, shown for E39K/E192Q of mutantkz_ of wild-type thrombin. All values are the average of at
thrombin). The second-order inactivation rate constdajs ( least three independent measuremeintSD.

of the thrombin derivatives were determined from the slope

of these plots which are presented in Table 2. PAI-1  To determine whether the high reactivities of E39K and
inactivated the thrombin mutants considerably faster than E192Q thrombins with PAI-1 are only due to the elimination
wild-type thrombin. Thek, values for the inactivation of  of repulsive negativenegative charge interactions or if there
thrombin E39K and E192Q were 50- and 31-fold faster than are additional productive electrostatic interactions that may
the k. value for the inactivation of wild-type thrombin, also contribute to the accelerated rates of the reactions, the
respectively (Table 2). Relative to thrombin, tkevalue PAI-1 inactivation rates of E39Q and E192M thrombin were
for the double mutant, E39K/E192Q, was improved 628- studied. The rationale was that, unlike Glu39, GIn39 would
fold. The concentration dependence of tke values not be repulsive for interaction with the negatively charged
remained linear with all thrombin derivatives even if the P4 and/or P5 Glu residues of PAI-1, and unlike Lys, it
concentration of PAI-1 was increased t®I, suggesting would not be capable of forming potentially stabilizing ion-
that the apparent dissociation constd&) ©f the thrombinr- pairs with the reactive site loop of the serpin. Similarly,
PAI-1 complex was higher than 2M for all thrombin Met192 is not likely to create repulsive interactions with the
derivatives (data not shown). This is consistent with the PAI-1 reactive site loop, and unlike GlIn, it cannot form
previous results for the thrombitPAI-1 reaction reported  potentially productive hydrogen bonds with the backbone
by other investigators2(l). carbonyls of the serpin. The results in Table 2 indicate that
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although the PAI-1 inactivation rates were significantly identical positions of both enzymes (Lys36 Lys296 in
improved with both E39Q and E192M thrombins, the tPA). As demonstrated by the mutagenesis studies, however,
inactivation rates, nevertheless, with both mutants were still this residue does not play a role in the reaction of tPA with
4—6-fold lower than the inactivation rates of the correspond- PAI-1. This appears to be also true for thrombin, since the
ing mutants with a Lys39 or GIn192 at the indicated side chain of this residue in the crystal structure of thrombin
positions. These results suggest that the productive elec-points away from the active site pocket of thrombin, making
trostatic interactions of Lys39 and GIn192 in thrombin it unlikely to contact the reactive site loop of PAI-1)(
mutants, and most likely in tPA, contribute to the stabilization Third, similar to trypsin, tPA has a GIn at position 192, but
of the proteaseserpin complexes. this residue is a Glu in thrombin. The observation that
It was previously demonstrated that the 60-D insertion loop thrombin E192Q reacted with PAI-1 much better than
of thrombin is critical for the reaction of thrombin with its  thrombin suggests that Glu192 is another residue that restricts
specific serpin inhibitor, antithrombir2®). Deletion of three the specificity of thrombin in reaction with PAI-1. This is
residues, Pro, Pro, Trp (des-PPVRY), or four residues, Tyr,  consistent with the conclusion of the previous studies which
Pro, Pro, Trp (des-YPPWRQ), from the insertion loop of  suggested that Glul92 restricts the specificity of thrombin
thrombin impaired the reactivities of the mutants with in reaction with several other macromolecular substrates and
antithrombin 5008-1000-fold over wild-type thrombin. To  inhibitors (L1, 12, 24).
determine whether the 60-D loop plays a similar role in the  The results discussed above suggest that the structural
reaction of thrombin with PAI-1, thi, values for the PAI-1 differences between tPA and thrombin in the residues of the
inactivation of these mutants were studied. As shown in 39-loop, and residue192 are primarily responsible for the
Table 2, PAI-1 inactivated des-PPW thrombin with a rate inefficient reactivity of thrombin with PAI-1. This is
constant that was similar to that of wild-type thrombin, and consistent with the observation that thrombin E39K/E192Q
with des-YPPW thrombin, the inactivation rate was impaired reacted with PAI-1 with a second-order inactivation rate
only ~2-fold. These results suggest that in contrast to the constant that was 628-fold higher than the inactivation rate
reaction of thrombin with antithrombin, the 60-D insertion of wild-type thrombin. In yet another study, Horrevoets et
loop is not as critical for the thrombirPAI-1 reaction. al. replaced the entire variable region 1 (PheBéu40) of
thrombin with the corresponding region of tPA, and dem-
DISCUSSION onstrated a 2000-fold higher reactivity for this mutant with
The structural and kinetic basis for the slow reactivity of PAI-1 (10). However, the PAI-1 inactivation rate constant
thrombin with PAI-1 was investigated in this study. Based of the thrombin mutant (2.% 10° M~! s™%) was still ~10-
on the structure of the thrombin E192@PTI complex as  fold lower than the inactivation rate constant of tPA (%6
a model, and the previous mutagenesis studies, threel(0’ M~!s1) reported by the authors in their previous studies
structural elements were identified which appear to be under identical experimental conditiorZ5( 26). Based on
responsible for the inability of thrombin to react efficiently the current results, it is proposed that the lower reactivity of
with PAI-1. First, the substitution of Glu39 of thrombin with  the latter mutant with PAI-1 is due to the absence of a tPA-
Lys or GIn markedly improved the reactivity of thrombin specific residue (GIn) at position 192 of the mutant thrombin.
with PAI-1. Since PAI-1 has Glu residues at both thé P4 Similarly, the lower reactivity of thrombin E39K/E192Q with
(Glu350) and P5GIlu351) positions of the reactive site loop, PAI-1 appears to be due to the absence of tPA-specific Arg
it appears that repulsive negativeegative charge interac- residues (Arg298 and Arg299) at the variable region 1 (39-
tions and/or lack of electrostatic interactions between Glu39 loop) of this mutant. Taken together, these results suggest
of thrombin with either one of these residues restrict the that by grafting all three tPA-specific structural elements on
reactivity of thrombin with PAI-1. This is consistent with  thrombin, it may be possible to completely transfer the PAI-1
the previous mutagenesis studies of Madison et al., who alsoreaction specificity of tPA to thrombin. This raises an
demonstrated that substitution of Arg39 with Glu in tPA interesting question: What is the role of the 60-D insertion
results in a 61-fold reduction in the reactivity of this mutant loop in the thrombir-PAI-1 reaction? This is important
with PAI-1 (6). Further support for the productive interaction because the previous mutagenesis studies designated a critical
of Arg39 of tPA with the negatively charged residues of role for this loop of thrombin in reaction with the natural
PAI-1 came from the observation that compensatory muta- macromolecular substrates and inhibito22)( In two
tions in PAI-1 either improved (Glu35%Arg) or completely separate studies, des-PPW@2) and des-YPPW thrombins
restored (Glu356-Arg) the reactivities with the mutant tPA,  (23) reacted with antithrombin 5661000-fold slower than
but exhibited much diminished reactivities with the wild- did wild-type thrombin, suggesting a crucial role for the 60-D
type tPA @). Second, relative to trypsin, tPA has an insertion loop of thrombin in reaction with this serpin. By contrast,
of seven amino acids at the 39-loop, three of which are the inactivation rate of des-PPW by PAI-1 was nearly normal,
positively charged (Table 1). Previous mutagenesis studiesand the inactivation of des-YPPW was impaired omg-
suggested that two of these positively charged residuesfold. These results suggest that the nature of interactions of
(Arg298 and Arg299) are critical for the rapid reaction of the extended binding pocket residues of thrombin with
tPA with PAI-1 (6). The charge reversal or deletion of these antithrombin and PAI-1 may be different and that the 60-D
residues resulted in dramatic decrease in the reactivity ofinsertion loop is not as critical for the thrombiPAI-1
tPA with PAI-1, suggesting that these residues form as yet reaction as it is for the thrombirantithrombin reaction.
another binding site for PAI-1 that is critical for the high It has been proposed that similar to other serpins, PAI-1
reactivity of tPA with PAI-1 6, 6, 8). In contrast to tPA, inactivates thrombin by a two-step reaction mechanism where
thrombin has an insertion of three residues in this loop, only a reversible Michaelis-type complex is formed in the first
one of which is positively charged and conserved at the step, which is then converted to a stable, covalent complex
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in the second step of the reactia?i7( 28). The resolution
of the two-step reaction of thrombin with PAI-1 was not

possible for any thrombin derivative, because the reaction

rates remained linear for up tog@ PAI-1 concentration.

It is therefore not known whether the improvement in the

reactivities of the mutants with PAI-1 is due to an effect on

the first step or the second step of the reaction. However,
previous kinetic studies have indicated that E192Q and E39K
thrombins activate protein C, the natural substrate of
thrombin in the anticoagulant pathway, 22- and 2-fold faster

than wild-type thrombin, respectivel§%, 24). In both cases,

the improvements in the activation rates were localized to

the second step of the reaction, i.e., in kagof the protein

C activation {5, 24). These previous studies proposed a

crucial role for Glu192 and Glu39 in determination of the
S3 and S3binding specificity of thrombin, respectivel?Z,

24, 29). Serpins are pseudosubstrates that react with the
proteases by a mechanism similar to true substrates; it is

likely that the energy of interactions of GIn192 and Lys39
of the mutant thrombins with the PAI-1 reactive site loop is
also utilized to stabilize the transition state of the protease

serpin reactions. In several other previous studies, a similar

role for SI—P2 (30, 31) and S2-P2 (32) interactions was
proposed in the reaction of thrombin with antithrombin,
suggesting that transition state stabilization viaFSand S

P interactions may be a general feature of the protease

serpin interactions. Resolution of the two-step reaction of

the wild-type and mutant thrombins with PAI-1, however,

will

be required to confirm this hypothesis.
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