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ABSTRACT: We have demonstrated that interactions within the conserved serpin breach region play a direct
role in the critical step of the serpin reaction in which the acyl-enzyme intermediate must first be exposed
to hydrolyzing water and aqueous deacylation. Substitution of the breach tryptophan in PAI-1 (Trp175),
a residue found in virtually all known serpins, with phenylalanine altered the kinetics of the reaction
mechanism and impeded the ability of PAI-1 to spontaneously become latent without compromising the
inherent rate of cleaved loop insertion or partitioning between the final inhibited serpin-proteinase complex
and hydrolyzed serpin. Kinetic dissection of the PAI-1 inhibitory mechanism using multiple target
proteinases made possible the identification of a single rate-limiting intermediate step coupled to the
molecular interactions within the breach region. This step involves the initial insertion of the proximal
reactive center loop hinge residue(s) intoâ-sheet A and facilitates translocation of the distal P′-side of the
cleaved reactive center loop from the substrate cleft of the proteinase. Substitution of the tryptophan
residue raised the kinetic barrier restricting the initial loop insertion event, significantly retarding the
rate-limiting step in tPA reactions in which strong exosite interactions must be overcome for the reaction
to proceed.

Serpins are members of an expanding gene family, now
identified in a spectrum of organisms ranging from viruses
to multicellular eukaryotes (1, 2) and, most recently,
prokaryotes (3). The majority of serpins regulate key
physiological pathways by inhibiting serine proteinases of
the chymotrypsin-like fold (1, 4-6); however, a few inhibit
cysteine proteinases (2, 7, 8), and several are noninhibitory
with likely roles as molecular chaperones (1, 2). Despite a
broad functional diversification and wide proteinase specific-
ity, the extent of consensus sequence homology is remark-
able, with each serpin sharing an evolutionarily conserved
topology comprised of threeâ-sheets (A-C), typically nine
R-helices and a flexible reactive center loop (RCL)1 that
confers target specificity (1, 2, 9). The mechanism of
inhibition is quite novel and dependent upon a profound
conformational change of the serpin topology, generally
termed the “stressed” to “relaxed” (Sf R) transition (9) in
which target proteinases are kinetically trapped as stable
acyl-enzyme complexes (10, 11). Proteolysis of the P1-

P1′ scissile bond initiates a concerted rearrangement of the
serpin structure that involves an expansion ofâ-sheet A and
rapid insertion of the cleaved RCL as an additional strand
in â-sheet A (12). The conformational switch effectively
transfers the covalently tethered proteinase from its initial
docking site in the Michaelis complex to the opposite pole
of the serpin, where distortion of the catalytic triad stabilizes
the acyl-enzyme intermediate (11, 13).

Recent progress concerning the nature of the serpin
inhibition mechanism has been rather extensive, mostly
focusing on the structural basis for the conformational change
and the sequence of mechanistic steps describing the inhibi-
tory pathway (11). However, relatively little is known with
respect to conserved molecular interactions within the serpin
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architecture that might play vital roles in regulating the
mechanism of inhibition. Insight has come from several
studies indicating that evolutionarily conserved amino acids
cluster in well-defined areas related to the molecular mobility
of the serpin molecule, suggestive of an involvement in the
general mechanism of serpin action (2, 9), whereas hyper-
variable residues appear to have contributed to the divergence
of biochemical function and target specificity (1, 2, 14, 15).
Of particular interest to this study are those residues within
the structural fold termed the breach region (9), comprising
residues at the top ofâ-strands s3A and s5A and including
those located onâ-strands s2B-s4B (Figure 1). The location
of the breach at the point for initial insertion of the cleaved
reactive center loop and the fact that it bears the highest
density of evolutionary conservation in the serpin fold reflect
the critical importance of this structural motif (2, 9). An
evolutionarily conserved tryptophan found in virtually all
reported serpin sequences (2, 3) is positioned at the top of
â-strand s3A in a hydrophobic pocket within the breach
(Figure 1) and is tightly packed among several other highly
conserved residues (9, 16) shown to maintain critical
hydrogen bonding networks in the structures of serpin 1K
(17) and PAI-2 (18).

To better understand the molecular basis underlying an
evolutionary conservation within the breach, we engineered
a phenylalanine mutation at the position of the conserved
tryptophan in PAI-1 (Trp175) (Figure 1). The functional
significance of this conserved residue with regard to the
individual kinetic steps in the reaction of PAI-1 with two

physiologically relevant target proteinases, tPA and uPA, two
nontarget proteinases, trypsin and elastase, and a mutant
variant of tPA in which several basic residues in the exosite
loop have been mutated to alanine, TNK-tPA (19-21), was
assessed by fast reaction kinetics using stopped-flow and
rapid acid quenching techniques. Evaluation of the individual
kinetic constants determined for each step of the PAI-1
reaction made possible the identification of a rate-limiting
step in the serpin inhibitory mechanism that was susceptible
to alterations of the molecular environment within the breach
region. For a serpin such as PAI-1, which has evolved
extended exosite interactions with its primary target pro-
teinases (22-24), release of the P′-side of the cleaved
reactive center loop from the substrate pocket of the
proteinase is thought to be rate-limiting (25, 26). The findings
presented here reveal that this particular transient step in the
serpin reaction mechanism is critically dependent upon the
structure of the serpin breach region.

EXPERIMENTAL PROCEDURES

Materials and Reagents.Unless otherwise indicated, all
spectral and kinetic measurements were performed at pH 7.4
and 25°C in a HEPES/NaCl reaction buffer with an ionic
strength of 0.15 and containing 30 mM HEPES, 0.135 M
NaCl, and 1 mM EDTA. Acrylic sample cuvettes were
coated with 0.1% polyethylene glycol for reduction of the
level of protein adsorption. The chromogenic substrates
SpectrozymetPA {CH3SO2-D-HHT-Gly-Arg-pNA} and Spec-
trozymeUK {Cbo-L-(γ)Glu(R-t-BuO)-Gly-Arg-pNA} were
obtained from American Diagnostica Inc. (Greenwich, CT),
and S-2222{Bz-Ile-Glu[γ-O(H or CH3)]-Gly-Arg-pNA} was
from Chromogenix (Milan, Italy). Chromatography materials
were from Amersham Pharmacia Biotech (Uppsala, Sweden).
Bovine trypsin and porcine pancreatic elastase (type IV) were
from Sigma. Oligonucleotides were synthesized and provided
in HPLC-purified form by Cruachem. Reagents for peptide
synthesis were purchased from Advanced ChemTech (Lou-
isville, KY) or Burdick and Jackson Chemical Co. All other
reagents were analytical reagent grade or better and obtained
from Sigma.

Recombinant PAI-1 Mutagenesis, Expression, and Puri-
fication. The preparation of recombinant human PAI-1 in
the pET-24d vector (Novagen) has been previously described
(12). The S338C (P9 Cys) and W175F mutations were
engineered by site-directed mutagenesis using the Muta-Gene
Phagmid In Vitro Mutagenesis kit (Bio-Rad) and the method
of Kunkel (27, 28). Mutagenic oligos 5′1098-dGACTATGA-
CAGCTGTACATGAGGAGGCCACCG-3′1067 and 5′609-
dGGGGAAGGGAGTCTTGAACTGGCCGTTGAAGT-
3′578 were used to make the P9-Cys and W175F variants,
respectively. Mutations were confirmed by DNA sequencing
of the full-length PAI-1 gene. Mutant and wild-type (wt)
PAI-1 constructs were expressed inEscherichia colistrain
BL21(DE3)pLysS and purified as described previously (12).
P9-Cys PAI-1 and the double mutant variant, W175F/P9-
Cys PAI-1, were labeled with IANBD amide as described
previously (29) with a labeling efficiency that was typically
1-1.2 mol of NBD per mole of PAI-1 variant. To remove
latent PAI-1 that accumulated during the labeling reaction,
labeled PAI-1 variants were subsequently purified by affinity
chromatography on immobilizedâ-anhydrotrypsin.â-An-
hydrotrypsin was prepared as described previously (30), and

FIGURE 1: Localization of the serpin breach region and the
evolutionarily conserved tryptophan residue on the PAI-1 structure.
The active (stressed) structure of PAI-1 is depicted with the position
of the breach region indicated. Theâ-sheet structures are shown
in yellow. R-Helices are shown in red. Reactive center loop residues
P17-P5′ are shown in magenta. The conserved tryptophan residue
(Trp175) is represented as a cpk-colored ball-and-stick model. This
figure was generated in Swiss PDB Viewer (version 3.7) (65), using
the coordinates for active PAI-1 (PDB entry 1B3K; chain A in
ref 63).
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20 mg was coupled to a 1 mLNHS-activated HiTrap column
(Pharmacia) using the conditions recommended by the
manufacturer. Active PAI-1 variants were bound to the
â-ahydrotrypsin column in standard HEPES/NaCl buffer (pH
7.4) and step eluted with a buffer containing 10 mM NaCi,
120 mM NaCl, and 1 mM EDTA (pH 2.5). The final P9-
NBD-labeled preparations were shown to be>98% active
by SDS-PAGE analysis (12). PAI-1 protein concentrations
were measured at 280 nm, using anMr of 43 000 and
extinction coefficients of 0.93 mL mg-1 cm-1 for wt PAI-1
(31, 32) or 0.83 mL mg-1 cm-1 for W175F PAI-1, a value
which was calculated from theA280 absorbance of purified
W175F PAI-1 and a protein concentration determined by
the Bradford dye binding assay (Bio-Rad) using a known
concentration of wt PAI-1 as the standard (33). Far- and near-
UV CD spectra were recorded with an Aviv 60DS circular
dichroism spectrometer exactly as described previously (12).

Preparation of Peptide-Blocked Substrate PAI-1 and
Peptide Synthesis.Active wt PAI-1 or W175F PAI-1 is
converted into a substrate for proteinases by insertion of the
octapeptide Ac-TVASSSTA intoâ-sheet A (12, 26). Peptide-
blocked PAI-1 variants were prepared essentially as described
previously (12) with the final product determined to be more
than 95% substrate by SDS-PAGE analysis (12). The Ac-
TVASSSTA peptide was synthesized using a multiple-
peptide synthesizer (Advanced ChemTech, model 348Ω)
using Fmoc/But chemistry on 150 mg (0.12 mmol) of
preloaded Fmoc-Ala-Wang resin (0.8 mmol/g, 100-200
mesh). NR-Fmoc deprotection was performed with 25%
piperidine in DMF. Individual amino acid couplings were
accomplished by mixing a 5-fold excess of the Fmoc amino
acid, 0.9 equiv of HBTU, and 2 equiv of DIPEA with the
resin for 45 min. The N-terminal Thr was capped using a
10-fold excess of acetic anhydride and pyridine. Cleavage
from the resin and deprotection of the side chains were
accomplished with 3 mL of TFA in the presence of a phenol/
ethanedithiol/thioanisole/water mixture (82.5:5:2.5:5, v/v).
The crude peptide was purified by reverse-phase HPLC on
a Vydac C18 column (10µm, 250 mm× 50 mm) using a
linear gradient of 0.1% TFA in water (buffer A) to 0.1%
TFA in acetonitrile (buffer B) over the course of 100 min.
Analytical reverse-phase HPLC was performed on a Supelco
Discovery Series C18 column (5µm, 150 mm× 4.6 mm)
using a 40 min gradient from 100% buffer A to 100% buffer
B. Peptide purity was confirmed by electrospray mass
spectrometry with a calculated mass of 764.79 g/mol and
an observed mass of 765.7 g/mol ([M+ H]+).

Proteinases.Human recombinant tPA (Activase) and the
engineered variant, TNK-tPA (Tenecteplase), were provided
by Genentech Inc. (San Francisco, CA). TNK-tPA contains
mutations that shift the glycosylation site at amino acid 117
to residue 103 (T103N and N117Q) and abolish the basic
residue motif in the variable region-1, also known as the
“37-loop”, of the protease domain (K296A, H297A, R298A,
and R299A) (19). Together, these mutations make this variant
of tPA more fibrin-specific and significantly resistant to
PAI-1 inactivation (∼100-fold) (19, 20, 34, 35). Both tPA
preparations are largely composed of the single-chain form
and were subsequently converted to the two-chain form by
continuous fluxing of the tPA preparations through a 1 mL
plasmin-Sepharose column as previously described (26).
Human recombinant high-molecular weight two-chain uPA

was provided by Abbott Laboratories (Chicago, IL). Bovine
â-trypsin was purified from a commercial TPCK-treated
preparation (Sigma catalog no. T-1426) by chromatography
on SBTI-Sepharose and pH-gradient elution as previously
described (25, 30). Proteinase concentrations were deter-
mined from the absorbance at 280 nm using extinction
coefficients of 1.93, 1.36, and 1.54 mL mg-1 cm-1 andMr

values of 63 500, 54 000, and 23 900 for tPA or TNK-tPA,
uPA, andâ-trypsin, respectively. The functional concentra-
tion of purified â-trypsin was further confirmed by active
site titration with fluorescein mono-p-guanidinobenzoate as
described previously (30). The concentration of the com-
mercial porcine elastase preparation (Sigma catalog no.
E-0258) was determined from the dry weight (74% protein)
and anMr of 25 900.

Stoichiometry of Inhibition.The stoichiometry of inhibition
(SI), i.e., the number of moles of inhibitor required to inhibit
1 mol of proteinase, was determined from the change in
fluorescence accompanying displacement ofp-aminobenza-
midine (PAB) from the active site of the proteinase by wt
PAI-1 or W175F PAI-1 (36, 37). This method directly
observes the residual amount of active proteinase during the
titration experiment in contrast to other methods used by our
laboratory which have utilized linked chromogenic assays
(12). Sequential aliquots of wt PAI-1 or W175F PAI-1 were
added to a fixed amount of proteinase (0.5µM) with 50-
100, 100, 40, or 20µM PAB for tPA, TNK-tPA, uPA, and
â-trypsin experiments, respectively. Displacement of active
site-bound PAB was monitored as a decrease in fluorescence
in an SLM 8000 or Varian Cary Eclipse fluorimeter using
an excitation wavelength of 335 nm and peak emission
wavelengths of 345 nm (tPA), 368 nm (TNK-tPA), or 365
nm (uPA andâ-trypsin). The fluorescence data were normal-
ized by the relationship (Fobs - Fo)/∆Fmax, whereFobs is the
emission fluorescence at each titration point,Fo is the
fluorescence in the absence of added PAI-1, and∆Fmax is
the maximal change in fluorescence due to PAB displace-
ment. The decrease in fluorescence emission was plotted
versus the PAI:proteinase molar ratio, and the SI was
calculated from the extrapolatedx-intercept of the best-fit
linear regression to the data. All titrations were repeated at
least three times, and SI values are reported as an average
( SEM (standard error of the mean).

Apparent Second-Order Rate Constants for Inhibition of
Proteinases by PAI-1.The apparent bimolecular inhibition
rate constants (kapp) for the irreversible inhibition of pro-
teinases by wt PAI-1 and W175F PAI-1 were determined
by the competitive kinetic method (38) with the chromogenic
substrates SpectrozymetPA, SpectrazymeUK, and S-2222 (0.5
mM) for tPA or TNK-tPA, uPA, andâ-trypsin reactions,
respectively. The procedure has been described elsewhere
(12, 25, 26) with reactions being performed under pseudo-
first-order conditions using the following concentrations of
25-750 nM for PAI-1 variants and 2-20 nM for proteinases.
The current assay conditions were optimized from those used
in previous studies (12) to obtain better data sets for
regression analysis. When accounting for the current experi-
mental SI values, we and others found control wt PAI-1kapp

values were within the expected ranges observed previously
(12, 25, 26). Inhibition progress curves were fit to a single-
exponential function with a linear component to obtain the
pseudo-first-order rate constantkobs. The kapp was obtained
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by dividingkobsby the functional inhibitor concentration (i.e.,
corrected for SI) and then by multiplying by the factor 1+
[S0]/KM to correct for the competitive effect of the chro-
mogenic substrate. TheKM values for each proteinase-
substrate pair were determined by standard Michaelis-
Menten kinetics (data not shown). The values that were used
were 77.9 or 80.0, 40.0, and 38.1µM for SpectrozymetPA

(tPA and TNK-tPA), SpectrazymeUK (uPA), and S-2222 (â-
trypsin), respectively. Data are reported as averages of at
least five independent experiments( SEM.

ConVersion to the Latent Conformation.Wild-type PAI-1
and W175F PAI-1 (4µM) were incubated at 25 or 37°C in
parallel for various time points, and aliquots were removed
and mixed with tPA (8µM) to yield final reaction concentra-
tions of 2 and 4µM, respectively. Reactions were quenched
and analyzed by 10% SDS-PAGE, as described previously
(12). Data are reported as averages of at least three
independent experiments( SEM.

Association Rate Constants for the Formation of the
Michaelis Complex.The association rate constant (kassoc)
describing the second-order formation of the initial nonco-
valent Michaelis complexes between PAI-1 variants and
proteinases was determined under pseudo-first-order condi-
tions by following the decrease in fluorescence accompany-
ing displacement of PAB from the proteinase active site using
stopped-flow fluorimetry (25, 39). The excitation wavelength
was 325 nm, and the fluorescence emission was monitored
using a filter (Oriel 51260) with a cutoff below 335 nm.
Final proteinase concentrations of 0.3µM tPA, 0.3µM TNK-
tPA, 0.1µM uPA, and 0.2µM â-trypsin were reacted with
increasing PAI-1 concentrations in the presence of constant
PAB (200µM for tPA and TNK-tPA, 40µM for uPA, and
10 µM for â-trypsin reactions). The observed pseudo-first-
order rate constants were plotted versus the effective PAI-1
concentration, obtained by dividing by the correction factor
1 + [PAB]/KD-PAB, where KD-PAB was determined by
titration of proteinases with PAB and fitting the resulting
binding isotherms to the quadratic equation for equilibrium
binding as described previously (30). A previously estab-
lished value of 8.5µM was used forâ-trypsin reactions (25,
30) and the followingKD-PAB values: 154.6( 3.4, 135(
5.3, and 15.0( 0.7 µM for tPA, TNK-tPA, and uPA,
respectively (data not shown). The slope of the resulting
linear dependence forkobs values gives the second-order
association rate constantkassoc.

Stopped-Flow Analysis of the Kinetics of P9-NBD-Labeled
PAI-1. Stopped-flow reactions of P9-NBD-labeled PAI-1
variants were assessed on an Applied Photophysics SX.18MV
stopped-flow reaction analyzer with a thermostated syringe
chamber. Excitation was at 480 nm, and a filter (Oriel 51300)
with a cutoff below 515 nm was used to monitor fluorescence
emission. Stopped-flow experiments were carried out as
previously described under pseudo-first-order conditions with
proteinases in excess over P9-NBD PAI-1 or W175F/
P9-NBD PAI-1 (5-100 nM) (12, 29). Reaction progress
curves for elastase reactions were monophasic and best fit
as a single-exponential function; however, as previously
noted for tPA reactions (29), a biphasic increase in the
fluorescence of the P9-NBD probe was observed for reactions
with proteinases that were inhibited by PAI-1. Accordingly,
the increase in NBD fluorescence for these reactions was
best fit to a double-exponential function to obtain the pseudo-

first-order rate constants (kobs-1 andkobs-2) (29). The biphasic
reaction was reliably characterized by both a small and large
amplitude change in fluorescence, the latter corresponding
to insertion of the cleaved RCL (25, 29). The amplitude of
the smaller fluorescence change increased with the molecular
size of the trapped proteinase, representing∼25, ∼10, or
∼5% of the total fluorescence amplitude for tPA and TNK-
tPA, uPA, andâ-trypsin reactions, respectively, but yielded
similar limiting kobs-2 values (data not shown). On the basis
that the rate of major fluorescence change coincides with
the rate of formation of the stable serpin-proteinase complex
for tPA reactions (25, 29), the smaller change in fluorescence
(kobs-2) was deemed to be associated with a parallel reaction
such as interaction of the NBD probe with the proteinase or
a slow isomerization of the fluorophore (25, 29). The kobs

values obtained for the major increase in fluorescence (kobs-1)
were subsequently analyzed assuming a two-step binding
mechanism (25) for which the dependence ofkobs on
proteinase concentration is described by the function for a
rectangular hyperbola;kobs) klim[E]o/KM + [E]o, where [E]o
is the proteinase concentration,klim represents the limiting
first-order rate constant for the formation of an inhibited
serpin-proteinase complex, andKM is the concentration of
proteinase at whichkobs reaches one-half ofklim and is given
by (klim + koff)/kon, wherekon and koff are the forward and
reverse rate constants, respectively, for formation of the
noncovalent Michaelis complex (12, 25, 40).

Rapid Acid Quenching Analysis of Inhibitor and Peptide-
Blocked PAI-1 Kinetics.The rates of formation of the
inhibited serpin-proteinase complex between tPA (1.0µM)
and wt PAI-1 or W175F PAI-1 (4.0µM) were determined
using the rapid acid quenching technique under pseudo-first-
order conditions. The rapid quenching technique and analysis
of the reaction products (serpin-proteinase complex and
RCL-cleaved PAI-1) is described elsewhere (12, 26). Reac-
tions of peptide-blocked substrate wt PAI-1 and W175F
PAI-1 with tPA were carried out under single-turnover
conditions with a saturated Michaelis complex as described
previously (26). Substrate reactions with elastase were
performed under pseudo-first-order conditions with the
following concentrations of wt PAI-1 or W175F PAI-1 (1.0
µM) and elastase (5.0µM). The limiting rate value (klim) for
formation of the inhibited complex or turnover as a substrate
was determined from a nonlinear least-squares fitting of
reaction progress curves to the function of a first-order
reaction and reported as the pseudo-first-order value( SE
(standard error) of the fit.

RESULTS

Characterization of the W175F PAI-1 Mutation by Cir-
cular Dichroism.The strong evolutionary conservation of
the tryptophan residue in the breach region may indicate that
the primary function of this residue is to maintain the proper
serpin fold and ensure the correct folding of the serpin into
a metastable conformation (2). Recombinant expression of
functionally active W175F PAI-1 in anE. coli system was
highly efficient and produced yields comparable to that of
the wt PAI-1 protein, suggesting that this mutation did not
disrupt proper folding into the metastable conformation (data
not shown). To determine whether replacement of Trp175
with Phe compromised the native structure of PAI-1, we
compared the far- and near-UV CD spectra of purified active
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W175F PAI-1 with wt PAI-1 controls at 25°C and pH 6.6.
The profiles of the far-UV CD spectra were nearly identical,
indicating that the substitution of the breach tryptophan with
phenylalanine did not alter the serpin secondary structure
and that the mutant W175F PAI-1 protein was properly
folded (Figure 2). Near-UV CD spectra showed a decrease
in molar ellipticity from 260 to 295 nm for the W175F PAI-1
variant, expected with the loss of the spectral contribution
from the mutated Trp residue (data not shown).

Functional EValuation of the W175F Mutation.To deter-
mine whether W175F PAI-1 was able to form stable serpin-
proteinase complexes, reactions of wt PAI-1 or W175F PAI-1
with 2-fold molar excesses of each proteinase were analyzed
by 12% SDS-PAGE. The W175F PAI-1 variant was shown
to form SDS-stable complexes with tPA, uPA, andâ-trypsin.
With uPA andâ-trypsin, this occurred without any significant
increase in the relative amount of PAI-1 that is hydrolyzed
as substrate, whereas with tPA, a slight increase was observed
(Figure 3). Consistent with previous observations (41), the
reaction of elastase with both wt PAI-1 and W175F PAI-1
resulted in complete hydrolysis of the respective inhibitor
as a substrate. Stoichiometry of inhibition (SI) values for
inhibition of all proteinases by W175F PAI-1 and wt PAI-1
were determined directly by titration of each proteinase with
known concentrations of the PAI-1 variants and monitored
by displacement of PAB from the active site of the proteinase

as described in Experimental Procedures. The measured SI
values were found to be similar to those of the wt PAI-1
controls for tPA and all other tested proteinases (Table 1).
Although W175F PAI-1 was shown to be fully functional
as a proteinase inhibitor (Figure 3), replacement of Trp175
with Phe appreciably altered the kinetics of the inhibitory
reaction with tPA. This is clearly shown by the marked
reduction of the apparent second-order rate constant (kapp)
for inhibition of tPA, from 10.1µM-1 s-1 with wt PAI-1 to
1.5 µM-1 s-1 with W175F PAI-1 (Table 1). The mutation
had negligible effects on thekappvalues for inhibition of uPA
andâ-trypsin, suggesting a proteinase-specific effect (Table
1). We have previously suggested a mechanistic involvement
of the tight exosite interaction between PAI-1 and tPA in
the regulation of inhibitory activity (23, 26). Since there was
only a slight reduction in thekappvalue (∼35% compared to
that of the wt PAI-1 control) for the reaction of W175F PAI-1
with TNK-tPA, an engineered variant lacking the major
exosite interaction with PAI-1 (20, 24), it is plausible that
the observed proteinase-specific effects are related to dif-
fering intermolecular interactions at or near the substrate
pockets of these proteinases (Table 1).

Mutation of Trp175 Retards the Spontaneous Transition
to the Latent State.With the possible exception of

Table 1: Kinetic Parameters for wt PAI-1 and W175F PAI-1a

wt PAI-1 W175F PAI-1

proteinase kapp
b (M-1 s-1) kassoc

c (M-1 s-1)
SI

(mol of I/mol of E) kapp
b (M-1 s-1) kassoc

c (M-1 s-1)
SI

(mol of I/mol of E)

tPA (1.0( 0.1)× 107 (4.45( 0.12)× 107 1.04( 0.08 (1.5( 0.2)× 106 (4.56( 0.10)× 107 1.16( 0.02
uPA (5.0( 0.4)× 106 (1.34( 0.01)× 107 0.95( 0.01d (4.9( 0.3)× 106 (1.45( 0.02)× 107 0.95( 0.02d

â-trypsin (2.0( 0.2)× 106 (1.95( 0.04)× 106 1.19( 0.07 (1.8( 0.1)× 106 (2.05( 0.04)× 106 1.14( 0.07
TNK-tPA (9.2( 0.4)× 104 (8.22( 0.24)× 104 1.23( 0.11 (6.8( 0.3)× 104 (6.53( 0.18)× 104 1.17( 0.13

PAI-1 variant
t1/2 of latency
at 25°C (h)

t1/2 of latency
at 37°C (h)

wt PAI-1 22.5( 0.2 2.01( 0.04
W175F PAI-1 394( 35 7.2( 0.3

a Kinetic parameters were determined in 0.03 M HEPES, 0.135 M NaCl, and 1 mM EDTA at pH 7.4 and 25°C. All data are reported as averages
of at least three independent experiments( SEM. b Apparent second-order rate constants for inhibition of proteinases (kapp) are reported as the
average of at least five independent experiments( SEM. c Association rate constants (kassoc) are reported( SE of the best fit linear regression to
the data assuming a zero intercept.d The SI values slightly less than 1.0 observed for the uPA reactions are most likely due to a small experimental
error in the determination of the protease or inhibitor concentrations.

FIGURE 2: Far-UV CD spectra of wt PAI-1 and W175F PAI-1.
Spectra were recorded at a concentration of 8-10 µM and 25°C
as described in Experimental Procedures: (s) wt PAI-1 and
(- - -) W175F PAI-1.

FIGURE 3: SDS-PAGE analysis of formation of the serpin-
proteinase complex for wt PAI-1 and W175F PAI-1 variants. PAI-1
variants (2 µM) were reacted with a 2-fold molar excess of
proteinase as described in Experimental Procedures. A total of 40
µL of each sample was resolved by 12% SDS-PAGE: lane 1, wt
PAI-1; lane 2, W175F PAI-1; lane 3, wt PAI-1 and tPA; lane 4,
W175F PAI-1 and tPA; lane 5, wt PAI-1 and uPA; lane 6, W175F
PAI-1 and uPA; lane 7, wt PAI-1 andâ-trypsin; lane 8, W175F
PAI-1 andâ-trypsin; lane 9, wt PAI-1 and elastase; and lane 10,
W175F PAI-1 and elastase. The positions of tPA∼PAI-1, uPA∼PAI-
1, and â-trypsin∼PAI-1 complexes as well as full-length and
cleaved PAI-1 are indicated with arrows.
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antithrombin (42) and a recently engineeredR1-antitrypsin
variant (43), PAI-1 is the only serpin reported to spontane-
ously exhibit the Sf R transition under physiological
conditions in the absence of proteolytic cleavage (44, 45).
The rate of spontaneous conversion to the latent state (44)
was monitored by the loss of inhibitory activity against tPA.
Active W175F PAI-1 or wt PAI-1 was incubated at 25 or
37 °C for various lengths of time, and aliquots were removed
and reacted with a 2-fold molar excess of tPA prior to SDS-
PAGE analysis. The results shown in Figure 4 indicated that
the Trp175 mutation significantly stabilized the active,
“stressed”, state of PAI-1 at 25°C by retarding the transition
to the more thermodynamically stable latent conformation,
demonstrating at1/2 of 394 h compared to at1/2 of 22.5 h for
wt PAI-1 controls at 25°C (Table 1). Similarly, the latency
transition was stabilized at 37°C, but the degree of
stabilization of the active conformation was reduced from
17.5-fold at 25°C to 3.6-fold at 37°C (Table 1). Verheyden
et al. (46) have also recently reported similar latency
stabilization at 37°C with a W175F PAI-1 mutant, but did
not determine the functional stability at 25°C.

Mutation of the Breach Tryptophan Does Not Influence
the Association of PAI-1 with Target Proteinases.The Trp
f Phe mutation may have produced small perturbations in
the orientation and flexibility of the serpin reactive center
loop, as has been shown for antithrombin and heparin
cofactor II in the absence of heparin (47, 48). This might be
expected given the proximity of the tryptophan mutation to
the reactive center loop hinge (Figure 1). Association kinetics
for wild-type and W175F PAI-1 reactions with tPA, uPA,
andâ-trypsin were determined from stopped-flow reactions
by monitoring displacement of PAB from the active site of
these proteinases. The linear dependencies ofkobs on the
effective inhibitor concentrations were indistinguishable for
wt PAI-1 and W175F PAI-1 reactions with these proteinases,
demonstrating that the rates of formation of noncovalent
Michaelis complexes (k1 and EI in Scheme 1) were not
perturbed by the tryptophan mutation near the base of the
reactive center loop hinge (Figure 5 and Table 1). Except
for the W175F PAI-1 reaction with tPA, the second-order

association rate constants obtained from these data were in
agreement with thekappvalues determined from competitive
kinetic assays that monitor the loss of enzyme activity (Table
1). The greater than 10-fold discrepancy observed between
kapp andkassocvalues for W175F PAI-1 reactions with tPA
suggests the buildup of a reaction intermediate prior to loop
insertion. In addition, association rates were found to be
much higher in the reactions with tPA and uPA than with
â-trypsin for both wt PAI-1 and W175F PAI-1 (Table 1).
Previous studies have suggested that the initial binding events
of PAI-1 reactions with tPA and uPA are in both cases
enhanced by distal loop exosite-exosite interactions with
basic surface loops on these plasminogen activators (22, 23,
49, 50), providing an induced fit of the PAI-1 RCL into the
substrate pocket of the proteinase (51). The data presented
here showing association rates for tPA and uPA more than
10 times higher than those observed withâ-trypsin, a
proteinase not expected to have exosite interactions, are
consistent with exosite interactions playing a significant role
in the second-order association of PAI-1 with tPA and uPA,
but not withâ-trypsin (Table 1). Further confirmation comes
from reactions with the TNK-tPA variant, in which the loss
of the basic KHRR exosite motif resulted in 543- and 702-
fold reductions inkassoc values for wt PAI-1 and W175F
PAI-1 reactions, respectively (Table 1). The slight decrease
in kassoc for the reaction of W175F PAI-1 with TNK-tPA
compared to the control (∼25%), not observed in the reaction
of W175F PAI-1 with tPA, may indicate some negligible
effects on the flexibility of the RCL and PAI-1 binding, but
appears to be of consequence only in the absence of the
exosite (51). Moreover, this reduction inkassoc probably

FIGURE 4: Spontaneous conversion of wt PAI-1 and W175F PAI-1
from an active to a latent conformation at 25°C. The transition to
the latent conformation was followed by monitoring the loss of
inhibitory activity against tPA as a function of time for wt PAI-1
(b) and W175F PAI-1 (O). The figure shows results of representa-
tive wt PAI-1 and W175F PAI-1 experiments witht1/2 values of
22.7 and 361 h, respectively. Averagedt1/2 values from multiple
experiments are listed in Table 1.

FIGURE 5: Rapid kinetics of association of wt PAI-1 and W175F
PAI-1 with proteinases monitored by displacement ofp-aminoben-
zamidine. Reactions of wt PAI-1 (b) and W175F PAI-1 (O) with
tPA, wt PAI-1 (9) and W175F PAI-1 (0) with uPA, and wt PAI-1
(2) and W175F PAI-1 (4) with â-trypsin were monitored in a
stopped-flow experiment to obtain pseudo-first-orderkobs values
which were plotted against the “effective” inhibitor concentration
as described in Experimental Procedures. Solid (wt PAI-1) and
dashed (W175F PAI-1) lines represent linear regression fits of the
data assuming a zero intercept. The TNK-tPA data were excluded
from the graph because the slopes andkassocvalues are significantly
reduced compared to those of tPA, uPA, andâ-trypsin. The
calculatedkassocvalues for all proteinases are presented in Table 1
and reported(SE of the best fit linear regression line.

Scheme 1
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accounts for the small effect of the W175F mutation on the
kapp value in reactions with TNK-tPA (Table 1).

Hydrolysis of PAI-1 Variants as Substrates. To determine
whether the step(s) in the tPA reaction that was altered by
the W175F mutation occurred prior to or at the point of
enzyme acylation, we determined the rate at which the P1-
P1′ scissile bond of W175F PAI-1 was hydrolyzed by tPA.
In reactions between proteinases and peptide-blocked PAI-1
variants, reactive center loop insertion is prevented due to
the presence of the preinserted octapeptide inâ-sheet A (12,
26, 52). By using peptide-blocked variants of wt PAI-1 and
W175F PAI-1, the rate of enzyme acylation was observed
directly by following the first-order increase in the amount
of hydrolyzed substrate PAI-1 in a rapid quenching experi-
ment (26). If acylation of the scissile peptide bond was the
affected mechanistic step in the inhibitory reaction with tPA,
or occurred after the affected step, the observed rate for
hydrolysis of substrate W175F PAI-1 should be significantly
decreased relative to that of the substrate form of wt PAI-1.
To monitor directly the acylation of PAI-1 variants, the Ac-
TVASSSTA-complexed substrate forms of wt PAI-1 and
W175F PAI-1 (2µM) were reacted with tPA (3µM) under
single-turnover conditions (Figure 6A). Under these condi-
tions, the Michaelis complex was saturated by excess tPA
and the acid quenching experiment followed the breakdown
of the Michaelis complex into hydrolyzed inhibitor and free
tPA (26). The tight exosite interface of the tPA∼PAI-1
Michaelis complex prompted a slow deacylation of peptide-
blocked PAI-1 variants, consistent with observations in
previous studies (26). The rate constants for acylation of
substrate wt PAI-1 and W175F PAI-1 were indistinguishable,
suggesting that the mutation in the breach region does not
perturb loop acylation or events leading to loop acylation
and therefore affects a postacylation intermediate step
(Table 2).

The shorter length of the cleaved RCL following hydroly-
sis at the P3-P4 bond by elastase prevents proteinase
trapping in a stable acyl-enzyme complex, and thus, the
PAI-1 variant becomes turned over as a substrate (see Figure
4) (41, 53). This feature permitted the observation of scissile

bond catalysis and loop insertion in the absence of proteinase
trapping without the need to block loop insertion with an
exogenous peptide that induces an expansion ofâ-sheet A
(12). The turnover of both P9-NBD PAI-1 and W175F/P9-
NBD PAI-1 as substrates was linear with proteinase con-
centration over the tested range (Figure 6B). Second-order
rate constants calculated from the slopes of the linear
dependencies were 1.5× 105 and 1.2× 105 M-1 s-1 for
P9-NBD PAI-1 and W175F/P9-NBD PAI-1, respectively,
indicating that both PAI-1 variants were cleaved as substrates
by elastase at essentially similar rates. The corresponding
unlabeled proteins were hydrolyzed as substrates by elastase
at nearly the same rates (Table 2), in excellent agreement
with the P9-NBD studies.

The Limiting Rate of the Serpin-Proteinase Reaction Is
SensitiVe to the Breach Tryptophan Mutation.We utilized a
well-described model (29) for investigating the limiting rate
(klim) of serpin-proteinase reactions in which the PAI-1
molecule was labeled on the P9 residue with the fluorophore
NBD to follow the rate of reactive center loop insertion by
stopped-flow fluorimetry. Previous studies have documented
that the inhibitory activity of P9-NBD PAI-1 is mostly
unchanged by the presence of the fluorophore and similar
to that of unlabeled wt PAI-1 (25, 26, 29, 39). Reactions of
both wt P9-NBD PAI-1 and W175F/P9-NBD PAI-1 with
tPA, uPA, orâ-trypsin were biphasic. The observed rate of
reaction for the greatest amplitude change corresponded to
reactive center loop insertion (kobs) (29), whereas the minor

FIGURE 6: Hydrolysis of PAI-1 variants as substrates. (A) Time course for hydrolysis of Ac-TVASSSTA peptide-blocked PAI-1 variants
under single-turnover conditions. Data were obtained using the rapid acid quenching technique and SDS-PAGE gel analysis. The figure
shows the progressive hydrolysis of 2µM wt PAI-1 (b) and W175F PAI-1 (O) precomplexed with the Ac-TVASSSTA peptide by 3µM
tPA at 25°C under standard buffer conditions. The solid and dashed lines correspond to the best first-order fits to the wt PAI-1 and W175F
PAI-1 data, respectively. (B) Stopped-flow analysis of the hydrolysis of P9-NBD-labeled wt PAI-1 and W175F PAI-1 as a function of
elastase concentration. The data points represent averagedkobsvalues from 6-10 wt PAI-1 (b) or W175F PAI-1 (O) experiments. Solid (wt
PAI-1) and dashed (W175F PAI-1) lines represent linear regression fits of the data. The calculated values for the second-order rate of
hydrolysis are described in the text.

Table 2: Substrate Hydrolysis of wt PAI-1 and W175F PAI-1a

kobs (s-1)

proteinase wt PAI-1 W175F PAI-1

tPAb 0.08( 0.01 0.08( 0.01
elastasec 0.73( 0.12 0.91( 0.06

a Measured from the rapid quenching experiments in 0.03 M HEPES,
0.135 M NaCl, and 1 mM EDTA at pH 7.4 and 25°C. b Measured
using Ac-TVASSSTA peptide-blocked PAI-1 variants. Data are reported
as(SE of the best first-order fit to the rapid quench data.c Measured
using wt PAI-1 and W175F PAI-1 in the absence ofâ-sheet A blocking
peptides.
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amplitude change was believed to be associated with an
isomerization of the fluorescent probe or a parallel interaction
with the proteinase (see Experimental Procedures) (25, 29).
The time courses for the enhancement in fluorescence for
P9-NBD PAI-1 and W175F/P9-NBD PAI-1 reactions at
equivalent concentrations of tPA were consistent with
mutation of the breach tryptophan significantly diminishing
the observed rate of RCL insertion (Figure 7). The saturating
dependencies of the pseudo-first-order rate constants for
W175F/P9-NBD PAI-1 and P9-NBD PAI-1 reactions as a
function of proteinase concentration for tPA, uPA, and
â-trypsin are shown in Figure 8A-D and in Table 3. These
findings clearly demonstrated that the limiting rate for
inhibition of tPA was appreciably reduced from 3.4 to 0.10
s-1, whereas the inhibition of both uPA andâ-trypsin showed
only modest reductions inklim, relative to those of P9-NBD
PAI-1 controls (Table 3). The apparent second-order rate
constants for reactions of P9-NBD-labeled PAI-1 variants
with tPA, uPA, orâ-trypsin, calculated asklim/KM, were in
close agreement with those determined by inhibition of
proteinase activity (Table 1). If the consequence of the
Trp175 f Phe mutation were simply a reduction of the
intrinsic velocity of loop insertion, the reaction rates with
uPA andâ-trypsin would have been restricted by a common
rate-limiting conformational change of the serpin topology,
thus resulting in comparableklim values. On the contrary,
theklim values found for inhibition of uPA andâ-trypsin by

W175F/P9-NBD PAI-1 were much more than 150 and 600
times greater than the observedklim for the inhibition of tPA
by this mutant, strongly suggesting that the process of loop
insertion remained unaffected. These observations provide
compelling evidence that the inherent rate of loop insertion
was not perturbed by mutation of the conserved tryptophan,
but alternatively, a rate-limiting intermediate step prior to
loop insertion is sensitive to the mutation for tPA and, to a
minor extent, the uPA andâ-trypsin reactions (Table 3).

Previous studies have recognized that formation of inhib-
ited serpin-proteinase complexes is probably limited by the
same mechanistic step that influences the rate of reactive
center loop insertion and can be directly followed in a rapid
quenching experiment (12, 26). On the basis of theKM values
determined from the P9-NBD PAI-1 experiments described
above (Table 3), reactions of 4µM wt PAI-1 or W175F
PAI-1 with 1 µM tPA saturated the enzyme. Control
reactions with wt PAI-1 indicated that the formation of SDS-
stable serpin-proteinase complexes was nearly complete
within a time interval of 1 s, whereas with W175F PAI-1 as
the inhibitor, reactions required nearly 20 s to complete
(Figure 9A,B). Rapid quenching measurements gave limiting
rate values almost identical to those using the same buffer
conditions in the P9-NBD fluorescence experiments, fitting
to 3.85( 0.48 and 0.23( 0.02 s-1 for wt PAI-1 and W175F
PAI-1 reactions, respectively. These results demonstrated that
trapping of the target proteinase in an SDS-stable complex
with the inhibitor directly coincided with the event of reactive
center loop insertion as monitored by the NBD fluorophore
and further suggested that both events are dependent on
molecular interactions affected by the mutation at Trp175.

The Limiting Rate of the Reaction of PAI-1 with tPA Is
Influenced by Exosite Interactions.The TNK-tPA variant was
used to determine whether the strong PAI-1∼tPA exosite
ionic interaction may have contributed to the significant
reduction in the rate-limiting step (klim) observed for the
reaction of W175F/P9-NBD PAI-1 with tPA (Table 3).
Mutation of the basic KHRR motif in the 37-loop to a
tetraalanine sequence would effectively abolish most of the
electrostatic interactions with the distal PAI-1 loop proposed
by Madisonet al. (23) except for the potential contribution
of Arg304 to the exosite (22, 24). Stopped-flow experiments
directly comparing reactions of wt P9-NBD PAI-1 and
W175F/P9-NBD PAI-1 with TNK-tPA at equivalent pro-
teinase concentrations showed only slight decreases in the
observed rates of RCL insertion (∼40-50%) over the tested
concentration range (Figure 10A,B). The modest effect of
the W175F mutation on TNK-tPA reactions compared to the

Table 3: Individual Rate Constants for Proteinase Inhibition by wt PAI-1 and W175F PAI-1a

wt PAI-1 W175F PAI-1

proteinase klim (s-1) KM (µM)
klim/KM

b

(M-1 s-1)
∆Gq c

(kcal/mol) klim (s-1) KM (µM)
klim/KM

(M-1 s-1)
∆Gq c

(kcal/mol)

tPA 3.4( 0.1 0.29( 0.03 1.2× 107 16.7 0.10( 0.02 0.022( 0.001 4.5× 106 18.8
uPA 22.8( 0.2 2.6( 0.1 8.8× 106 15.6 15.1( 0.2 2.4( 0.1 6.3× 106 15.9
â-trypsin 93.6( 1.9 26.1( 1.0 3.6× 106 14.8 62.9( 0.8 19.6( 0.6 3.2× 106 15.0
a Rapid kinetic experiments were carried out in 0.03 M HEPES, 0.135 M NaCl, and 1 mM EDTA at pH 7.4 and 25°C. Data are reported as the

best fit to the stopped-flow data( SE of the fit. Rate constants for TNK-tPA reactions could not be obtained because of the sizableKM for reactions
with PAI-1 (see the text).b The second-order rate constant for inhibition of proteinases by PAI-1 was calculated from the fitted stopped-flow data
asklim/KM. c Gibbs free energy of activation (∆Gq) were calculated from theklim values obtained in the stopped-flow experiments using the following
relationship from ref55: klim ) (kBT/h) exp(-∆Gq/RT), wherekB is the Boltzmann constant,h is Planck’s constant,T is temperature, andR is the
gas constant.

FIGURE 7: Stopped-flow analysis of inhibition of tPA by wt
P9-NBD PAI-1 and W175F/P9-NBD PAI-1. Representative stopped-
flow progress curves for reactions of wt P9-NBD PAI-1 or
W175F/P9-NBD PAI-1 (50 nM) with tPA (2µM) were recorded
in a stopped-flow reaction analyzer as described in Experimental
Procedures with 1000 data points collected over a 50 s interval.
Stopped-flow reaction traces have been normalized to the same
maximal fluorescence change.
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substantial effect observed when using tPA as the target
proteinase clearly establishes a central role for exosite-
exosite interactions in regulating the rate-limiting step and
demonstrates a close correlation between this step and
molecular interactions within the breach region. Unfortu-
nately, given the lowkassocvalues reported in Table 1 and
assuming negligiblekoff rates, we projected thatKM values
for the reactions of PAI-1 variants with TNK-tPA approach
values ranging from 36.5µM to 1.1 mM. Thus, it was not
technically feasible to obtain reasonably saturated pseudo-
first-order rate constants for a determination of an accurate
klim. The TNK-tPA reactions could, however, be evaluated
as kcat/KM using the slope of the linear increases inkobs to
calculate apparent second-order rate constants of 1.3× 105

and 0.79× 105 M-1 s-1 for wt P9-NBD PAI-1 and W175F/
P9-NBD PAI-1, respectively, which were in close agreement
with the kapp andkassocvalues reported in Table 1.

DISCUSSION

We have demonstrated a crucial role for the conserved
breach tryptophan residue in maintaining interactions that
facilitate the forward reactivity of the PAI-1 inhibition
mechanism, specifically at the point in the reaction pathway
where the P′-side of the distal reactive center loop must be
displaced from the substrate pocket of the target proteinase
for loop insertion to proceed.

The finding that a single Trpf Phe mutation within the
breach region significantly decreased the rate at which tPA
was inhibited by PAI-1 through considerable reductions in
both kapp (10.1 vs 1.5µM-1 s-1) and klim (3.4 vs 0.1 s-1)
clearly supports a key role for this residue. Similar observa-
tions showing small reductions inkobs or klim were observed
for reactions of TNK-tPA, uPA, andâ-trypsin with W175F/
P9-NBD PAI-1; however, the effect was modest, consistent
with the negligible effects on the overall inhibitory reaction
rates (Tables 1 and 3). The lack of an effect on the formation
of a noncovalent Michaelis complex (Figure 5) indicates a
normal flexibility of the reactive center loop and shows that
whereas the structure of the breach is important in formation
of the stable acyl-enzyme complex, it does not affect the
initial binding of an inhibitor to target proteinases. Our
findings can best be explained when one considers the
formation of tight exosite interactions between acidic residues
in the distal loop of PAI-1 and basic residues found on the
specificity loop of tPA (i.e., the KHRR motif in the 37-loop)
(22, 23, 51). These exosite interactions were suggested to
account for the reversible deacylation of the P1′ R-amino
group on PAI-1 by increasing the kinetic barrier for loop
insertion and therefore retarding release of the distal P′-loop
of PAI-1 from the substrate pocket of tPA (26). The
functional importance of the exosite was directly examined
using the TNK-tPA variant of tPA which poorly binds PAI-1

FIGURE 8: Determination of the limiting rates for proteinase inhibition. Stopped-flow analysis of reactions of wt P9-NBD PAI-1 (b) and
W175F/P9-NBD PAI-1 (O) (5-100 nM) with increasing concentrations of tPA (0.05-3 µM, panels A and B), uPA (0.2-10 µM, panel C),
or â-trypsin (0.25-67.7µM, panel D) in a stopped-flow reaction analyzer as described in Experimental Procedures. Averagedkobs values
from 6-10 experiments were plotted and fit to the equation of a rectangular hyperbola to obtain aklim value for the reaction (Table 3).
Panel B is a close-up view of the data for W175/P9-NBD PAI-1 shown in panel A.
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due to the absence of the basic KHRR motif in the exosite
(Table 1 and Figure 10A,B). Like the uPA andâ-trypsin
experiments, the observed rates of reaction between W175F/
P9-NBD PAI-1 and TNK-tPA were only moderately reduced
from those of wt P9-NBD PAI-1 controls (∼40%), strongly
suggesting that the large reductions inkapp and klim found
for tPA reactions were principally a result of interactions at
the exosite restricting the forward reaction rates.

When placed in the general terms of the serpin reaction
mechanism (Scheme 1), our results are consistent with the
postulated existence of an intermediate on the inhibitory
pathway that facilitates release of the distal P′-loop (26).
Recently, the serpin reaction model illustrated in Scheme 1
was proposed and accounts for such an intermediate step
(25). The results presented here demonstrate the existence
of this intermediate and support a model (Figure 11) in which
the first critical residue(s) of the proximal loop hinge must
be inserted into the breach region ofâ-sheet A to cause
release of the distal P′-loop from the substrate cleft of the
proteinase (see Figure 11 and{E∼I} in Scheme 1). Accord-
ing to this mechanism, formation of a noncovalent Michaelis
complex (k1/k-1 and EI) leads to reversible cleavage of the
scissile bond (k2/k-2) and generation of the acyl-enzyme
intermediate (E∼I), which triggers the initial events of loop

insertion by relieving the major kinetic barrier imposed on
the serpin, that of an intact reactive center loop. The structural
basis of the serpin mechanism is to effectively shield the
acyl-enzyme bond from aqueous deacylation, which is
accomplished by retention of the newly generated P′ R-amino
group at the proteinase active site. The transient intermediate
step (k3/k-3) follows enzyme acylation with the first hinge
residue(s) (starting with P14) being inserted intoâ-sheet A,
an event which protects the acyl-enzyme bond from aqueous
deacylation until subsequent full loop insertion rapidly traps
the proteinase in an inhibited serpin-proteinase complex (ki)
and, according to the branched mechanism (40), releases a
small amount of hydrolyzed serpin and intact proteinase (ks).
The observation that SI (ki + ks/ki) was not compromised
suggests thatki andks remained unaffected by the mutation,
consistent with protection of the acyl-enzyme bond in the
intermediate. Experiments using the substrate PAI-1 variants
suggested that the intrinsic acylation and deacylation steps

FIGURE 9: Formation of the final inhibited tPA∼PAI-1 complex.
wt PAI-1 or W175F PAI-1 (4.0µM) was reacted with tPA (1.0
µM) for various times ranging from 0.1 to 2 s (wt PAI-1, panel A)
or from 0.52 to 30 s (W175F PAI-1, panel B), and the reactions
were quenched with 0.12 M HCl as described in Experimental
Procedures. Data points are reported as averages of at least three
independent experiments( SEM and fit to the function of a first-
order reaction to obtain aklim of 3.85( 0.48 s-1 for wt PAI-1 and
a klim of 0.23( 0.02 s-1 for W175F PAI-1. Band density analysis
is described in Experimental Procedures.

FIGURE 10: Fast reaction kinetics of inhibition of TNK-tPA by wt
P9-NBD PAI-1 and W175F/P9-NBD PAI-1. (A) Representative
stopped-flow progress curves for reactions of wt P9-NBD PAI-1
or W175F/P9-NBD PAI-1 (50 nM) with TNK-tPA (4µM) were
recorded in a stopped-flow reaction analyzer as described in
Experimental Procedures with 1000 data points collected over a
20 s interval. Stopped-flow reaction traces have been normalized
to the same maximal fluorescence change. (B) Stopped-flow
analysis of reactions of wt P9-NBD PAI-1 (b) and W175F/P9-
NBD PAI-1 (O) (50 nM) with increasing concentrations of TNK-
tPA (0.25-8 µM) in a stopped-flow reaction analyzer as described
in Experimental Procedures.kobs values represent the average of
6-10 experiments. The second-order rate constantkcat/KM was
calculated from linear regression fits of the data and reported in
the text: (s) wt PAI-1 and (- - -) W175F PAI-1.
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(k2/k-2) were in all probability not influenced by the W175F
mutation (Figure 6A). However, given that the conforma-
tional possibilities of the reactive center loop are partially
restricted in the peptide-blocked variants, we cannot com-
pletely rule out this possibility. According to Scheme 1,klim

is a compound rate described by the simplified expression
k2k3*/(k2 + k-2 + k3*), wherek3* equalsk3(ki + ks)/(k-3 +
ki + ks) (25, 26). The results herein indicating negligible
effects onk2/k-2, ki, or ks justify the presence of a single
intermediate step (k3/k-3) in the serpin mechanism that is
affected by mutating the conserved breach tryptophan. On
the basis of the findings presented here, we propose that
Trp175 is conserved within the serpin gene family because
it facilitates the first crucial step of loop insertion (Figure
11).

The slight changes in the rate constants observed for
reactions of W175F/P9-NBD PAI-1 with TNK-tPA, uPA,
andâ-trypsin indicate that the magnitude of the mutational
effect was much reduced with these enzymes (Table 3 and
Figure 10). In the absence of exosite interactions, the
moderate reductions inklim andkobs values suggest that the
binding energy of other interactions, possibly between the
P1′-P3′ residues of the PAI-1 loop and their corresponding
S′ pockets on the proteinase, may partially contribute to the
kinetic barrier restricting release of the P′-loop. In the case
of TNK-tPA reactions, potential contacts between the distal
PAI-1 loop and the remaining positive charge at Arg304 (24)
may also play a role in the kinetic barrier. The results with
uPA were surprising since this proteinase is a known
physiological target of PAI-1 (54) and has an exosite similar
to that of tPA (50). Therefore, one would have expected a
much greater impact onklim than we observed experimentally
(Figure 8C and Table 3). Nevertheless, the specificity loop
motif of uPA differs markedly from that of tPA (50), and
the kassoc values suggested a reduced binding affinity for
PAI-1 (Table 2). Consequently, a weaker exosite interaction
would account for a minimal kinetic barrier in the Michaelis
complex impeding loop insertion. Consistent with this idea,
apparent energy barriers were calculated in terms of the

Gibbs free energy of activation (∆Gq) (55) and demonstrate
that only the energy barrier for the tPA reaction was
significantly increased by the W175F mutation (∼2 kcal/
mol) (Table 3).

The striking stabilization of W175F PAI-1 against latency
at 25°C (Figure 3) argues that Trp175 is essential not only
for optimal inhibitory function and cleaved loop insertion
but also in overcoming the sizable energy barrier restricting
spontaneous loop insertion. This finding makes a clear case
for common molecular interactions within the breach that
participate in the earliest stages of both events. This
interpretation, however, is not consistent with that of Stoop
et al. (56), who have suggested the two processes are
mutually exclusive. Other investigators have also shown
several mutations onâ-strands s2B and 3B in the proximity
of Trp175 and the breach region effectively retards or
accelerates the rate of the latency transition, further high-
lighting the importance of this structural domain in the Sf
R transition (57, 58). In particular, mutation of Tyr228 to a
serine dramatically retarded the latency transition (57).
Although PAI-1 spontaneously inserts the complete intact
loop (44, 45), it is not prone to assume a conformation in
which the loop is partially inserted as has been shown for
antithrombin (47) and heparin cofactor II (48). Nevertheless,
such an intermediate conformation in PAI-1 was hypoth-
esized on the basis of the pronounced acceleration of the
latency transition by the binding of a monoclonal antibody
(MA-33B8) to an epitope that depended on an unfavorable
equilibrium with an intermediate species having partial
insertion of the proximal RCL (59). Recent identification of
the major residues in this epitope now provides further
evidence that antibody binding could depend on partial
insertion of the loop (60). Stabilization of the latency
transition in the W175F PAI-1 mutant can be reasonably
explained by a mechanism whereby substitution of the bulky
tryptophan residue with that of a smaller phenylalanine
makes partial insertion of the proximal loop an even less
likely event, perhaps by disrupting aromatic-aromatic stack-
ing with the conserved Tyr228, believed to be involved in
the stability of the PAI-1 molecule (57). This interpretation
is consistent with the critically affected step in the inhibitory
reaction being preinsertion of the first hinge residue(s) into
the breach region (Figure 11).

Several crystallographic studies recently addressed this
idea, showing that introduction of the P14 Thr/Ser residue
into the breach appears to be a key molecular event leading
to expansion ofâ-sheet A and full commitment to the Sf
R transition (61, 62). Harropet al. (18) proposed that the
bulky aromatic rings of conserved Trp and Tyr residues in
the breach region of PAI-2 maintain the optimal geometry
of intramolecular hydrogen bonding networks that constrain
the tops ofâ-stands s3A and s5A in an open conformation
in preparing to accept the P14 residue of the inserting reactive
center loop. Hydrogen bond networks have been discussed
by Li et al. (17) with respect to the structure of serpin 1K
and appear to be conserved in several other serpins. In
particular,εN-1 of Trp175 is situated in a position to form
a hydrogen bond with the carbonyl oxygen of the conserved
Asn329 residue at the top ofâ-strand s5A (2.44 Å in PAI-1
PDB entry 1DVM) (Figure 12) (63, 64). This hydrogen bond
would clearly be precluded in the Trpf Phe mutant;
nevertheless, a more probable outcome is that the smaller

FIGURE 11: Graphical representation of the intermediate reaction
step (k3/k-3) which facilitates release of the distal P′-fragment.
Insertion of the first hinge residue(s) into the breach (k3/k-3) gives
the intermediate ({E∼I}) with a release of the distal P′-fragment
from the substrate pocket of the proteinase. This step permits
complete loop insertion (ki + ks) as an inhibited serpin-proteinase
complex (EI) or hydrolyzed serpin (I*) and free proteinase (E).
(E∼I) represents the acyl-enzyme intermediate. Reaction steps are
labeled according to Scheme 1.
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steric size of the phenyl ring simply triggered a general
disruption, or reorientation of conserved side chain packing
and crucial hydrogen bonds within the core of the breach
region. Alternatively, the large indole ring of tryptophan may
support residue packing within the hydrophobic core of the
molecule in view of a side chain orientation toward the B/C
â-barrel, a domain in which mutations promoted a spontane-
ous latency transition inR1-antitrypsin (43).

A crucial role for Trp175 and the breach region has been
identified at the point in the inhibitory reaction pathway
where the initial insertion of the first hinge residue(s) into
â-sheet A is coupled to an intermediate reaction step ({E∼I})
that facilitates release of the distal P′-side of the loop from
the active site cleft of the proteinase. The kinetic analysis
of individual steps in the PAI-1 inhibition reaction using a
PAI-1 mutant and multiple-target proteinases has made
possible the isolation of this single step in the serpin reaction
pathway which is directly linked to the structure of the serpin
breach region. On the basis of past (26) and new results, we
have proposed a model whereby the indole side chain of the
breach tryptophan provides the optimal structural geometry
necessary to facilitate the spring-like action of the serpin
mechanism and surmount the large energy barrier that
separates loop-extracted and loop-inserted serpin conforma-
tions. The biological significance of molecular interactions
within the breach region is underscored by the almost
ubiquitous preservation of the tryptophan residue and the
well-conserved breach motif in both prokaryotic (3) and
eukaryotic (2) serpins.
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