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ABSTRACT: Michaelis complex, acylation, and conformational change steps were resolved in the reactions
of the serpin, plasminogen activator inhibitor-1 (PAI-1), with tissue plasminogen activator (tPA) and
trypsin by comparing the reactions of active and Ser 195-inactivated enzymes with site-specific fluorescent-
labeled PAI-1 derivatives that report these events. Anhydrotrypsin or S195A tPA-induced fluorescence
changes in P1′-Cys and P9-Cys PAI-1 variants labeled with the fluorophore, NBD, indicative of a substrate-
like interaction of the serpin reactive loop with the proteinase active-site, with the P1′ label but not the
P9 label perturbing the interactions by 10-60-fold. Rapid kinetic analyses of the labeled PAI-1-inactive
enzyme interactions were consistent with a single-step reversible binding process involving no
conformational change. Blocking of PAI-1 reactive loop-â-sheet A interactions through mutation of the
P14 Thrf Arg or annealing a reactive center loop peptide into sheet A did not weaken the binding of
the inactive enzymes, suggesting that loop-sheet interactions were unlikely to be induced by the binding.
Only active trypsin and tPA induced the characteristic fluorescence changes in the labeled PAI-1 variants
previously shown to report acylation and reactive loop-sheet A interactions during the PAI-1-proteinase
reaction. Rapid kinetic analyses showed saturation of the reaction rate constant and, in the case of the
P1′-labeled PAI-1 reaction, biphasic changes in fluorescence indicative of an intermediate resembling the
noncovalent complex on the path to the covalent complex. IndistinguishableKM andklim values of∼20
µM and 80-90 s-1 for reaction of the two labeled PAI-1s with trypsin suggested that a diffusion-limited
association of PAI-1 and trypsin and rate-limiting acylation step, insensitive to the effects of labeling,
controlled covalent complex formation. By contrast, differing values ofKM of 1.7 and 0.1µM and ofklim

of 17 and 2.6 s-1 for tPA reactions with P1′ and P9-labeled PAI-1s, respectively, suggested that tPA-
PAI-1 exosite interactions, sensitive to the effects of labeling, promoted a rapid association of PAI-1 and
tPA and reversible formation of an acyl-enzyme complex but impeded a rate-limiting burial of the reactive
loop leading to trapping of the acyl-enzyme complex. Together, the results suggest a kinetic pathway
for formation of the covalent complex between PAI-1 and proteinases involving the initial formation of
a Michaelis-type noncovalent complex without significant conformational change, followed by reversible
acylation and irreversible reactive loop conformational change steps that trap the proteinase in a covalent
complex.

The serpins are a large superfamily of proteins many of
whose members function to regulate the activity of serine
or cysteine proteinases in key physiologic processes (1, 2).
Such regulation is accomplished by the serpin inhibiting the
activity of its target proteinases through the formation of
stoichiometric complexes. The mechanism by which serpins
form such complexes and inhibit proteinase function is quite

novel among protein proteinase inhibitors in that it involves
major conformational changes in both the serpin and pro-
teinase (3-6), formation of a covalent linkage between the
interacting proteins (7-9), and a multistep pathway for
complex formation (10-13). The remarkable differences
between the serpin inhibitory mechanism and the simpler
lock-and-key type mechanism used by other families of
protein proteinase inhibitors (14) has been most convincingly
demonstrated by a recent structure of a serpin-proteinase
complex (15). This structure shows the proteinase covalently
joined in acyl-linkage to the P1 specificity residue of the
serpin reactive center loop through the proteinase active-
site serine with cleavage of the P1-P1′ bond in the loop.1

Moreover, the amino-terminal end of the cleaved loop to
which the proteinase is covalently tethered is fully inserted
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as a central strand ofâ-sheet A of the serpin core, with
consequent movement of the proteinase from its initial
docking site with the loop to the opposite end of sheet A
where it is anchored to the serpin and distorted. While this
structure strongly suggests that the serpin inhibitory mech-
anism involves binding of the proteinase to the serpin reactive
loop as a substrate, acylation of the loop, and large
conformational changes in both the serpin and proteinase,
the kinetic pathway leading to the stable acyl-intermediate
complex has remained a point of controversy. Some studies
have suggested that a partial or full insertion of the serpin
reactive center loop into sheet A can be induced by non-
covalent complex formation without the need for acylation
and that the rate of this conformational change may limit
the rate of covalent complex formation (12, 16, 17).
Reversible and irreversible reactive center loop insertion into
sheet A is known to occur in serpins without the need for
proteolysis of the loop, most notably in the cases of
antithrombin (18, 19) and PAI-1(20). However, other studies
have claimed that proteolysis of the loop is necessary to
trigger the serpin reactive loop conformational change and
trap the proteinase as a stable acyl-enzyme complex (4, 7,
8, 15, 21-26).

Insight into the serpin inhibitory mechanism has come
from the use of single cysteine variants of serpins site-
specifically labeled with fluorophores to provide reporters
of the molecular events that are thought to occur during the
serpin-proteinase reaction (4, 7, 13, 16, 21, 25). It was
previously demonstrated that two such derivatives of PAI-
1, containing fluorescent labels at the P1′ (7) and P9 (4)
residues of the serpin reactive center loop, underwent
fluorescent changes during the reaction with target protein-
ases which reported acylation and reactive loop conforma-
tional change steps. In the present study, we have compared
the reactions of these site-specifically labeled PAI-1 deriva-
tives as well as wild-type PAI-1 with both active and Ser
195-inactivated trypsin and tPA using rapid kinetic and
equilibrium binding approaches. These studies were under-
taken to elucidate the sequence of Michaelis complex,
acylation, and reactive loop conformational change steps in
PAI-1-proteinase reactions, to resolve those steps involved
in noncovalent complex formation from those required for
covalent complex formation, and to elucidate the role of tPA-
PAI-1 exosite interactions in these events (27, 28). Our
findings demonstrate that the inactive enzymes induce
fluorescence changes in the labeled PAI-1s indicative of a
substrate-like interaction of the serpin reactive loop with the
proteinase active-site, with kinetics consistent with a single-
step association involving minimal conformational change.
Blocking of PAI-1 reactive loop-â-sheet A interactions by
mutagenesis or by binding of a reactive loop peptide does
not weaken noncovalent PAI-1-inactive enzyme interactions,
affirming that reactive loop-sheet A interactions are not
involved in stabilizing the noncovalent complex. By contrast,

the fluorescence changes reporting acylation and reactive
loop-sheet A interactions in the labeled PAI-1-proteinase
reactions are only induced by an active enzyme and the
kinetics of these changes indicate that they accompany the
transformation of an intermediate resembling the noncovalent
complex to a covalent complex. Comparison of trypsin and
tPA reactions with labeled or wild-type PAI-1 species
identifies different rate-limiting steps in the two proteinase
reactions and suggests a role for tPA-PAI-1 exosite interac-
tions in enhancing the formation of both noncovalent and
covalent complexes.

EXPERIMENTAL PROCEDURES

Expression, Purification, and Fluorescent Labeling of
Recombinant PAI-1 Variants. Wild-type and variant recom-
binant human PAI-1s (P1′ Met f Cys and P9 Serf Cys)
constructed by site-directed mutagenesis were expressed in
Escherichia coliand purified as described (4, 7). Concentra-
tions of recombinant PAI-1 preparations were determined
from the absorbance at 280 nm using an absorption coef-
ficient of 1.0 (mg/mL)-1 cm-1 and molecular weight of
43 000 (4). Labeling of the single Cys PAI-1 variants with
iodoacetamide derivatives of the fluorescent probes, NBD
or fluorescein (Molecular Probes), was performed as de-
scribed (4, 7, 13). Labeling stoichiometries determined from
the NBD and protein absorbance (4) ranged from 0.8 to 1.3
mol of NBD/mol of PAI-1 in the 4-6 preparations of each
labeled PAI-1 used in the present studies. NBD-labeled P1′-
Cys PAI-1 was complexed with an octapeptide corresponding
to the P14-P7 reactive center loop residues and purified from
residual free peptide as described (24).

Proteinases. Human tissue plasminogen activator (tPA)
and the Ser 195f Ala variant tPA were recombinant
proteins obtained from Genentech that were converted to
two-chain forms by treatment with plasmin-linked-agarose
as described (29) followed by dialysis into 0.5 M Hepes,
0.05 M NaCl, 1 mM EDTA, 0.1% PEG 8000. Concentrations
were determined from the 280 nm absorbance using an
absorption coefficient of 1.92 (mg/mL)-1 cm-1 and molecular
weight of 66 000 (4). Bovineâ-trypsin was purified from
commercial tosylphenylalaninechloromethyl ketone-treated
trypsin (Sigma Type XIII) by pH gradient elution from SBTI-
agarose (30). â-Anhydrotrypsin (Ser 195f dehydroalanine)
was prepared by alkaline treatment of phenylmethylsulfonyl-
fluoride-modified trypsin (31) followed by purification on
SBTI-agarose as with the active enzyme (30). The anhydro-
enzyme was treated with 10µM FFR-chloromethyl ketone
for 15 h in pH 7.4 buffer followed by dialysis into 1 mM
HCl to eliminate any residual trypsin. Active and inactive
enzymes were stored in 1 mM HCl. Concentrations of trypsin
and anhydrotrypsin were initially determined from the 280
nm absorbance using an absorption coefficient of 1.54 (mg/
mL)-1 cm-1 and molecular weight of 23 900 (32). Measure-
ment of the rate of trypsin hydrolysis of a synthetic substrate
(S-2222 from Chromogenix) under standard conditions was
then used to determine the active-site concentration of the
enzyme (>90%) based on the turnover number previously
measured for trypsin active-site titrated with fluorescein
mono-p-guanidinobenzoate (22). Titrations of the anhydro-
enzyme with SBTI (Sigma) monitored from the fluorescence
decrease accompanying the displacement of the bound probe,

1 Abbreviations: PAI-1, plasminogen activator inhibitor-1; tPA,
tissue plasminogen activator; PEG, poly(ethylene glycol); SDS, sodium
dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; P1′, P9,
etc., Schechter and Berger nomenclature for reactive loop residues of
PAI-1 where P1, P2,... denote residues on the amino-terminal side of
the scissile bond and P1′, P2′,... denote residues on the carboxyl side
of this bond; SBTI, soybean trypsin inhibitor, NBD,N,N′-dimethyl-
N-(acetyl)-N′-(7-nitrobenz-3-oxa-1,3-diazol-4-yl) ethylenediamine.
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p-aminobenzamidine (Aldrich), from the enzyme active-site
(22), demonstrated that the inactive enzyme had a full
complement of active sites. Activity assay revealed<0.001%
residual trypsin in the anhydrotrypsin. Titrations of tPA with
wild-type PAI-1 whose functional concentration had been
standardized by titration of active-site titrated trypsin (see
below) confirmed that tPA was fully functional.

Experimental Conditions. Experiments were performed at
25 °C in pH 7.4 buffers containing either (i) 0.1 M Hepes,
0.1 M NaCl, 0.1% PEG 8000 or (ii) 0.5 M Hepes, 0.05 M
NaCl, 1 mM EDTA, 0.1% PEG 8000 as indicated.

Functional PAI-1 ActiVity. The fraction of labeled or wild-
type PAI-1s capable of inhibiting trypsin or tPA through the
formation of a stoichiometric complex was determined by
titrating fixed levels of enzyme (10-20 nM) with increasing
molar ratios of PAI-1 to enzyme up to 1.2-2. Following
incubation for 20-60 min, residual enzyme activity was
determined by dilution of an aliquot into 100µM S-2222
(Chromogenix) in the case of trypsin or 100µM Spectrozyme
tPA (American Diagnostica) in the case of tPA followed by
the recording of the initial linear rate of absorbance increase
at 405 nm. Plots of residual enzyme activity vs the molar
ratio of inhibitor to enzyme were linear and provided the
functional concentration of inhibitor from the extrapolated
x-axis intercept of a linear regression fit of the data. Wild-
type and labeled PAI-1s did not lose any significant activity
over the time frame of experiments conducted in this
study.

SDS Gel Electrophoresis. PAI-1s, proteinases, and the
complexes they form were analyzed by SDS-PAGE under
reducing conditions using a 10% gel and the Laemmli
discontinuous buffer system (33). Trypsin was inactivated
prior to denaturation by treatment with∼300 µM FFR-
chloromethyl ketone. Protein bands were visualized by
Coomassie Blue R250 staining or by the visible fluorescence
emitted from the labeled PAI-1s upon UV excitation using
a Fotodyne transilluminator. Quantitation of stained protein
bands was done by integration of scanned band intensities
using a Nucleovision Imaging Workstation (Nucleotech,
Hayward, CA) under conditions where there was a linear
relationship between intensity and amount of protein loaded.
The PAI-1 contribution to the measured intensity of serpin-
proteinase complex bands was calculated by multiplying by
the fraction of the total mass of the complex due to PAI-1.

Second-Order Association Rate Constants for PAI-1-
Proteinase Reactions. Association rate constants for PAI-1
inhibition of trypsin or tPA were determined under pseudo-
first-order conditions using at least a 5-fold molar excess of
inhibitor to enzyme by continuously monitoring the decrease
in enzyme activity in the presence of a chromogenic or
fluorogenic substrate. Conditions were as follows: (i) 0.2-
0.7 nM trypsin, 2-20 nM PAI-1, and 200µM S-2222; (ii)
1-2 nM tPA, 5-20 nM PAI-1, and 400-600 µM Spec-
trozyme tPA; or (iii) 0.1-0.25 nM tPA, 0.5-3 nM PAI-1,
and 50-100µM methoxy-succinyl-IGR-7-amido-4-methyl-
coumarin (Enzyme Systems Products). Protein adsorption in
these assays was minimized by conducting reactions in
polystyrene cuvettes coated with PEG 20000 (34). Inhibition
progress curves monitored by absorbance at 405 nm or by
fluorescence with excitation and emission wavelengths of
380 and 440 nm, respectively, were fitted by a single-
exponential function with a finite endpoint to obtain the

pseudo-first-order inhibition rate constant,kobs (23). The
second-order rate constant was calculated by dividingkobs

by the functional inhibitor concentration and then multiplying
by the factor, 1+ [S]o/KM, to correct for the competitive
effect of the substrate on the inhibitor-proteinase reaction.
The following measuredKM values were used for this
correction: 33µM for trypsin hydrolysis of S-2222 in 0.1
M Hepes buffer; 91 and 184µM for tPA hydrolysis of
Spectrozyme tPA in 0.1 and 0.5 M Hepes buffers, respec-
tively; and 470 and 1700µM for tPA hydrolysis of the IGR-
coumarin substrate in 0.1 and 0.5 M Hepes buffers, respec-
tively.

Fluorescence Emission Spectroscopy.Emission spectra of
0.05-0.1 µM NBD-labeled PAI-1s in the absence and
presence of saturating active and inactive proteinases were
recorded in 0.1 and 0.5 M Hepes buffers at 25°C on an
SLM 8000 spectrofluorometer in the ratio mode with
excitation at 480 nm, an emission step size of 1-2 nm and
band-passes of 4 nm for both excitation and emission
beams.

Equilibrium Binding of PAI-1-Proteinase Interactions.
Equilibrium binding of inactive and active proteinases to
NBD-labeled PAI-1 derivatives was measured by titrating a
fixed level of the fluorescent-labeled PAI-1 (0.05-0.1 µM)
with proteinases and monitoring the fluorescence change at
excitation and emission wavelengths of 480 nm (4 nm band-
pass) and 530 nm (16 nm band-pass). Fluorescence readings
were corrected for a buffer blank and dilution and expressed
as∆Fobs/Fo ) (Fobs- Fo)/Fo whereFobsandFo are observed
and initial fluorescence readings, respectively. The fluores-
cence changes induced by active enzyme binding were
stoichiometric and fit by linear regression. The saturable
changes in fluorescence induced by inactive proteinases were
fit by the quadratic equilibrium binding equation to obtain
values for the dissociation constant,KD, the maximal relative
fluorescence change,∆Fmax/Fo and, in the case of the P9-
NBD-PAI-1 interaction with S195A tPA in 0.1 M Hepes
buffer, a stoichiometric factor for the PAI-1 concentration
(35). Binding of wild-type PAI-1 to S195A tPA was analyzed
by competitive binding titrations in which P1′-NBD-PAI-1
was first titrated with the inactive enzyme with binding
monitored by the NBD fluorescence increase, followed by
titrating with wild-type PAI-1 and monitoring the fluores-
cence decrease as the labeled PAI-1 is displaced from the
inactive enzyme complex by the unlabeled PAI-1. Relative
fluorescence changes in this case were fit by the cubic
competitive binding equation (35) with KD, a stoichiometric
factor for the wild-type PAI-1 interaction and∆Fmax/Fo as
the fitted parameters and withKD and the stoichiometry for
the labeled PAI-1 interaction fixed at the values determined
in direct titrations. Kinetically determined values ofKD for
PAI-1 interactions with anhydrotrypsin and S195A tPA were
determined by analyzing the effect of the inactive enzyme
on kobs for PAI-1 inhibition of the active enzyme under
pseudo-first-order conditions. The wild-type PAI-1-anhy-
drotrypsin interaction was quantitated in 0.1 M Hepes buffer
from the effects of 50-800 nM anhydrotrypsin on the rate
of inactivation of 0.5 nM trypsin by 4 nM PAI-1. Trypsin
inactivation was measured by discontinuously assaying
aliquots of reaction mixtures for residual enzyme activity
from the initial rate of hydrolysis of 50µM Tosyl-GPR-7-
amido-4-methylcoumarin. The loss in enzyme activity was

11744 Biochemistry, Vol. 40, No. 39, 2001 Olson et al.



fit by a single-exponential decay to obtainkobs and the
decrease inkobs produced by anhydrotrypsin was fit by the
equation:kobs/kobs,o) KD/(KD + [E*] o) wherekobs,orepresents
kobs determined in the absence of anhydrotrypsin,KD is the
dissociation constant for the PAI-1-anhydrotrypsin interac-
tion and [E*]o is the anhydrotrypsin concentration. The wild-
type PAI-1-tPA interaction was quantitated in 0.1 M Hepes
buffer from the effects of 5-20 nM S195A tPA on the rate
of inactivation of 2 nM tPA by 10 nM PAI-1. tPA
inactivation was measured in the presence of 500µM
Spectrozyme tPA from the exponential decrease in the rate
of substrate hydrolysis as described above for measuring the
second-order inhibition rate constant. The dependence ofkobs

on S195A tPA concentration was then fit by the equation,

where [I]o is the PAI-1 concentration, [E*]eff is the effective
S195A tPA concentration corrected for the fraction bound
to the chromogenic substrate, andKD is the dissociation
constant for the PAI-1-S195A tPA interaction. [E*]eff was
estimated by dividing [E*]o by a correction factor of 1+
[S]o/KM.

Stopped-Flow Kinetics of PAI-1-Proteinase Interactions.
The kinetics of binding active and inactive enzymes to wild-
type and fluorescent-labeled variant PAI-1 species were
studied under pseudo-first-order conditions by stopped-flow
fluorometry in an Applied Photophysics SX-17MV instru-
ment as in previous studies (4, 7). NBD-labeled PAI-1 (5-
100 nM for P9-NBD-PAI-1 and 20-100 nM for P1′-NBD-
PAI-1) was reacted with a 5-fold or higher molar excess of
proteinase, and the fluorescence change accompanying the
reaction was monitored with excitation at 480 nm (8 nm
band-pass) and a cutoff emission filter which passed light
above 520 nm. For trypsin reactions, PAI-1 samples were
made up in a 2-fold concentrated buffer and the enzyme was
in 1 mM HCl. For tPA reactions, both PAI-1 and the enzyme
were made up in the same reaction buffer. Wild-type PAI-1
inhibition of proteinases was studied by monitoring the
fluorescence decrease due to displacement of the probe,
p-aminobenzamidine, from the enzyme active site by the
inhibitor as in previous studies (10), by including 10 or 200
µM p-aminobenzamidine with the enzyme in the case of
trypsin and tPA reactions, respectively. For these reactions,
the inhibitor concentration was varied with at least a 5-fold
molar excess of inhibitor over enzyme. The competitive
effect of p-aminobenzamidine on the enzyme-inhibitor
reaction was corrected for by expressing inhibitor concentra-
tions as effective concentrations obtained by dividing by the
factor, 1 + [p-aminobenzamidine]o/KD, where KD is the
dissociation constant forp-aminobenzamidine binding to the
enzyme. A previously measuredKD of 8.5µM for the trypsin
interaction (22) and an averageKD of 200 ( 40 µM meas-
ured for the tPA interaction by direct binding or by
competitive inhibition of chromogenic substrate hydrolysis
(22), were used for these calculations. Fluorescence changes
were monitored in this case by exciting at 325 nm and using
a cutoff emission filter which transmitted light above 350
nm.

Fluorescence changes accompanying labeled and unlabeled
PAI-1-proteinase reactions in most cases were satisfactorily

fit by a single-exponential function except as noted below.
A total of 5-15 reaction traces were collected for each set
of concentrations and the exponential fits were averaged to
obtain the observed pseudo-first-order rate constant,kobs.
Reactions of P9-NBD-PAI-1 with trypsin and tPA exhibited
brief lags of< 50 ms at high enzyme concentrations (g 5
µM trypsin andg 0.1 µM tPA) which could not be reliably
quantitated as a separate reaction phase. The subsequent
observable fluorescence change was well fit by a single-
exponential process, except for tPA reactions with P9-NBD-
PAI-1 in the high tPA concentration range which showed a
slow linear increase of fluorescence amounting to<10% of
the total fluorescence change, as previously noted (4). The
exponential fluorescence change was fit in the latter case
by assuming a finite linear fluorescence change as the
endpoint. The minor fluorescence changes at the end of these
reactions were considered to represent a process after the
primary fluorescence change reporting reactive loop insertion
into sheet A, possibly involving a slow isomerization of the
fluorophore, based on the finding that the rate of SDS-stable
complex formation measured by rapid quenching coincides
with the rate of the primary P9 fluorescence change (4, 24).
The dependence ofkobsfor the predominant exponential phase
in these reactions on enzyme concentration was fit by the
equation for the two-step binding mechanism,

where E designates the enzyme and I the inhibitor,kon and
koff are forward and reverse rate constants for formation and
dissociation of the intermediate complex, andklim is the rate
constant for conversion of the intermediate complex to the
final complex. When the observable fluorescence change is
associated with the second step,kobs will increase with
enzyme concentration in accordance with the equation (13)

where KM is the concentration of enzyme at whichkobs

reaches half ofklim and is given by (klim + koff)/kon. Fitting
of data to this equation yielded values forKM andklim.

The reaction of P1′-NBD-PAI-1 with tPA was distinctly
biphasic with a rapid fluorescence increase followed by a
slower fluorescence decrease. In this case, the time depend-
ence of the changes in the observed fluorescence (Fobs) was
fit by the two exponential function,

whereF∞, ∆F1, and∆F2 are the endpoint fluorescence, the
fluorescence change for the fast phase and fluorescence
change for the slow phase, respectively, andkobs,1andkobs,2

are the observed pseudo-first-order rate constants for the fast
and slow phases, respectively. The dependence of rate
constants and fluorescence amplitude changes on enzyme
concentration were analyzed by computer fitting to the
equations below governing the above two-step reaction model
for formation of the enzyme-inhibitor complex (36).

kobs/kobs,o) ([E*] eff - [I] o + KD -

(([E*] eff + [I] o + KD)2 - 4[E*]eff[I] o)
1/2)/(2[I] o)

E + I {\}
kon

koff
E-I 98

klim
E-I*

kobs) klim[E]o/(KM + [E]o)

Fobs) F∞ + ∆F1 exp(-kobs,1t) + ∆F2 exp(-kobs,2t)

kobs,1) (kon[E]o + koff + klim +

((kon[E]o + koff + klim)2 - 4kon[E]oklim)1/2)/2
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whereΦI, ΦEI, and ΦEI* are the fluorescence coefficients
representing the fluorescence per unit concentration of free
P1′-NBD-PAI-1, its noncovalent complex with tPA and its
covalent complex with the enzyme, respectively. The latter
two equations were used to fit the fluorescence coefficient
of the intermediate noncovalent complex species by fixing
values for the coefficients of the free inhibitor and the final
covalent complex using measured values of the starting and
endpoint fluorescence normalized to the PAI-1 concentration.
Whenkobs,1 . kobs,2, the above equations forkobs,1andkobs,2

reduce to the linear and hyperbolic forms,

Kinetic data were also fit with these equations.
Simulations of the PAI-1-tPA reaction according to the

model of Scheme 2 were done by numerical integration of
the differential equations for this model using the program
Scientist (Micromath).

RESULTS

Characterization of NBD-Labeled PAI-1 Species. SDS gel
electrophoretic analysis of the reactions of wild-type PAI-1
and labeled PAI-1 variants with a molar excess of tPA
(Figure 1) showed that the labeled PAI-1 derivatives were
functional in forming SDS-stable complexes. However, more
reactive center loop cleaved PAI-1 was produced in the
reaction of tPA with the P9-labeled PAI-1 than with the wild-
type or P1′-labeled-PAI-1. Quantitation of the relative
amounts of PAI-1 in complex versus cleaved bands or
titrations of the amount of PAI-1 required to completely
inhibit proteinase activity confirmed that P9-NBD-PAI-1
inhibited two-chain tPA as well asâ-trypsin with stoichi-
ometries somewhat elevated relative to wild-type or P1′-
NBD-PAI-1 reactions with these enzymes (Table 1). Small
amounts of latent unreactive PAI-1 were also evident in the
preparations following reaction with tPA (Figure 1). On the
basis of these findings, functional concentrations of PAI-1
representing the fraction of total serpin reacting through the
inhibitory pathway were determined from measured stoichi-
ometries of inhibition (1) (see Experimental Procedures).
Using these functional inhibitor concentrations, second-order
association rate constants for inhibition of trypsin and tPA
by the labeled PAI-1 species were found to be similar to or
only modestly reduced from the values for wild-type PAI-1
inhibition of these enzymes, in keeping with previous
findings (4, 7) (Table 1).

Visualization of protein bands in the SDS gel in Figure 1
by fluorescence confirmed the presence of the fluorophore
in each labeled PAI-1 and showed the fate of the label upon

forming complexes with tPA. In the case of P9-NBD-PAI-
1, the label appeared in the tPA complexed and cleaved
serpin bands, whereas with P1′-NBD-PAI-1 the label was
not present in either the complexed or cleaved serpin bands
but instead appeared in a low molecular weight peptide band.
This was most evident when a fluorescein derivative of P1′-
Cys-PAI-1 was reacted with excess tPA (Figure 1). Only
the unreacted latent PAI-1 and peptide bands were fluores-
cent, consistent with cleavage of the P1-P1′ bond and release
of the P1′-NBD label with the∼5 kDa C-terminal peptide
product of cleavage in both the PAI-1-tPA complex and
cleaved PAI-1 bands (7-9).

Fluorescence Changes Accompanying Binding of ActiVe
and S195-InactiVated Proteinases to Labeled PAI-1 DeriVa-
tiVes.Addition of inactive Ser 195f dehydroAla trypsin
or Ser 195f Ala tPA to P1′-NBD PAI-1 enhanced the
fluorescence emission spectrum of the reporter fluorophore
maximally to similar extents of 1.9- and 2.3-fold, respec-
tively, and blue-shifted the spectrum by 3-10 nm (Figure
2). By contrast, active trypsin and tPA both quenched the
P1′-NBD-PAI-1 fluorescence emission spectrum by∼20%
at saturating levels with little change in the emission
maximum (Figure 2). These results indicated marked dif-
ferences in the mode of interaction of inactive versus active
forms of tPA and trypsin with the labeled serpin, with the
two active or inactive proteinases behaving similarly.

Similar findings were made for the interactions of inactive
and active enzymes with P9-NBD-PAI-1. Thus, addition of
saturating levels of Ser 195-modified trypsin or tPA to P9-
NBD-PAI-1 produced similar small enhancements of 1.2-
to 1.4-fold and minimal shifts in the NBD fluorescence
emission spectrum whereas active trypsin and tPA maximally
induced large 6-7-fold enhancements and 15-20 nm blue-
shifts in the emission spectrum (Figure 2).2 The latter changes
were previously shown to report the serpin reactive center
loop conformational change which is responsible for the
trapping of proteinases in covalent complexes (4). The failure

kobs,2) (kon[E]o + koff + klim -

((kon[E]o + koff + klim)2 - 4kon[E]oklim)1/2)/2

∆F1/[PAI-1]o ) (-kon[E]o/(kon[E]o + koff + klim)) ×
((klim(ΦEI* - ΦI)/(kon[E]o + koff + klim)) - (ΦEI - ΦI))

∆F2/[PAI-1]o ) (kon[E]o/(kon[E]o + koff + klim)) ×
(ΦEI - ΦI) - (ΦEI* - ΦI)

kobs,1) kon[E]o + koff + klim

kobs,2) klim[E]o/(KM + [E]o)

FIGURE 1: SDS-PAGE analysis of fluorescent-labeled PAI-1s and
their complexes with tPA. PAI-1s (3µg) were incubated in the
absence (lanes 1, 3, 5, and 7) and presence (lanes 2, 4, 6, and 8) of
a 1.2-fold molar excess of tPA for 2 min prior to electrophoresis:
wild-type PAI-1 (lanes 1 and 2), P9-Cys-NBD-PAI-1 (lanes 3 and
4), P1′-Cys-fluorescein-PAI-1 (lanes 5 and 6), and P1′-Cys-NBD-
PAI-1 (lanes 7 and 8). In the upper gel, protein bands were
visualized by Coomassie staining and in the lower gel, bands were
visualized by fluorescence. The multiple bands seen with free tPA
reflect the glycosylation heterogeneity of the recombinant protein.
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of both inactive enzymes to induce these large fluorescence
changes indicated that the proteinase catalytic serine is
necessary for triggering this serpin conformational change,
in agreement with previous findings (22). SDS gel electro-

phoresis showed that the inactive enzymes were unable to
form covalent complexes with labeled or wild-type PAI-1s
in contrast to the active enzymes, consistent with the serpin
complexes with the inactive enzymes being noncovalent.

Binding of InactiVe and ActiVe Enzymes to Fluorescent-
Labeled PAI-1 DeriVatiVes. Titrations of the spectral changes
induced in the labeled PAI-1 species by active proteinases
indicated a tight, stoichiometric binding to the labeled serpins,
consistent with the measured stoichiometries of serpin

2 Lesser fluorescence enhancements were induced in some P9-NBD-
PAI-1 preparations by the active enzymes due to variable small amounts
of latent inhibitor produced during the labeling procedure which
enhanced the basal fluorescence. All preparations behaved indistin-
guishably with regard to their interactions with the active enzymes.

Table 1: Kinetic Parameters and Stoichiometries for the Reactions of Wild-Type, P1′-Cys-NBD, and P9-Cys-NBD PAI-1s with Trypsin or tPA
at pH 7.4, 25°C

PAI-1 enzyme
[Hepes]

(M)
KM

a

(µM)
klim

a

(s-1)
klim/KM

a

(µM-1.s-1)
kassoc

b

(µM-1.s-1)
SIc

(mol I/mol E)

wild-type trypsin 0.1 2.1( 0.1 1.2( 0.1
P1′-NBD trypsin 0.1 18( 2 88( 6 4.9( 0.8 2.7( 0.1 1.2( 0.1
P9-NBD trypsin 0.1 19( 3 81( 9 4.3( 1.2 3.2( 0.2 1.5
wild-type tPA 0.1 23( 1 1.3( 0.1
P1′-NBD tPA 0.1 1.7( 0.3 17( 2 10( 3 7.1( 0.5 1.2( 0.1
P9-NBD tPA 0.1 0.10( 0.01 2.6( 0.1 26( 4 14( 1 1.8( 0.1
wild-type tPA 0.5 5.2( 0.2
P1′-NBD tPA 0.5 12( 2 16( 2 1.3( 0.4 1.5( 0.1
P9-NBD tPA 0.5 0.79( 0.01 4.9( 0.1 6.2( 0.2 3.9( 0.1

a Measured from the rapid kinetic experiments of Figure 6 in 0.1 M Hepes buffer and from similar experiments in 0.5 M Hepes buffer.b Calculated
by dividing kobs for inhibition of enzyme activity by the functional PAI-1 concentration as described in Experimental Procedures.c Stoichiometry
of inhibition measured by titration of fixed levels of enzyme with PAI-1 as described in Experimental Procedures. Average values( SE from at
least three titrations are reported except for the P9-NBD-PAI-1 reaction with trypsin in which case a single titration was done. Similar results were
obtained by integrating the relative amounts of PAI-1 in complex versus cleaved bands on SDS gels (not shown).

FIGURE 2: Fluorescence emission spectra of fluorescent-labeled PAI-1s and their complexes with Ser 195-inactivated and active proteinases.
Emission spectra of 0.1µM P1′-NBD-PAI-1 (top panels) and of 0.05-0.1 µM P9-NBD-PAI-1 (bottom panels) taken before and after
addition of∼20-60 molar equivalents of anhydrotrypsin or∼2 equiv of trypsin (left panels), or of∼2-10 equiv of S195A tPA or∼2
equiv of tPA (right panels), as described in Experimental Procedures.
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inhibition and the effective irreversibility of active enzyme
binding. By contrast, titrations of the spectral changes
induced in the labeled PAI-1 derivatives by the Ser 195-
modified enzymes revealed a progressive approach to a
maximum fluorescence change requiring in most cases more
than one molar equivalent of inactive enzyme to achieve this
maximum. The latter behavior indicated a reversible equi-
librium binding of the inactive enzymes to the labeled PAI-
1s. Binding curves for the interactions of P1′-NBD-PAI-1
with anhydrotrypsin and S195A tPA indicatedKD values of
2.9 ( 0.1 µM and 73 ( 5 nM, respectively, for the
interactions (Figure 3). The large fluorescence enhancements
accompanying these interactions allowed us to determine the
affinity of unlabeled wild-type PAI-1 for the inactive
enzymes by competitve binding experiments. Figure 3 shows
that the enhanced fluorescence of P1′-NBD-PAI-1 complexed
with S195A tPA at two different levels of complex saturation
was fully reversed upon titration with wild-type PAI-1,
consistent with the unlabeled serpin displacing S195A tPA
from its complex with the labeled serpin. Fitting of these
curves by the equation for competitive binding yielded
indistinguishableKD values of 0.9( 0.1 nM and 1.1( 0.1
nM and stoichiometries of 1.1-1.2 mol of S195A tPA/mol
of PAI-1 for the wild-type PAI-1-S195A tPA interaction.
The P1′-NBD label thus reduced the affinity of PAI-1 for
S195A tPA by∼60-fold. Direct measurements of the binding
of anhydrotrypsin to wild-type PAI-1 monitored by displace-
ment of the fluorescent probe,p-aminobenzamidine, from
the enzyme active site, similarly revealed that the P1′ label
reduced the affinity of PAI-1 for anhydrotrypsin by 13-fold
(Table 2). Titrations of the smaller fluorescence enhancement
of P9-NBD-PAI-1 induced by the binding of S195A tPA
revealed a high-affinity binding interaction withKD of ∼0.4
nM, similar to that found for the wild-type PAI-1 interaction.

Table 2 summarizes theKD values obtained for the binding
of S195A tPA and anhydrotrypsin to P1′NBD-, P9-NBD-,
and wild-type PAI-1s. S195A tPA interactions were meas-
ured in both 0.1 and 0.5 M Hepes buffers because of the
much greater solubility of tPA in the 0.5 M Hepes buffer
(37) and desire to confirm the relative affinities of tPA and
S195A tPA for wild-type and labeled PAI-1 measured in
0.1 M Hepes. Although binding interactions were weakened
in the 0.5 M Hepes buffer, S195A tPA bound wild-type
PAI-1 and P9-NBD-PAI-1 with similar affinities, whereas
it bound P1′-NBD-PAI-1 ∼50-fold more weakly. Cor-
roborating these findings, anhydrotrypsin and S195A tPA
were found to decrease the observed pseudo-first-order rate
constant for PAI-1 inhibition of trypsin or tPA, respectively,
in a manner consistent with competitive binding of the
inactive enzyme to PAI-1 with aKD of 0.41( 0.03µM for
the anhydrotrypsin interaction and an estimatedKD of 0.6
( 0.2 nM for the S195A tPA interaction, reasonably close
to the measuredKD values (Table 2). Together, these data
showed that the P1′ label markedly affected the affinity of
PAI-1 for the inactive enzymes, whereas the P9 label had
minimal effects on these interactions.

Binding of S195-Modified Enzymes to NatiVe and Con-
formational Change-Blocked Forms of PAI-1. Binding of
S195A proteinases to the reactive center loop of serpins has
been proposed to induce limited or full insertion of the loop
into â-sheet A of the serpin and a consequent locking of the
loop in a canonical conformation more optimal for proteinase

interaction (12, 17). To determine whether the binding of
Ser 195-modified enzymes to PAI-1 induced the serpin
reactive center loop to insert into sheet A, we compared the
binding of the catalytically inactive enzymes to native and
to conformational change-blocked forms of PAI-1 which
could not undergo loop insertion (24, 38). If the binding of
the S195A enzyme to PAI-1 induced reactive center loop
insertion which stabilized the interaction, then we expected
that the affinity of the complex would be decreased by
blocking the insertion. Loop insertion-disabled forms of
PAI-1 were obtained as in previous studies either by

FIGURE 3: Titrations of P1′-NBD-PAI-1 and wild-type PAI-1
interactions with Ser 195-inactivated proteinases. Shown are the
fluorescence changes accompanying the titrations of (i) 0.1µM
P1′-NBD-PAI-1 with anhydrotrypsin (panel A), (ii) 0.1µM P1′-
NBD-PAI-1 with S195A tPA (panel B), or (iii) P1′-NBD-PAI-1-
S195A tPA complex, formed with 0.05µM serpin and either 0.32
µM enzyme (open circles) or 0.48µM enzyme (closed circles),
with wild-type PAI-1 (panel C). Titrations were performed as
described in Experimental Procedures. Solid lines are nonlinear
regression fits of data to the quadratic equilibrium binding equation
(panels A and B) or to the cubic competitive binding equation (panel
C) given in ref35.
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annealing a reactive center loop peptide into sheet A (24) or
by mutating the P14 hinge residue from Thr to Arg (13, 38).
Biochemical studies confirm the similar behavior of such
modified PAI-1s as proteinase substrates due to the defect
in loop-sheet interactions (13, 24, 38), and the crystal
structures of serpin-peptide complexes clearly show the
reactive loop to be fully exposed with the peptide blocking
the sheet A interaction site (44). Figure 4 compares the
binding of S195A tPA to native P1′-NBD-PAI-1 and a

complex of the labeled PAI-1 with a reactive center loop
octapeptide followed from the fluorescence enhancement
accompanying the interaction of the inactive enzyme with
the fluorescent-labeled PAI-1. Also shown is the binding of
anhydrotrypsin to wild-type and P14 Arg PAI-1 measured
by displacement of the active-site probe,p-aminobenz-
amidine, from the enzyme active-site, as determined in a
previous study (22, 38). Anhydrotrypsin and S195A tPA
bound the modified PAI-1s withKD values of 41( 16 nM
and 13 ( 5 nM, representing binding affinities∼5-fold
higher than those measured for the native serpin. These
findings reveal that blocking PAI-1 reactive loop insertion
into sheet A does not destabilize PAI-1-inactive enzyme
interactions, implying that loop insertion is not likely to be
involved in stabilizing these complexes.

Kinetics of PAI-1-Proteinase Interactions. Figure 5 shows
an analysis of the kinetics of binding of inactive S195A tPA
and anhydrotrypsin to P1′- and P9-labeled PAI-1s in 0.1 M
Hepes buffer under pseudo-first-order conditions in which
the enzyme was in large molar excess over the labeled serpin.
The rate of the fluorescence change was in all cases described
well by a single-exponential process. The observed pseudo-
first-order rate constant (kobs) increased linearly with increas-
ing enzyme concentration over the concentration range
examined, indicating a simple one-step reversible bimolecular
interaction. Similar findings were made when the kinetics
of S195A tPA binding to the labeled PAI-1s was studied in
0.5 M Hepes buffer. Table 2 summarizes thekon and koff

values measured from the slopes and intercepts of the linear
plots of kobs vs enzyme concentration. The ratio ofkoff/kon

agreed reasonably well within experimental error with the
KD values measured from equilibrium binding titrations.
Moreover, the weaker affinities of S195A tPA for the labeled
PAI-1s in 0.5 M Hepes buffer relative to 0.1 M Hepes buffer
(Table 2) was principally due to a decrease inkon.

The kinetics of binding of active proteinases to P1′- and
P9-labeled PAI-1s was also measured in 0.1 M Hepes buffer
under pseudo-first-order conditions in which the enzyme was
in large molar excess over the inhibitor. The fluorescence
changes essentially conformed to a single-exponential process
for the reactions of trypsin and tPA with P9-NBD-PAI-1 and
for the reaction of trypsin with P1′-NBD-PAI-1, although
brief lags of less than 50 ms were evident in P9-NBD-PAI-1
reactions at higher enzyme concentrations suggestive of the
accumulation of an intermediate. Evidence for an intermedi-
ate was clearly seen in the reaction of tPA with P1′-NBD-

Table 2: Association and Dissociation Rate Constants and Dissociation Equilibrium Constants for Wild-Type, P1′-Cys-NBD, and P9-Cys-NBD
PAI-1 Interactions with Anhydrotrypsin and S195A tPA at pH 7.4, 25°Ca

PAI-1 enzyme [Hepes] M kon (µM-1 s-1) koff (s-1) koff/kon (µM) KD
b (µM)

wild-type Anhydrotrypsin 0.1 0.23( 0.02c

P1′-NBD Anhydrotrypsin 0.1 1.5( 0.1 3.5( 0.1 2.4( 0.2 2.9( 0.1
P9-NBD Anhydrotrypsin 0.1 1.1( 0.1 0.40( 0.03 0.36( 0.06
wild-type S195A tPA 0.1 0.0013( 0.0004
P1′-NBD S195A tPA 0.1 14( 1 1.1( 0.2 0.079( 0.020 0.073( 0.005
P9-NBD S195A tPA 0.1 27( 1 <1 <0.060 0.0004( 0.0001
wild-type S195A tPA 0.5 0.008( 0.001
P1′-NBD S195A tPA 0.5 1.6( 0.1 0.81( 0.02 0.51( 0.04 0.33( 0.01
P9-NBD S195A tPA 0.5 4.5( 0.1 <0.1 <0.02 0.006( 0.003
a kon andkoff values were determined either from the rapid kinetic experiments in Figure 5 in 0.1 M Hepes buffer or from similar experiments

in 0.5 M Hepes buffer.KD values for labeled and unlabeled PAI-1-inactive enzyme interactions were determined from direct or competitive binding
titrations such as those shown in Figure 3. Further details are given in Experimental Procedures.b Fitted value( SE from the global fitting of two
titrations except for the anhydrotrypsin interaction with P1′-NBD-PAI-1 which represents a single titration.c Taken from ref22.

FIGURE 4: Binding of Ser 195-inactivated proteinases to wild-type
and conformational change-blocked forms of PAI-1. Shown are the
fluorescence changes accompanying the titrations of a mixture of
2.5µM anhydrotrypsin and 100µM p-aminobenzamidine with wild-
type (solid circles) or with P14 Thrf Arg PAI-1 (open circles),
as taken from a previous study (22) (top panel). The bottom panel
shows titrations of 0.1µM P1′-NBD-PAI-1 either uncomplexed
(solid circles) or complexed with a reactive loop octapeptide (open
circles) with S195A tPA. Solid lines are fits of data either by a
competitive binding equation described previously (22) (top panel)
or by the quadratic binding equation (35) (bottom panel).
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PAI-1 from the observation of a very rapid exponential
increase in fluorescence followed by a slower exponential
decay of fluorescence (Figure 7). Contrasting the linear
dependence ofkobs on enzyme concentration found for the
inactive enzyme reactions with the labeled PAI-1s,kobs for
the monophasic reactions of the active enzymes with the
labeled PAI-1s and for the slow phase of the biphasic reaction
was found to increase in a saturable manner as the enzyme
concentration was increased (Figure 6). Similar findings were
made when tPA reactions with the labeled PAI-1s were
conducted in 0.5 M Hepes buffer, indicating that limiting
tPA solubility was not responsible for the observed satura-
tion. These observations indicated that the active enzyme
reactions were all two-step processes in which an intermedi-
ate complex was reversibly formed prior to conversion to
an inhibited covalent serpin-enzyme complex with the
observable fluorescence changes reporting the latter conver-
sion. Fitting of the data by the expected hyperbolic saturation
function provided KM values reflecting the steady-state
formation of the intermediate complex andklim values
indicating the first-order rate constant for the transformation
of the intermediate complex to the covalent complex (Table
1). Indistinguishable values ofKM andklim were found for
the reactions of trypsin with P1′- and P9-labeled PAI-1,
whereas the values of these kinetic parameters for the
reactions of tPA with the two labeled PAI-1 species were

very different when measured in either 0.1 or 0.5 M Hepes
buffers (Table 1). Reasonable agreement was found between
second-order rate constants calculated from the ratio ofklim/
KM and those measured directly, given the errors in deter-
mining the former parameters (Table 1). AlthoughKM values
were higher in 0.5 M Hepes than in 0.1 M Hepes for PAI-
1-tPA reactions, similarklim values were found in the two
buffers.

The biphasic fluorescence changes observed for the
reaction of tPA with P1′-NBD-PAI-1 provided direct evi-
dence that the active enzyme reaction with the fluorescent-
labeled PAI-1 is a two-step process. Comparison of fluo-
rescence progress curves for the reactions of S195A tPA and
active tPA with P1′-NBD-PAI-1 revealed an initial rapid
exponential increase in fluorescence for the tPA reaction
which was of lower amplitude than the monoexponential
increase in fluorescence seen for the S195A tPA reaction
and which was completed much faster (∼50 ms for the tPA
reaction vs∼500 ms for the S195A tPA reaction) (Figure
7). This was followed by a slower exponential quenching of
fluorescence, analogous to that observable for the mono-
exponential reaction of trypsin with P1′-NBD-PAI-1, which
was complete within∼1 s. The final fluorescence changes
were in accord with those observed to occur in the emission
spectra of Figure 2. Such biphasic fluorescence changes

FIGURE 5: Kinetics of binding of Ser 195-inactivated proteinases
to fluorescent-labeled PAI-1s. The observed pseudo-first-order rate
constant (kobs) ( SE for the binding of anhydrotrypsin (top panel)
or S195A tPA (bottom panel) to 0.02-0.1 µM P1′-NBD-PAI-1
(solid circles) or to 0.05-0.1 µM P9-NBD-PAI-1 (open circles) is
plotted as a function of the proteinase concentration.kobs was
measured from the exponential change in fluorescence after mixing
the fluorescent-labeled PAI-1s with the indicated concentrations
of proteinase. Solid lines are linear regression fits of the data.

FIGURE 6: Kinetics of binding of active proteinases to fluorescent-
labeled PAI-1s.kobs ( SE for the binding of trypsin (top panel) or
tPA (bottom panel) to 0.05-0.1µM P1′-NBD-PAI-1 (solid circles)
or to 0.005-0.04µM P9-NBD-PAI-1 (open circles) is plotted as a
function of the proteinase concentration.kobs was measured from
the observable exponential fluorescence change in both trypsin
reactions and in the tPA reaction with P9-labeled PAI-1 and from
the slow exponential fluorescence change in the case of the tPA
reaction with P1′-labeled PAI-1 as described in Experimental
Procedures. Solid lines are fits to the hyperbolic equation for a
two-step binding mechanism.

11750 Biochemistry, Vol. 40, No. 39, 2001 Olson et al.



accompanying the reaction of P1′-NBD-PAI-1 with tPA
together with the similarity of the fast phase change to that
seen for the S195A tPA reaction demonstrated that the
reaction involves an initial rapid formation of an intermediate
complex resembling the noncovalent serpin-proteinase
complex followed by a slower conversion of the intermediate
to a covalent complex.

Analysis of the enzyme concentration dependence of the
rapid exponential phase showed thatkobsvaried linearly with
enzyme concentration analogous to the linear enzyme
concentration dependence ofkobs seen for the S195A tPA
reaction (Figure 8), consistent with the fast phase representing
the reversible formation of an intermediate resembling the
noncovalent complex. While the slopes of the plots for tPA
and S195A tPA reactions differed slightly, the intercepts
showed marked differences, indicating comparablekon values
but ∼50-fold different koff values for formation of the
intermediate and noncovalent complexes in tPA and S195A
tPA reactions, respectively. A rigorous analysis of the
biexponential reaction kinetics evident in Figures 6-8 based
on the equations given in Experimental Procedures allowed
all of the rate constants for the two-step reaction of tPA with
P1′-NBD-PAI-1 to be determined, as shown in Scheme 1,
and confirmed the validity of analyzingkobs,1 and kobs,2 by
linear and hyperbolic equations (see Experimental Proce-
dures). This analysis also yielded a relative fluorescence
amplitude for the intermediate complex 2.5( 0.1-fold higher
than that of the uncomplexed inhibitor, a fluorescence change
similar to that found to accompany the formation of the

noncovalent complex of P1′-NBD-PAI-1 with S195A tPA
(Figure 2).

The kinetics of labeled PAI-1 reactions with trypsin and
tPA were compared with the kinetics of unlabeled wild-type

FIGURE 7: Comparison of the kinetics of S195A tPA and tPA binding to P1′-NBD-PAI-1. Shown on the left are stopped-flow traces of the
rate of the fluorescence changes accompanying the binding of 0.5µM S195A tPA or tPA to 0.1µM P1′-NBD-PAI-1 with controls in which
buffer was mixed with the fluorescent-labeled PAI-1 or with buffer. The right panels show an expanded scale representation of the reaction
of 1 µM tPA with 0.1 µM P1′-NBD-PAI-1 on two time frames. Smooth solid lines are fits to a two-exponential function for the tPA
reaction or to a single-exponential function for the S195A tPA reaction.

FIGURE 8: Comparison of the dependence ofkobs on enzyme
concentration for reactions of S195A tPA and tPA with P1′-NBD-
PAI-1. kobs( SE for the fast exponential phase of the tPA reaction
with P1′-NBD-PAI-1 and for the single-exponential phase of the
S195A tPA reaction with P1′-NBD-PAI-1 taken from Figure 5 is
shown as a function of the proteinase concentration.kobs was
determined by fitting of data to single or double exponential
functions as detailed in Experimental Procedures. Solid lines are
linear regression fits of the data.
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PAI-1 reactions with these enzymes by monitoring the
fluorescence change accompanying the displacement of
p-aminobenzamidine from the enzyme active-site.kobs was
found to increase linearly with the effective inhibitor
concentration, i.e., corrected for the competitive effect of
the probe, over the accessible range of such concentrations
(up to∼3 µM) for both enzyme reactions (Figure 9). While
this range of PAI-1 concentration was insufficient to saturate
the intermediate complex in the reaction with trypsin based
on the observedKM values for the labeled PAI-1-trypsin
reactions, such concentrations clearly exceeded the concen-
trations where intermediate complex saturation was observed
to occur for the labeled PAI-1-tPA reactions. Moreover,kobs

values for wild-type PAI-1-tPA reactions at the highest
inhibitor concentration were up to 30-fold greater than
saturating values ofkobsseen for the labeled-PAI-1 reactions,
indicating that an intermediate was not detectable when the
reaction was followed from the rate of disappearance of free
enzyme. Second-order association rate constants (kassoc)
obtained from these data were 2.8( 0.2 µM-1 s-1 for the
trypsin reaction and 40( 10 µM-1 s-1 for the tPA reaction,
in reasonable agreement with values obtained by monitoring
loss of enzyme activity (Table 1).

DISCUSSION

Our studies have provided new insights into the nature of
the noncovalent interaction between a serpin and its target
proteinase and the steps involved in transforming the
noncovalent complex into an inhibited covalent complex,
based on a comparison of the reactions of the serpin, PAI-1,
with both inactive serine 195-modified proteinases and their
active counterparts. These insights were made possible by
the use of previously characterized single Cys variants of
PAI-1 fluorescently labeled with the environmentally sensi-

tive fluorophore, NBD, (4, 7) as probes of PAI-1 interactions
with inactive and active proteinases. A key finding of our
study is that the fluorescence changes induced in the labeled
PAI-1 derivatives by the inactive enzymes are dramatically
different from those previously shown to be induced by the
active enzymes, supporting the conclusion that the covalent
and noncovalent PAI-1-proteinase complexes are funda-
mentally different in nature. The recent structure of theR1-
proteinase inhibitor-trypsin covalent complex provides insight
into the nature of such differences in that it reveals a major
movement of the proteinase from its presumed site of
docking with the serpin reactive center loop to the opposite
end of the molecule and shows that this movement results
from the burial of the cleaved serpin reactive loop and acyl-
linked proteinase intoâ-sheet A of the serpin (15), in
agreement with previous proposals (4, 7, 25, 39). While there
is no available structure of a noncovalent serpin-proteinase
complex, such a complex is thought to have the serpin
reactive center loop bound in the proteinase active site in
the manner of a Michaelis complex and to resemble the lock-
and-key complexes made by other protein proteinase inhibi-
tors with their target proteinases (14). The fluorescence
changes we observed to accompany the interaction of inactive
enzymes with the labeled PAI-1 derivatives are consistent
with burial of the serpin reactive center loop in the proteinase
active-site in the manner of a Michaelis-like interaction. The
marked differences between these changes and those shown
to report reactive loop insertion into sheet A further indicates
that loop insertion is not involved in forming these com-
plexes. Anisotropy, energy transfer and intensity changes of
fluorophore-labeled P1′-Cys-PAI-1 or P2′-Cys-R1-proteinase
inhibitor upon binding Ser 195-inactivated enzymes support
such an interpretation (21, 25). A recent NMR study of the
noncovalentR1-proteinase inhibitor-S195A trypsin complex
provides further direct structural evidence that the nonco-
valent complex involves a lock-and-key-type interaction
between a flexible serpin reactive loop and proteinase active-
site resembling an enzyme-substrate complex without any
significant conformational change (26).

Scheme 1

FIGURE 9: Rapid kinetics of wild-type PAI-1 reactions with trypsin and tPA monitored byp-aminobenzamidine displacement. Shown is the
dependence ofkobs ( SE on the “effective” inhibitor concentration for reactions of 0.1-0.4 µM trypsin plus 10µM p-aminobenzamidine
(left) or of 0.1-0.4 µM tPA plus 200µM p-aminobenzamidine (right) with the indicated concentrations of wild-type PAI-1. Reactions
were monitored from the exponential decrease in fluorescence accompanying the displacement ofp-aminobenzamidine from the proteinase
active-site as detailed in Experimental Procedures. Effective inhibitor concentrations were calculated by dividing by the factor, 1+ [P]o/
KD, where [P]o represents thep-aminobenzamidine concentration andKD, the dissociation constant forp-aminobenzamidine binding to the
enzyme. Solid lines are linear regression fits of data assuming a zero intercept.
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PAI-1 bound S195A tPA with>100-fold higher affinity
than anhydrotrypsin, in agreement with previous work (22,
40) and consistent with extended active site as well as exosite
interactions being involved in recognizing the target pro-
teinase, tPA, as compared to the relatively nonspecific
proteinase, trypsin (27, 28). NBD labeling of the P1′ but
not the P9 residue perturbed the interaction of the PAI-1
reactive center loop with the proteinase active-site, consistent
with the P1′ residue lying within the contact region with
proteinase and the P9 residue being outside of this region.
The limited extent of the perturbation is consistent with the
broad tolerance of the S1′ site of tPA for accommodating
P1′ amino acids (41). Noteworthy is our finding that the
kinetics of binding of inactive enzymes to wild-type and
labeled PAI-1s conform to a simple one-step equilibrium
binding process, based on the linear dependence ofkobs on
the enzyme or inhibitor concentration over the range of
concentrations examined and on the agreement between
kinetically determined and directly determined dissociation
constants for the interactions. Such findings are at variance
with those reported by Stone and LeBonniec (12) or by
Mellet and Bieth (17) who found evidence for a two-step
binding of Ser 195-inactivated proteinases to serpins based
on the saturable dependence ofkobson inhibitor concentration
or the observation of biphasic changes in fluorescence
resonance energy transfer between specifically labeled serpin
but heterogeneously labeled proteinase. Our findings do not
rule out a two-step binding of the inactive enzymes to the
labeled PAI-1s since it is possible that a weak intermediate
complex with aKD much greater than the range of enzyme
or inhibitor concentrations examined could have escaped our
detection. However, they do rule out proposals made in
previous studies that such a second step involves a tightening
of the complex brought about through partial or full insertion
of the flexible serpin reactive center loop intoâ-sheet A
which fixes the loop in a conformation optimal for proteinase
binding (12, 17). Our finding that the inactive enzymes bind
with somewhat higher affinity to PAI-1 derivatives in which
reactive center loop insertion has been blocked thus implies
that neither partial nor full loop insertion is involved in
stabilizing the noncovalent PAI-1-inactive enzyme complexes
and therefore that loop insertion is unlikely to be induced in
these complexes. Such findings are in keeping with the
previous observation that blocking loop-sheet interactions
in PAI-1 does not affect Michaelis complex formation with
tPA (24). Together, such findings suggest that proteinases
bind the loop-expelled conformation of PAI-1 with the
highest affinity and that the lower affinity of proteinase for
native PAI-1 reflects a small fraction of native PAI-1
molecules in a partial loop-inserted state with lower pro-
teinase affinity. Precedence for the ability of the reactive
center loop of serpins to undergo such partial insertion into
sheet A exists in the case of antithrombin whose reactive
center loop hinge is partially inserted through the P14 residue
into sheet A (18, 42, 43). This loop conformation maintains
the inhibitor in a low activity state with heparin activating
the serpin by inducing the expulsion of the loop from sheet
A (18, 19). Heparin activation is associated with a large
increase in affinity of antithrombin for anhydrotrypsin (22),
in support of the idea that the fully exposed serpin reactive
loop most effectively binds proteinases.

The saturable dependence ofkobson enzyme concentration
for the binding of the active enzymes to the labeled PAI-1
derivatives clearly showed that an intermediate complex was
formed on the pathway to the covalent complex and that the
fluorescence changes reporting acylation and loop insertion
were associated with conversion of the intermediate to the
covalent complex and required the proteinase catalytic serine.
An intermediate with fluorescence properties resembling the
noncovalent complex was directly observable from the
biphasic fluorescence changes accompanying the P1′-labeled
PAI-1 reaction with tPA. The observation thatKM andklim

values for the reactions of trypsin with P1′- or P9-labeled
PAI-1 were indistinguishable implied that the events reported
by the P1′- and P9-linked fluorophores occur in a common
rate-determining process following noncovalent complex
formation which is not affected by the fluorophore labels.
This process was previously shown to be acylation based
on the observation of an identical rate-determining step in
the reaction of trypsin with inhibitor and substrate forms of
PAI-1 and the direct demonstration by rapid quench kinetic
studies of the rate-limiting accumulation and decay of the
acyl-intermediate in the reaction with substrate PAI-1 (24).
Since the P1′-fluorophore reports the separation of the P1
and P1′ amino acids following acylation of the P1 residue,
an event which clearly requires cleavage of the P1-P1′ bond
(7), it follows that the P9 fluorophore change which reports
a later stage of loop insertion through the P9 residue also
requires such cleavage for it to coincide with the P1′
fluorophore change. Both fluorophores thus appear to report
a common loop insertion process following acylation which
is limited by the rate of acylation in the case of the trypsin
reaction. The finding of indistinguishableKM values for the
two labeled PAI-1 reactions with trypsin suggests that the
KM does not reflect theKD for formation of the initial
noncovalent complex, since differentKM values would have
otherwise been observed for the two reactions due to the
marked perturbation of the noncovalent complexKD by the
P1′ fluorophore (Table 2). The finding thatklim greatly
exceedskoff for dissociation of the noncovalent complex
(Tables 1 and 2) rather implies thatKM ) (klim + koff)/kon ≈
klim/kon and therefore that the association rate constant for
covalent complex formation,klim/KM, is approximated bykon,
i.e., that association of PAI-1 and trypsin is diffusion-limited.
Since the P1′ label minimally affectskon for noncovalent
complex formation (Table 2),KM values for P1′ and P9-
labeled PAI-1 reactions are expected to be similar. A
diffusion-limited association would account for our inability
to detect the noncovalent complex as a separate kinetic phase
in the labeled PAI-1 reactions except at high proteinase
concentrations.

Previous rapid quenching kinetic studies of the wild-type
PAI-1-trypsin reaction in which SDS-stable complex forma-
tion was monitored suggested a lowerklim value (∼20 s-1)
than that measured for the labeled PAI-1-trypsin reactions
in this study (80-90 s-1) (24). Rapid kinetic studies of the
antichymotrypsin-chymotrypsin reaction similarly observed
a faster rate of loop insertion as reported by a P7-linked
fluorophore than SDS-stable complex formation, and con-
cluded from this that cleavage of the P1-P1′ bond occurred
after loop insertion (16). In the context of our present
findings, an alternative explanation for these observations
is that an additional step after loop insertion is required for
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distorting and stabilizing the proteinase as an SDS-stable
complex and that this distortion step additionally limits the
rate of formation of the stable complex (6, 15). Direct probes
of proteinase distortion will be required to verify this
possibility.

Contrasting the trypsin reactions with the labeled PAI-1
species,KM and klim values for the reactions of tPA with
each labeled PAI-1 differed greatly. The origin of these
differences was clarified by our ability to determine all of
the rate constants for the two-step reaction of P1′-NBD-PAI-1
with tPA from the biphasic fluorescence changes observable
for this reaction. The observation that the differences inKM

for the tPA reactions with the two labeled PAI-1s paralleled
similar differences inKD for formation of noncovalent
complexes of the labeled PAI-1s with S195A tPA in either
0.1 or 0.5 M Hepes buffers (Tables 1 and 2) suggests that
the differences inKM reflect the perturbed binding of the
P1′-labeled PAI-1 to the enzyme in the intermediate complex.
This conclusion is supported by the comparable values of
koff andklim for intermediate complex formation in the P1′-
labeled PAI-1-tPA reaction (Scheme 1), which is consistent
with KM partly reflecting theKD for formation of the initial
complex.

Surprisingly, theKD calculated for formation of the
intermediate complex between tPA and P1′-NBD-PAI-1 (36
s-1/30 µM-1 s-1 ) ∼1 µM) indicated a∼20-fold weaker
affinity for this complex than for the noncovalent complex
between S195A tPA and P1′-NBD-PAI-1 (KD 70 nM). This
difference in affinity may reflect the previously demonstrated
reversibility of the acylation step in the tPA-PAI-1 reaction
which arises as a consequence of tPA-PAI-1 exosite interac-
tions (24). These exosite interactions between positively
charged residues of a tPA insertion loop and negatively
charged residues in the primed end of the PAI-1 reactive
center loop (27, 28) make acylation reversible by impeding
the release of the primed end of the cleaved PAI-1 reactive
loop from the tPA active-site, as evidenced by the slow
deacylation of substrate PAI-1 by tPA in previous studies
(0.06 s-1) (24). The intermediate complex we observed in
the P1′-labeled PAI-1-tPA reaction with fluorescence proper-
ties resembling the noncovalent complex is thus likely to
represent an equilibrium mixture of noncovalent Michaelis
and covalent acyl-enzyme complexes, wherein the reactive
loop is cleaved in the latter complex but maintains the
conformation of the intact loop due to strong interactions of
primed and unprimed sides of the loop with tPA (Scheme
2). According to such a model, the affinity of the intermediate
complex with tPA is reduced from that of the noncovalent

complex with S195A tPA due to acylation destabilizing the
PAI-1 reactive loop interaction with tPA.

Our conclusion that the reversibly formed intermediate
complex observed in the labeled PAI-1-tPA reactions
represents an equilibrium mixture of Michaelis and acyl-
enzyme complexes rationalizes the observation of an apparent
irreversible reaction of wild-type PAI-1 with tPA with no
detectable intermediate when the wild-type PAI-1-tPA reac-
tion was monitored by the disappearance of active enzyme.
The kinetics of the wild-type PAI-1-tPA covalent complex
reaction paralleled that of the P9-labeled PAI-1-S195A tPA
noncovalent complex reaction, implying that the rate-limiting
step in the covalent reaction is the diffusion-controlled
association of PAI-1 and tPA to form a tight noncovalent
complex similar to that formed with S195A tPA. This
complex has no opportunity to dissociate back to free enzyme
and inhibitor because of an extremely low off-rate for
dissociation (Table 2), in comparison to the more rapid rates
of reversible acyl-enzyme formation and trapping of the
acyl-enzyme complex. The disappearance of active enzyme
thus appears to be irreversible with no intermediate detect-
able. A diffusion-limited association of PAI-1 and tPA is
supported bykassocvalues measured for PAI-1 inhibition of
active tPA by loss of enzymatic activity correlating reason-
ably well with kon values for PAI-1 binding to S195A tPA
in either 0.1 or 0.5 M Hepes buffers (Tables 1 and 2).

While present and past studies favor the view that exosite
interactions function to promote an initial tight noncovalent
association of PAI-1 and tPA and facilitate a reversible
acylation of the loop, they are as a consequence expected to
impede the release and burial of the cleaved reactive loop
and tethered proteinase into sheet A (24). Reactive loop
insertion thus becomes rate-limiting in the formation of the
covalent complex as was previously shown from the large
effect of blocking loop insertion on the rate-limiting step in
the PAI-1 reaction with tPA but not in the reaction with
trypsin where acylation is rate-determining (24). Theklim of
3 s-1 observed for the reaction of wild-type PAI-1 with tPA
monitored by SDS-stable complex formation in these past
rapid quench kinetic studies is identical to the value obtained
for the P9-labeled PAI-1-tPA reaction in the present study,
consistent withklim for labeled and unlabeled PAI-1 reactions
representing a common rate-limiting loop insertion step
leading to the covalent complex. Our finding of a signifi-
cantly greaterklim value of 17 s-1 for the tPA reaction with
P1′-NBD-PAI-1 supports the idea thatklim reflects a rate-
limiting burial of the reactive loop into sheet A since the
P1′ fluorophore is expected to perturb the nearby exosite
interactions which hinder loop insertion and thereby increase
the rate of the insertion.

The present findings in conjunction with past results (13,
24) thus support the mechanism shown in Scheme 2 for the
PAI-1-tPA reaction. In this mechanism, a tight noncovalent
Michaelis complex is initially formed in a rate-controlling
diffusion-limited step. This complex subsequently undergoes
a reversible acylation due to strong interactions of both
primed and unprimed ends of the reactive loop with tPA. A
rate-limiting reversible dissociation of the primed end of the
cleaved reactive loop from the proteinase then promotes the
rapid insertion of the unprimed end of the loop and tethered
proteinase leading to stabilization of the acyl-enzyme
complex. The conformational trapping of the acyl-enzyme

Scheme 2
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competes with a normal deacylation of the acyl-intermediate
to regenerate free enzyme and release cleaved inhibitor (13,
24). The minimal formation of cleaved PAI-1 in the reaction
of wild-type or P1′-NBD-PAI-1 with tPA but increased
formation in the P9-NBD-PAI-1 reaction implies that loop
insertion is normally much faster than deacylation (k4 . k5),
but that the P9 fluorophore slows the rate of this insertion
to more closely approach the deacylation rate. However, this
effect will not be reflected inklim according to the reaction
model if loop insertion and deacylation are both limited by
the rate of dissociation of the primed side of the PAI-1
reactive loop from the tPA exosite (k3 step in Scheme 2).
For the mechanism of Scheme 2, formation of the Michaelis
complex is rate-determining for proteinase inhibition and
dissociation of the primed end of the cleaved reactive loop
is rate-determining for formation of the final covalent
complex. Such rate-determining steps may explain the
unusual pH dependence reported for some serpin-proteinase
reactions which differs from the expected pH dependence
for acylation (17, 45).

To verify that Scheme 2 provides a satisfactory explanation
for all of our data, simulations were performed using
reasonable estimates of rate constants in accord with our
experimental observations. Assuming that the Michaelis
complex is formed in a diffusion-limited step and rapidly
equilibrates with the acyl-enzyme complexes without sig-
nificant dissociation (k2, k-2, k3, k-3 . k-1) and that
dissociation of the reactive loop from the tPA exosite controls
the rate of loop insertion into sheet A (k4 andk5 . k3, k-3),
klim, kon, andkoff for this mechanism will be given byk2k3/
(k2 + k-2 + k3), k1, andk-1k-2k-3/k2k3, respectively (24).3

Assuming further that reversible acylation of the Michaelis
complex destabilizes the complex, (k-2 . k2), the simulations
reproduce well the kinetic behavior we have observed for
the wild-type and P9-labeled PAI-1 reactions with tPA when
individual rate constants are set tok1 ) 30 µM-1 s-1, k-1 )
0.03 s-1, k2 ) 100 s-1, k-2 ) 1000 s-1, k3 ) 30 s-1, k-3 )
10 s-1, k4 ) 500 s-1, andk5 ) 50 or 250 s-1 for wild-type
or P9-NBD PAI-1 reactions, respectively, i.e., they yield
values forkon of 30 µM-1 s-1, koff of 0.1 s-1, klim of 2.6 s-1,
KM of ∼0.1 µM, a KD for the Michaelis complex ofk-1/k1

) 1 nM and a ratio of inhibition stoichiometries for labeled
vs wild-type PAI-1 reactions of 1.4. Moreover, such simula-
tions demonstrate that disappearance of free enzyme will
appear to be an irreversible bimolecular reaction with no
detectable intermediate complex, whereas an intermediate
will be detected when the reaction is monitored by signals
which report reactive loop insertion. While this set of rate
constants are not unique, the simulations support the validity
of the minimal mechanism we propose and place limits on
the relative values of individual rate constants. Finally, the
same mechanism is followed by the PAI-1-trypsin reaction,
but in this case the absence of an exosite interaction causes
acylation to become effectively irreversible and rate-control-
ling due to the release of the constraints on the reactive loop
conformational change step.
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