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Interactions of Plasminogen Activator Inhibitor-1 with Vitronectin Involve an
Extensive Binding Surface and Induce Mutual Conformational Rearrangements’
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ABSTRACT: In order to explore early events during the association of plasminogen activator inhibitor-1 (PAI-1)
with its cofactor vitronectin, we have applied a robust strategy that combines protein engineering, fluorescence
spectroscopy, and rapid reaction kinetics. Fluorescence stopped-flow experiments designed to monitor the rapid
association of PAI-1 with vitronectin indicate a fast, concentration-dependent, biphasic binding of PAI-1 to native
vitronectin but only a monophasic association with the somatomedin B (SMB) domain, suggesting that multiple
phases of the binding interaction occur only when full-length vitronectin is present. Nonetheless, in all cases, the
initial fast interaction is followed by slower fluorescence changes attributed to a conformational change in PAI-1.
Complementary experiments using an engineered, fluorescently silent PAI-1 with non-natural amino acids showed
that concomitant structural changes occur as well in native vitronectin. Furthermore, we have measured the effect of
vitronectin on the rate of insertion of the reactive center loop into 3-sheet A of PAI-1 during reaction with target
proteases. With a variety of PAI-1 variants, we observe that both full-length vitronectin and the SMB domain have
protease-specific effects on the rate of loop insertion but that the two exhibit clearly different effects. These results
support a model for PAI-1 binding to vitronectin in which the interaction surface extends beyond the region of
PAI-1 occupied by the SMB domain. In support of this model are recent results that define a PAI-1-binding site on
vitronectin that lies outside the somatomedin B domain (Schar, C. R., Blouse, G. E., Minor, K. H., and Peterson,
C. B. (2008) J. Biol. Chem. 283, 10297—10309) and the complementary site on PAI-1 (Schar, C. R., Jensen, J. K.,
Christensen, A., Blouse, G. E., Andreasen, P. A., and Peterson, C. B. (2008) J. Biol. Chem. 283, 28487—28496).

Plasminogen activator inhibitor-1 (PAI-1),' the primary
inhibitor of the tissue-type (tPA) and urokinase-type (uPA)
plasminogen activators, is the foremost regulator of both
fibrinolysis and pericellular plasminogen activation, thus
making it a particularly attractive target for therapeutic
intervention in cardiovascular disease and cancer (/—3).
Largely, the role of PAI-1 has been viewed in light of its
function as a “classic” suicide-substrate inhibitor of the serpin
fold (4). However, the continuing identification of new and
multifunctional serpins in a variety of organisms attests to the
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critical biological roles and evolutionary adaptability of this gene
family to assume key nonantiproteolytic functions (5—7).

An important physiological partner of PAI-1 in vivo is
the M, ~70000 adhesive glycoprotein, vitronectin (8—10).
Interactions between these two proteins exhibit high
affinity (K3 ~0.5 nM) and are mediated via contacts
between the amino-terminal somatomedin B (SMB)
domain of vitronectin and the flexible joint region of PAI-1
in the vicinity of o-helices D, E, and F (//—14). Given
that the circulating concentration of vitronectin is in the
near micromolar range, while PAI-1 is present at nano-
molar concentrations, active PAI-1 is typically found in
a tight complex with vitronectin.

! Abbreviations: PAI-1, plasminogen activator inhibitor type 1; tPA, tissue-
type plasminogen activator; uPA, urokinase plasminogen activator; ECM,
extracellular matrix; SMB, somatomedin B domain of vitronectin; nVN, native,
monomeric vitronectin, rfSMB, recombinant SMB domain from Pichia
pastoris; SDS—PAGE, sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis; P1—P1” refer to Schecter and Berger nomenclature for the reactive
center loop residues of PAI-1, where P1, P2, P3, P4,... and P1’, P2", P3’, P4,...
denote those residues on the amino-terminal and carboxyl sides of the scissile
bond, respectively; 4-FTrp, the 4-fluorotryptophan analogue of tryptophan;
4-FTrp PAI-1, PAI-1 incorporated with the 4-fluorotryptophan analogue; NBD,
N,N'-dimethyl-N-acetyl-N'"-methyl(7-nitrobenz-2-oxa- 1,3-diazol-4-yl)ethylene-
diamine; Ky, sSecond-order association rate constant for complex formation;
kiim, limiting rate constant; HEPES, 4-(2-hydroxyethyl)piperazine-1-ethansul-
fonic acid; EDTA, ethylenediaminetetraacetic acid.
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As a binding partner for PAI-1, vitronectin has been
reported to localize the serpin to fibrin clots (/5), cause
accumulation of PAI-1 in the extracellular matrix (ECM)
(16), and confer on PAI-1 the ability to inhibit other proteases
of the coagulation cascade (/7, 18). Vitronectin delays the
conversion of PAI-1 to the inactive, so-called “latent” state.
On the other hand, latent PAI-1 has a much lower affinity
for vitronectin than the active form (for a review, see Dupont
et al. (/9)). Vitronectin readily associates with cell-surface
receptors, including integrins, uPAR, and elements of the
ECM (20—25). PAI-1 and vitronectin are colocalized in
extracellular compartments during tumor development, an-
giogenesis, inflammation, and necrosis (26—28). Vitronectin
that has been incorporated into the ECM assumes an altered,
oligomeric state that is structurally distinct from that of the
corresponding native circulating plasma vitronectin (29).
Vitronectin incorporated into the ECM adopts cell-binding
functions.

The range of effects that vitronectin has on PAI-1
localization and activity underscores the relevance of
evaluating the mechanism and modes of binding that exist
for these two partner proteins. For some time it has been
speculated that the binding of PAI-1 and other ligands to
vitronectin may initiate its transformation to the altered,
ECM-associated form (30, 31). However, direct evidence
for a PAI-1 induced conformational change in vitronectin
has been scarce. Some studies have suggested that PAI-1
may interact with regions of vitronectin that are outside
of the well-described binding surface in the SMB
domain (32—34), consequently modulating this confor-
mational effect (15, 35, 36). Conclusive evidence for a
second binding site for vitronectin and PAI-1 has come
recently from our work characterizing a deletion mutant
of vitronectin that lacks the somatomedin B domain, yet
retains PAI-1 binding (37). Also, the complementary site
on PAI-1 has been mapped using a battery of point
mutants and shown to comprise a region separate from
the somatomedin B binding area at the distal end of
a-helices D and E (38). The present work was devised to
explore the early molecular events that characterize the
interaction of PAI-1 and native monomeric vitronectin,
to address how this interaction influences reactions with
target proteases, and to test directly whether PAI-1 elicits
a structural transition in vitronectin. In order to resolve
these key issues, we have taken an approach that merges
the techniques of fluorescence spectroscopy and rapid
reaction kinetics to define the nature and stoichiometry
of intermolecular interactions between PAI-1 and mono-
meric vitronectin.

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 of 30 mM
HEPES, 0.135 M NaCl, and 1 mM EDTA and containing
0.1% polyethylene glycol 8000 for reduction of protein
adsorption. Chromatography materials were obtained from
Amersham Pharmacia Biotech (Uppsala, Sweden). Oligo-
nucleotides were synthesized and HPLC purified by Cru-
achem (Aston, PA) or DNA Technology (Arhus, Denmark).
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All other reagents were of analytical reagent grade or better
and were obtained from Sigma.

Recombinant PAI-1 Mutagenesis, Expression, and Puri-
fication. We will refer to amino acid residues in PAI-1 by
the numbering system of Andreasen et al., starting at Ser'-
Ala>-Val® (39). Construction of the pET-24d vector (Novagen)
encoding a non-Hise-tag recombinant human PAI-1 has been
described (40). The S121C mutation was engineered by the
established site-directed mutagenesis techniques of Kunkel
(41, 42). Preparation of the E352A/E353A/S340C PAI-1
exosite mutant at P4” and P5” has been described previously
(43). Mutant and wild-type non-Hise-tag PAI-1 were ex-
pressed in the Escherichia coli strain BL21(DE3)pLysS and
purified as described (40). All other recombinant PAI-1
variants including S340C, K325A/S340C, Stab/S340C, R117E/
R120E/S340C, and Stab/R117E/R120E/S340C were con-
structed in the pT7-PL vector, expressed with an N-terminal
Hise tag, and purified from E. coli expression cultures as
described previously (44). The stable, active PAI-1 variant
(Stab) carries the four amino acid substitutions described by
Berkenpas et al. (45). DNA sequencing of the full-length
PAI-1 gene confirmed all mutations. All final preparations
were shown tobe >98% active by SDS—PAGE analysis (40, 46).
PAI-1 protein concentrations were measured at 280 nm, using
a M, of 43000 and an extinction coefficient of 0.93 mL mg™"
cm™! for wild-type PAI-1 and variants (47).

Fluorescence Labeling of Recombinant PAI-1. Labeling
of the S121C PAI-1 variants was performed with N,N’-
dimethyl-N-acetyl-N"-methyl(7-nitrobenz-2-oxa-1,3-diazol-
4-yl)ethylenediamine (IANBD amide; Molecular Probes) to
create the fluorescently labeled variant, PAI-15; xpp, €S-
sentially as described (48). Labeling of the P9-Cys residue
in PAI-1 (S340C) and the above-described S340C variants
was carried out with N-((2-(iodoacetoxy)ethyl)-N-methyl)-
amino-7-nitrobenz-2-oxa-1,3-diazole (IANBD ester; Molec-
ular Probes) in the same manner as the labeling of S121C
(48). The typical labeling efficiencies were above 0.8 mol
of probe/mol of PAI-1, irrespective of the PAI-1 variant.
Incorporation of the fluorescent probes at these positions on
PAI-1 was shown previously to have no adverse effects on
PAI-1 activity (49, 50). Latent PAI-1, which typically
accumulated during the labeling reaction, was subsequently
removed by affinity chromatography on immobilized -an-
hydrotrypsin as described (46). Labeled PAI-1 protein
concentrations were determined as described above or
measured by the Bradford dye-binding assay (Bio-Rad) using
wild-type PAI-1 of known concentration as the standard (57).

Incorporation of 4-Fluorotryptophan (4-FTrp) into PAI-
1. Biosynthetic incorporation of the tryptophan analogue,
4-FTrp, was achieved by recombinant expression in the E.
coli tryptophan auxotroph strain W3110TrpA33(DE3)pLysS
using the one-step analogue incorporation method described
previously (52). The efficiency of 4-fluorotryptophan sub-
stitution into PAI-1 was determined by MALDI-TOF mass
spectrometry as described (52) and indicated that only one
major peak was present representing a PAI-1 molecule with
a mass of 42700 Da. This 67 Da increase in mass compared
to that of the wild-type PAI-1 control (42630 Da) was within
the experimental error of the theoretical 72 Da increase in
mass expected for the substitution of all four tryptophans
with 4-fluorotryptophan and thus is consistent with all four
residues being completely replaced. All final unlabeled and
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labeled preparations were shown to be >98% active by
SDS—PAGE analysis (40, 46). Concentrations were deter-
mined by the Bradford dye-binding assay (Bio-Rad) using
wild-type PAI-1 of known concentration as the standard (57).

Human Vitronectin Proteins. Native monomeric vitronectin
was purified from human plasma as described previously (53, 54).
Purified monomeric vitronectin was stored at 4 °C as an
ammonium sulfate pellet and resuspended in HEPES/NaCl
reaction buffer immediately before use. Gel filtration chro-
matography on a 20 mL Superdex S-200 column using a
mobile phase of PBS (0.038 M Na,HPO,, 0.011 M NaH,PO,,
0.145 M NaCl) at pH 7.4 confirmed that the monomeric
nature of the preparation was retained. Expression and
purification of the recombinant somatomedin B domain of
vitronectin containing residues 1—47 and a C-terminal Hisq
tag in a Pichia pastoris expression vector are described
elsewhere (55). Preparation of the somatomedin B domain
from native plasma vitronectin by cyanogen bromide diges-
tion has been described previously (56).

Proteases. Human recombinant tPA (Activase) was pro-
vided by Genentech Inc. (San Francisco, CA). The bulk drug
tPA preparation is largely composed of the single chain form
and was subsequently converted to the two-chain form by
continuous fluxing of the tPA preparation through a 1 mL
plasmin Sepharose column as previously described (46).
Human recombinant high molecular weight two-chain uPA
was provided by Abbott Laboratories (Chicago, IL) or
purchased from Wakamoto Pharmaceutical Co. (Tokyo,
Japan). Protease concentrations were determined from the
absorbance at 280 nm using extinction coefficients of 1.93
and 1.36 mL mg~! cm™! and M, values of 63500 and 54000
for tPA and uPA, respectively.

Fluorescence Emission Spectroscopy. Emission spectra
from equilibrium binding reactions between PAI-1,, ngp OF
4-FTrp PAI-1 and vitronectin proteins were carried out with
Varian Cary Eclipse or SPEX-3 spectrofluorometers equipped
with Peltier temperature controllers that maintained the
measurement and incubation temperatures at 25 °C. Fluo-
rescence experiments were carried out using semimicro (0.5
cm x 1.0 cm) or regular (1.0 cm x 1.0 cm) quartz cuvettes
and in a HEPES/NaCl reaction buffer containing 0.1% PEG
8000 to prevent protein adsorption to the quartz surface. The
excitation wavelength used for studying the fluorescence of
PAI-1,5;ngp Was 480 nm, and the emission spectra were
scanned from 500 to 650 nm using a bandwidth of 5 nm for
both the excitation and emission beams. Emission spectra
for PAI-15;np (50—200 nM) were recorded prior to and
after the addition of saturating concentrations of native
vitronectin or recombinant SMB domain (0.2—1.0 4«M) and
a 5—10 min incubation period. The excitation wavelength
for 4-FTrp PAI-1 was 300 nm, and the emission spectra were
scanned from 320 to 450 nm using a bandwidth of 2.5 nm
on the excitation beam and 5 nm on the emission beam. For
these reactions, vitronectin (0.8 uM) was titrated with a 2—3-
fold molar excess of 4-FTrp PAI-1 (1.6—2.4 uM), and
changes in emission spectra were recorded after a 5—10 min
incubation. Results are presented as the averaged spectra of
three independent titrations. All individual emission spectra
were collected as averages of 3—5 emission scans using 1.0 s
integration over a 0.5 nm step resolution and corrected for
background fluorescence and dilution effects, which were
typically less than 5%.
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Fluorescence Stopped-Flow Analysis of PAI-1: Vitronectin
Binding Kinetics. Stopped-flow reactions of PAI-15;.ngp
were measured on an Applied Photophysics SX.18MV
stopped-flow reaction analyzer with a 25 °C thermostated
syringe chamber. Excitation was at 480 nm, and a filter with
a cutoff below 515 nm was used to monitor the fluorescence
emission in the PAI-1,.ngp experiments. Unless otherwise
stated, stopped-flow experiments were carried out under
pseudo-first-order conditions with either native vitronectin
or the recombinant SMB domain (0.05—1.0 xM) added in
at least a 4-fold molar excess over PAI-1,5;.npp (6.25—50
nM). Stopped-flow reaction traces representing the rapid
increase in NBD fluorescence for reactions using PAI-1,,;
NBD were best fit to the single exponential function of eq 1
or the double exponential function of eq 2 to obtain the
pseudo-first-order rate constants kops—; and kgps—2:

F,=Fy+A/(1—e " (1
F=Fy+A(1—e ™ +a0—e ™) (2

where F, represents the fluorescence emission at time ¢
(seconds), A and A, are the amplitudes associated with kgps—
and k,ps—2, respectively, and Fj is the fluorescence at t = 0.
The slope for the resulting linear dependencies of the ko
values on the concentration of vitronectin gives the respective
second-order association rate constants Ksoc—1 and Kassoe—2
depending on the selected model. The subsequent slow
fluorescence change occurring after initial binding was
associated with a single phase decrease in the NBD
fluorescence, and therefore reaction traces were accordingly
best fit by the expression of eq 3:

F,=F,+Ae " 3)

where F, denotes the fluorescence emission at time ¢
(seconds), A is the amplitude associated with the observed
pseudo-first-order rate constant (koys), and Fj is the fluores-
cence at time = 0.

Fluorescence Stopped-Flow Analysis of 4-FTrp PAI-1:
Vitronectin Binding. Stopped-flow reactions of the 4-FTrp
PAI-1 variant were measured on an Applied Photophysics
SX.18MV stopped-flow reaction analyzer with a 25 °C
thermostated syringe chamber. Excitation was at 300 nm,
and a filter with a cutoff below 310 or 320 nm was chosen
to exclude excitation light. Stopped-flow experiments were
carried out both at a 1:1 ratio of 4-FTrp PAI-1 and native
vitronectin and with 4-FTrp PAI-1 in excess. For reactions
utilizing the 4-FTrp PAI-1 variant in excess, the observed
slow conformational change was associated with a single-
phase decrease in the intrinsic tryptophan fluorescence;
therefore, reaction traces were accordingly best fit by the
expression of eq 3.

Stopped-Flow Analysis of P9-NBD-Labeled PAI-1 Kinet-
ics. Stopped-flow reactions of P9-NBD-labeled PAI-1 vari-
ants and their complexes with native vitronectin or the SMB
domain were measured on an Applied Photophysics SX.18MV
stopped-flow reaction analyzer with a thermostated syringe
chamber. Excitation was at 480 nm, and a filter with a cutoff
below 515 nm was used to monitor fluorescence emission.
Stopped-flow experiments were carried out under pseudo-
first-order conditions as has been previously described (46)
with proteases in excess over the tested P9-NBD PAI-1
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variants (6.25—25 nM). Reaction progress curves were
typically monophasic, except as noted below, and best fit
by the single exponential function of eq 1. As previously
noted for tPA and uPA reactions occurring at high concen-
trations of protease, a slow linear increase in fluorescence
persisted after the main exponential phase (49). In such cases,
eq 1 was modified to include a finite linear function and
assuming a finite end point. The amplitude of the linear
fluorescence change was typically <10—15% of the total
fluorescence increase and has been deemed to represent a
slow isomerization of the P9-NBD fluorophore subsequent
to the primary reaction step (48, 49). The ks values obtained
for the major increase in fluorescence were subsequently
analyzed assuming a two-step binding model (46) for which
the dependence of ks On protease concentration is described
by the function for a rectangular hyperbola:

klim [P ] o

obs KM + [P]o (4)

where [P], is the protease concentration, kj, represents the
limiting first-order rate constant for the observed forma-
tion of a serpin—protease complex, and Ky, is the concentra-
tion of protease at which the value of ks reaches one-half
that of &y, and is given by (kim + koge)/kon, Where ko, and ko
are the forward and reverse rate constants for formation of
the noncovalent Michaelis complex, respectively (46, 49).

RESULTS

Stopped-Flow and Steady-State Fluorescence Measure-
ments Using Probes on PAI-1 Indicate Differences in Binding
of Full-Length Vitronectin and the SMB Domain. In order
to follow the interaction of PAI-1 with vitronectin, we have
engineered a PAI-1 variant with a single cysteine replacing
a serine at a position that introduces a derivatizable free
sulfhydryl moiety in the vicinity of the vitronectin binding
domain. Based on a close proximity to the established region
for vitronectin binding identified from biochemical and
crystallization studies (//—14), the serine residue at position
121 (Figure 1) was chosen as the principal candidate for site-
directed mutagenesis to create the S121C variant. Labeling
with the environmentally sensitive NBD fluorophore pro-
duced the PAI-1,;.ngp variant, with the probe located at a
position intermediate between the binding site for the SMB
domain of vitronectin and the second vitronectin-binding site
that has been localized to the distal ends of helices D and E
39).

To follow the initial events defining the association of
PAI-1 with vitronectin, we used pre-steady-state kinetic
methods. Stopped-flow analyses of association reactions for
native vitronectin with PAI-1,,, npp are characterized by a
rapid enhancement in fluorescence (Figure 2A). Data acqui-
sition at longer times (up to 200 s) revealed a slow decrease
in NBD fluorescence following the rapid fluorescence
enhancement phase (Figure 2A). The decrease in fluore-
scence typically reflected 25—30% of the initial fluorescence
increase for reactions with native vitronectin. The association
of PAI-1,; ngp With the isolated SMB domain also reflected
a rapid rise in fluorescence (Figure 2A). However, the
subsequent quench in fluorescence accounted for nearly
100% of the initial fluorescence enhancement.

Blouse et al.

121-NBD

FIGURE 1: Localization of residues for fluorescent probe derivati-
zation of the PAI-1 structure. The active (stressed) structure of
PAI-1 (ribbon presentation) is depicted with the bound recombinant
somatomedin B domain of vitronectin (surface representation). The
p-sheet structures of PAI-1 are indicated in yellow, a-helices are
indicated in red, and positions of fluorescent probe derivitization
are indicated by orange spheres. The figure was generated in Swiss
PDB Viewer (version 3.7 (80)), using the coordinates for active
PAI-1 in complex with the recombinant somatomedin B domain
(PDB id 10CO0 in ref 16).

The emission spectra of the PAI-1—vitronectin and PAI-
l1—somatomedin B complexes were measured when the
binding reaction had reached steady state (Figure 2B). The
association of PAI-1,,,.ngp With native vitronectin results in
a maximal enhancement of the fluorescence for the NBD
probe of approximately 50% with a blue shift in the peak
emission from 545 to 539 nm (Figure 2B). This observation
indicates that the fluorophore becomes transferred into a more
hydrophobic environment upon complex formation. Titration
of 200 nM PAI-1,; ngp With increasing concentrations of
native vitronectin demonstrated a stoichiometric and saturable
change in NBD fluorescence, with a stoichiometry of 1:1
(Figure 2B, inset). A different result is seen upon association
of PAI-1j5;ngp Wwith the SMB domain, with negligible
fluorescent changes amounting to a slight 2% quench in total
fluorescence (Figure 2B). This lack of a change in NBD
fluorescence for equilibrium binding to the PAI-1 variant
with the probe at position 121 is consistent with the data
from the stopped-flow measurements (Figure 2A) that show
an increase in fluorescence induced by the SMB domain
within the first few milliseconds of binding, followed by a
quench back to initial fluorescence values within ~100 s.

Association of PAI-1 with Native Plasma Vitronectin Is a
Two-Step Binding Process Followed by a Conformational
Change. The rapid increase in fluorescence, followed by the
slower decrease, observed when vitronectin or the SMB
domain binds to PAI-1,,, npp, is indicative of a sequence of
events that characterize the association of the proteins. A
first approach to the analysis was made as a fit to a two-step
process, considering the most straightforward model to be a
sequential reaction with two phases that correspond respec-
tively to the rapid increase and slower decrease in fluores-
cence. Fits using this model for full-length vitronectin binding
to PAI-1,; xgp Were not satisfactory. One reason for the poor
fits to the model is that our attempt to determine whether
the rapid increase in fluorescence corresponded to a single
event was not definitive when the fraction of data accounting
for this early phase was less than 5% of the total reaction
trajectory. The poor fits indicated that more than two rates
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FIGURE 2: Fluorescent changes upon binding of vitronectin or its
SMB domain to PAI-1;;xpp. (A) Representative stopped-flow
progress curves for reactions of 50 nM PAI-1,,, xgp With 250 nM
monomeric vitronectin (black trace) or recombinant SMB domain
(gray trace). (B) Fluorescence emission spectra at steady state,
following addition of monomeric vitronectin (200 nM) or recom-
binant SMB domain (200 nM) to PAI-1,,;.xsp (50 nM). Key: PAI-
1121.npp only (black trace); PAI-15;.ngp + monomeric vitronectin
(black-dashed trace); PAI-1,,;.xpp + the SMB domain (gray-dashed
trace). Inset: Equilibrium binding isotherm of 200 nM PAI-1,,,
NBD with monomeric vitronectin indicates a 1:1 stoichiometry of
interaction. Results from experiments using an SMB domain
isolated from plasma vitronectin by cyanogen bromide cleavage
(native SMB domain) (60) demonstrated comparable results
indistinguishable from those found with the SMB domain construct
expressed in P. pastoris (data not shown).

were involved in the process and prompted a more detailed
analysis of the rapid increase in fluorescence using stopped-
flow methods to dissect the early events in the binding
reaction.

Deconvolution of reaction traces for PAI-1,,; ngp binding
to native vitronectin (Figure 2A) revealed that the initial fast
increase in PAI-1,; npp fluorescence is biphasic, suggesting
two events during the initial binding to vitronectin. To better
characterize these binding events, reaction progress curves
were measured on the fast time scale that focused on this
initial increase in fluorescence for reactions of PAI-15;.n8D
with a 10-fold molar excess of native vitronectin or the SMB
domain in order to maintain pseudo-first-order conditions
(Figure 3). The dual-phase character of the reaction progress
curves with monomeric plasma vitronectin, but not with the
SMB domain, is best appreciated by comparing the devia-
tions in residual values that arise when evaluating fits of
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FIGURE 3: Analyses of fluorescence stopped-flow progress curves
demonstrate multiphase association kinetics with native vitronectin
but not the SMB domain. Shown are stopped-flow progress curves
of 50 nM PAI-1,;.nsp With 250 nM monomeric vitronectin (panel
A) or 250 nM recombinant SMB domain (panel B). Residual plots
for mono- and biexponential models (eqs 1 and 2 in Experimental
Procedures, respectively) are illustrated below the individual
progress curves in panels A and B.

monoexponential versus biexponential models (Figure 3,
lower panels). Analyses of the residual arrays from the two
regression models by the F-test statistic to determine the best
fit model yielded p-values of p < 0.001 (native vitronectin)
and p = 1.000 (SMB domain), supporting the idea that the
reaction with native vitronectin is best modeled by a
biexponential regression analysis, while data with the SMB
domain are fit adequately to a single kinetic phase. The
different result comparing the SMB domain versus full-length
vitronectin binding to PAI-1,,; xgp underscored the impor-
tance of pursuing the detailed analysis using pre-steady-state
kinetics to clarify the steps in the reaction that were not easily
modeled by a two-step, sequential binding model. If the
second, slower phase of the binding reaction were somehow
skewing the analysis during the rapid phase with an increase
in fluorescence, we would expect the same artifacts to arise
with the SMB domain, which has the same two reaction
phases. However, there is a clear difference between the
SMB domain, with one binding site for PAI-1, and full-length
vitronectin, with two binding sites (37, 38), that result in
one or two exponentials, respectively, in the early phase of
the binding reaction.

Reaction progress curves for experiments with native
vitronectin were thus analyzed as a biexponential process
according to eq 2, yielding the two observed rate constants,
kobs—1 and kqps—o. Progress curves for reactions of the SMB
domain with PAI-1,,;ngp Were fit using the single expo-
nential in eq 1, yielding only kos—;. The relative fluorescence
amplitudes observed for the two reaction rates with native
vitronectin each accounted for approximately one-half of the
total fluorescence increase. An exception was observed at
the highest concentrations of native vitronectin (>0.5 uM),
where the fluorescence signal associated with kops—> (the
slower rate) typically predominated. For reactions of PAI-
l121.nep With the SMB domain, the maximal fluorescence
enhancement was routinely 40—50% of that observed for
native vitronectin progress curves. This observation is
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FIGURE 4: Stopped-flow kinetics to determine association rates for
PAI-1 interaction with vitronectin or the SMB domain. Reactions
of PAI-1,,;.nsp With vitronectin were monitored in a stopped-flow
experiment to obtain pseudo-first-order kops—; and kqps—2 values for
the mono- and biphasic reactions of vitronectin variants, which were
plotted against the vitronectin concentration as described in
Experimental Procedures. “Fast-phase” kons—; values (solid) and
“slow-phase” kons—2 values (open) are shown for native monomeric
vitronectin (solid and open circles) and recombinant SMB domain
(open squares). Solid (fast-phase) and dashed (slow-phase) lines
represent linear regression fits of the data assuming a zero intercept.

consistent with binding of the SMB domain accounting for
half of the total probe perturbation, while additional molec-
ular interactions of full-length vitronectin accounts for the
ancillary fluorescence changes (compare curves in Figures
2 and 3).

The dependencies of the observed association rates on
increasing concentrations of native vitronectin or the SMB
domain are shown in Figure 4. In all cases, the evaluated
kops—1 values (and kops—» values measured only for native
vitronectin reactions) were nonlimiting and linear over the
experimentally accessible concentration range (0.05—1.0
uM). This direct concentration dependence indicates that the
experiments monitor two noncovalent binding events be-
tween PAI-1 and native vitronectin during the fast reaction
phase, while only single association events are observed for
binding to the SMB domain.

Evaluation of the linear dependencies for kqps—; and kops—2
on the vitronectin concentration allows a determination of
the corresponding values for the association kinetics of these
two binding interactions with second-order association rate
constants equal to kugoc—; of (1.88 & 0.10) x 10" M~ ! 57!
and Kysoe—2 Of (7.13 £ 0.35) x 10° M™! s7'. The kyssoc—1
values for native vitronectin and the SMB domain ((1.37 +
0.06) x 107 M~! s7!) are comparable, suggesting a fast, high-
affinity interaction with the SMB domain. In addition, the
biphasic reaction profile with native vitronectin indicates that
there is a second interaction event that occurs at a ~2—3-
fold slower rate and/or is of a lower affinity.

Whereas the initial rapid increase(s) in NBD fluorescence
for each tested vitronectin variant followed a linear concentration
dependence, the slower subsequent decrease in NBD fluores-
cence that occurs on longer time scales (k.ps—3) represents a
phase of the reaction that is independent of vitronectin
concentration. These monophasic fluorescence quenches ac-
quired at 25 °C were analyzed by eq 3, yielding rate values in
the range of 0.03—0.04 s™! for reaction traces with full-length
vitronectin or the SMB domain. The saturable nature of this
slow phase provides evidence that the NBD probe on PAI-1
monitors a structural change that occurs after the initial fast
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binding reaction. The fact that the rate of the conformational
change is saturated at the lowest tested vitronectin concentration
(50 nM) is consistent with the observed high affinity for PAI-1
binding to native vitronectin, with Ky’s for the SMB domain
and the second site equal to 0.1—1 nM (57) and ~25—50
nM (37, 38), respectively.

Structural Changes Occur in Vitronectin after Binding to
PAI-1. The fluorescence stopped-flow results presented in
Figure 2A indicate a change in conformation that occurs after
binding of a single PAI-1 molecule to the SMB domain of
vitronectin but do not distinguish whether the structural
change occurs only in PAI-1 or both proteins in the complex.
Indeed, it is possible that conformational changes within the
SMB domain of vitronectin could be a primary contributor
to changes in the fluorescence of the probe on PAI-1 because
of the intimate binding interface at which the NBD probe is
found. We therefore sought an approach that would solely
monitor conformational perturbations in vitronectin when
bound to PAI-1, testing the long-standing hypothesis that
PAI-1 binding elicits an alteration in vitronectin. In order to
exclusively monitor vitronectin using its intrinsic tryptophan
fluorescence, we have exploited a novel variant of PAI-1
that was engineered to be “fluorescently silent” (52). This
was accomplished through the biosynthetic incorporation of
a 4-fluorotryptophan analogue of tryptophan into PAI-1
during recombinant protein expression, thus creating a variant
that functions essentially like the wild-type protein but which
effectively has no observable fluorescence when excited at
300 nm (52). Thus, any intrinsic fluorescence measured arises
from the eight tryptophans in vitronectin, which are located
at positions 181, 201, 261, 294, 303, 382, 405, and 450. Most
of these tryptophans are localized within the C-terminal half
of vitronectin, and none of these are found within the SMB
domain. As shown in Figure 5A, the addition of a 2-fold
molar excess of 4-FTrp PAI-1 to monomeric vitronectin (0.8
uM) results in a quenching of the intrinsic tryptophan
fluorescence of native vitronectin, with a maximal saturating
quench of 22.8%. Further addition of 4-FTrp PAI-1 did not
result in any additional quenching of the vitronectin fluo-
rescence. The fluorescence quench occurred on a time scale
that was considerably faster than that previously reported
for PAI-1 induced oligomerization of vitronectin (35).
Furthermore, incubation of the 4-FTrp PAI-1—vitronectin
complexes at 37 °C after the initial quench did not produce
any additional change in intrinsic tryptophan fluorescence
over a time period of up to 60 min (data not shown),
conditions under which higher order oligomers are known
to accumulate (35). The absence of any detectable changes
in tryptophan fluorescence, and consequently, transitions in
the vitronectin structure when monitored over this longer
time frame, is consistent with the initial binding of PAI-1 to
native vitronectin triggering the observed conformational
change in vitronectin.

In order to further elucidate the nature and rate of the
conformational change in native vitronectin induced by the
binding of 4-FTrp PAI-1, reactions were followed by
stopped-flow fluorometry using a 1:1 stoichiometry of 4-FTrp
PAI-1 and native vitronectin (Figure 5B). Inspection of the
time courses from stopped-flow experiments revealed that
the observed rate of intrinsic tryptophan fluorescence quench-
ing represents a monophasic, concerted transition within the
vitronectin structure as monitored by intrinsic tryptophan
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Table 1: Individual Rate Constants for Protease Inhibition by PAI-1 Mutants in the Presence of Native Vitronectin or the SMB Domain®

tPA uPA
Kim (s Ky (uM) K/ Kot (uM™" s71) Kim (s Ky (uM) K/ Kot (uM™" s71)
wild type 2.26 £ 0.01 0.06 £ 0.01 37.67 14.49 £0.53 1.19 £0.13 12.18
wild type + nVN 2.25£0.03 0.12 £ 0.01 18.75 545£0.13 0.86 £ 0.05 6.34
wild type + rSMB 2.27 £0.02 0.07 £ 0.01 3243 6.58 £0.12 0.48 £0.03 13.71
E352A/E353A 10.09 £ 0.42 2.30 £0.20 4.39 18.87 £ 1.01 422 +0.40 4.48
E352A/E353A + nVN 3.31£0.16 0.90 +0.11 3.69 433 +0.15 243 +0.18 1.78
E352A/E353A + rSMB 6.09 £ 0.26 1.14 £0.13 533 6.24 £ 0.20 1.53 £0.12 4.07
R117E/R120E 2.18 £0.02 0.06 £ 0.01 38.93 15.68 £ 0.81 1.85 £ 0.19 8.49
R117E/R120E + nVN 2.29 £0.02 0.16 £ 0.01 14.83 9.35 £ 044 1.73 £0.16 5.51
R117E/R120E + rSMB 2.61 £0.04 0.11 £0.01 23.13 10.53 £ 0.62 0.75 £0.12 14.10
K325A 1.56 £0.01 0.06 £+ 0.01 26.00 15.54 £ 0.46 1.43 £+ 0.09 10.90
K325A + nVN 2.19 £ 0.06 0.13 £0.02 16.47 7.59 £0.42 1.19 £0.17 6.34
K325A + rSMB 2.37£0.02 0.10 £ 0.01 23.70 9.78 £0.19 0.72 £0.05 13.70
Stab 0.20 £ 0.01 0.06 £ 0.01 3.20 5.66 £0.15 0.46 £ 0.04 12.30
Stab + nVN 0.60 £ 0.01 0.10 £ 0.01 6.10 6.55 £0.22 1.28 £ 0.09 5.10
Stab + rSMB 0.25 £ 0.01 0.08 £ 0.01 3.13 6.72 +0.16 0.69 +0.45 9.68
Stab-R117E/R120E 0.37 £0.01 0.13 £0.01 2.85 5.28 £0.10 0.61 +0.03 8.69
Stab-R117E/R120E + nVN 0.48 +0.01 0.14 4 0.02 3.42 6.86 +0.23 1.37 £ 0.10 5.03
Stab-R117E/R120E + rSMB 0.35 £0.01 0.14 £ 0.01 2.50 9.08 £ 0.44 122 £0.14 7.43

“ Rapid kinetic experiments were measured in 0.03 M HEPES/0.135 M NaCl/l 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. The second-order rate constant for PAI-1 inhibition of proteases was calculated from the fitted stopped-flow data
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FIGURE 5: Intrinsic tryptophan fluorescence changes indicate a
transition in the structure of plasma vitronectin upon interaction
with PAI-1. (A) Addition of 4-FTrp PAI-1 to 0.8 uM monomeric
vitronectin: vitronectin only (black trace); vitronectin + 1.6 uM
4-FTrp PAI-1 (2:1 ratio) (black-dashed trace); vitronectin + 2.4
uM 4-FTrp PAI-1 (3:1 ratio) (gray-dashed trace); control fluores-
cence of 0.8 uM 4-FTrp PAI-1 (gray trace). (B) Representative
stopped-flow progress curve for the reaction of 1.2 uM 4-FTrp
PAI-1 with 0.1 uM full-length vitronectin was recorded in a
stopped-flow reaction analyzer over a 100 s time interval as
described in Experimental Procedures.

fluorescence. The fluorescence quench occurs on a similar
time scale as that of the slow conformational change reported
by the NBD probe on PAI-1y,,ngp. Pseudo-first-order
reactions with varying 4-FTrp PAI-1 concentrations (0.4—3.0
uM) in excess over native vitronectin (0.1 uM) were
measured, yielding monophasic quenches in tryptophan
fluorescence with ks values between 0.02 and 0.05 s~ (data
not shown). The fact that the observed reaction rates only
marginally increase over a large concentration range argues
that the PAI-1 induced changes in intrinsic tryptophan
fluorescence report a structural transition in plasma vitronec-
tin and that the reaction rate is close to saturation at the
lowest tested 4-FTrp concentrations.

Differential Rates of Reaction of Target Proteases with
PAI-1 in Complex with Vitronectin or the SMB Domain. Also
of interest was whether the binding of vitronectin or the SMB
domain affects the characteristic mechanism of inhibition of
proteases by PAI-1. To evaluate these effects, we used a
well-described fluorescence model for monitoring the tran-

Stable Acyl-Enzyme
Complex

FIGURE 6: Schematic representation of the serpin inhibition reaction
with a protease. The reaction is initiated by the formation of a
noncovalent Michaelis complex (ki/k—,) followed by proteolytic
cleavage of the P1—P1’ peptide bond to give a reversible loop-
bound acyl-enzyme intermediate (k,/k—,). The limiting rate step,
which is insertion of the first hinge residue(s) into the breach region
(kslk—3) (50), gives a loop-displaced intermediate with a release of
the distal P’ fragment from the substrate pocket of the protease.
This step permits complete loop insertion (k; + k) as an inhibited
acyl-enzyme complex or hydrolyzed serpin and free protease.

sient reaction kinetics of PAI-1 inhibition of target proteases
(48), measuring the effects of native vitronectin and the SMB
domain on the rate of reactive center loop (RCL) insertion.
For this model system, the PAI-1 molecule was labeled at
the P9 residue with NBD in order to follow RCL insertion
by stopped-flow fluorometry (Figure 1). Our prior studies
(40, 43, 46) and those of others (49, 58) have established
multiple steps in the serpin reaction pathway, which are
illustrated by Figure 6, showing an expanded model for
protease inhibition by serpins in which the overall limiting
rate (k;n) includes several mechanistic steps. These include
reversible acylation of the acyl-enzyme intermediate (k, and
k_,), release of the P’-side of the RCL from the protease
active site cleft (k; and k—3), and loop insertion (k; and
ks) (43, 46, 49). In the case of PAI-1 where strong exosite
interactions persist with its target proteases, it has been shown
that the primary rate-limiting step is release of the P’-side
of the RCL from the protease active site (k3) (43, 46).
Whereas both native vitronectin and the SMB domain had
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negligible effects on the limiting rate of RCL insertion (ki)
for reactions of wild-type PAI-1 with tPA, a significant
reduction in kj;,, was noted when uPA was used as the target
protease (Table 1). Such an observation indicates that the
binding of the SMB domain of vitronectin affects the PAI-1
structure and effectively increases the thermodynamic energy
barrier for loop insertion when uPA is the target protease.

In order to more fully understand these tPA vs uPA
differences and characterize the effects of native vitronectin
or the SMB domain on the mechanism of PAI-1 inhibition,
we expanded our approach by using a panel of selected PAI-1
variants that can distinguish various points along the reaction
pathway presented in Figure 6. Previous work has demon-
strated that reactions of PAI-1py ngp With tPA or uPA yield
a ky, that is dominated by the rate of release of the P’-side
of the cleaved RCL from the substrate cleft of the protease
with a concomitant breaking of exosite—exosite interactions
between the acidic P4’—P5’ glutamate residues of PAI-1 and
basic residues on the 37-loop of the proteases (43, 46). The
exosite interactions are stronger for PAI-1 with tPA com-
pared to uPA, which is one reason that the overall limiting
rate of RCL insertion is higher for uPA. This step that occurs
upon breaking of these exosite interactions is represented
by the transition of a loop-bound acyl-enzyme intermediate
to that of a loop-displaced acyl-enzyme intermediate (ks/k—3)
in the scheme illustrated by Figure 6, with residues in the
vicinity of P12 to P14 inserted into the top of the central
[-sheet. Introduction of alanine substitutions at the P4” and
P35’ residues (E352A/E353A) yielded the expected increase
in ki, due to disruption of the exosite interactions (43, 46).
However, the binding of native vitronectin or the SMB
domain to this exosite mutant of PAI-1 resulted in a
significant reduction in ky;,, for both tPA and uPA reactions
(Table 1 and Figure 7A). The extent of reduction in ky;;,, was
greater when native vitronectin was used as compared to the
SMB domain for both tPA and uPA reactions (Table 1). This
result indicates that full-length native vitronectin has ad-
ditional stabilizing interactions that are mediated by regions
outside of the SMB domain.

Residue K325 was previously postulated to play a role in
RCL insertion in the serpin mechanism by anchoring 3-strand
5A through side-chain hydrogen bonding to the loop con-
necting o-helix F to 5-strand 3A (59). Replacement of K325
with alanine disrupts this interaction that stabilizes the central
[-sheet, allowing for more facile insertion of the RCL during
the course of the serpin mechanism. For uPA reactions, the
K325A mutation had no effect on the basal rate of protease
inhibition in the absence of vitronectin. However, the kjy,
for K325A PAI-1 reaction with uPA was decreased in the
presence of native vitronectin or the SMB domain. Neverthe-
less, these reduced rates for RCL insertion upon reaction
with uPA were less pronounced than the corresponding
effects on kj,, with wild-type PAI-1 (Table 1). In contrast,
for reactions of the K325A PAI-1 with tPA there was a
decrease in the basal k;;,, value and a slight increase in the
rate of reaction in the presence of both vitronectin variants.

By far the most prominent effect on kj;,, was observed
with the latency resistant, stable variant of PAI-1 containing
the four mutations described by Berkenpas et al. (45).
Reaction of the stable variant of PAI-1 with tPA in the
absence of vitronectin is characterized by an order of
magnitude reduction in ky, (0.2 vs 2.3 s7!), whereas the
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FiGURE 7: Differential effect on the limiting rate (kj,,) for protease
inhibition by PAI-1 in the presence of full-length vitronectin or
the SMB domain. Stopped-flow analyses for select PAI-1pg.ngp
variants (6.25—50 nM) in the absence of vitronectin (@), or in
complex with 50 nM vitronectin (O) or recombinant SMB domain
(O). Reactions with increasing concentrations of tPA (0.05—6 uM)
were carried out in a stopped-flow reaction analyzer as described
in Experimental Procedures. Averaged ks values from 6—10
experiments were plotted and fit to eq 4 in Experimental Procedures
(solid lines) to obtain the ki, values reported in Table 1. E352A/
E353A PAI-1pgngp (panel A); Stab PAI-1pg npp (panel B); Stab -
RI117E/R120E PAI-1pgngp (panel C).

reaction is only reduced 3-fold when uPA is the target
protease. The basis for the effects on ky;,, for these PAI-1



Mechanism of PAI-1 and Vitronectin Interactions

variants is likely similar to that described previously for a
stabilizing mutation in the conserved breach region of PAI-1
(46). In striking contrast to our observations with other PAI-1
variants, full-length native vitronectin but not the SMB
domain accelerated the reaction rate of the stable PAI-1
variant with tPA by a factor of 3 (Table 1 and Figure 7B).
There was no apparent effect of either vitronectin variant
on reactions with uPA. Such discrepancies regarding the
effects of full-length vitronectin and the SMB domain on
rates of RCL insertion for the stable PAI-1 variant are
consistent with more extensive interactions with native
vitronectin outside of the SMB domain. For this “stable”
PAI-1 variant these interactions permit an accelerated reac-
tion; nevertheless, the data also indicate that discrete
structural differences likely exist between the stable mutant
and wild-type PAI-1. This observation is consistent with a
recent report by Li et al. (60), who postulate that the stable
variant of PAI-1 has distinct structural differences compared
to native wild-type PAI-1 in the proximity of the breach.
Our recent studies (37, 38) provide evidence for an
extended binding interaction between PAI-1 and a recom-
binant variant of vitronectin lacking the SMB domain
(rAsBVN), which is primarily dependent on a patch of basic
residues along a-helices D and E. A double mutation of
PAI-1 constructed within this extended binding site and
having charge reversals corresponding to the R117E and
R120E substitutions was shown to strongly reduce binding
to rAsBVN (38). We have also used this charge reversal
mutant to test for differential effects on RCL insertion upon
binding to the SMB domain or to full-length vitronectin
(Table 1). For reactions with uPA, the RI117E/R120E
mutation demonstrated less of a reduction in the kjy
compared to wild-type PAI-1. Also, the effects of full-length
vitronectin were comparable to those observed with the SMB
domain alone, consistent with a mutation that disrupts
interactions at the second binding site (37, 38). Consistently,
incorporation of the R117E-R120E charge reversal mutations
along with those in the 14-1B “stable” form of PAI-1
neutralized the accelerated kj;,, observed for the reactions of
stable PAI-1 with tPA in the presence of native vitronectin;
however, only small effects were observed on reactions in
the absence of native vitronectin or the SMB domain (Table
1 and Figure 7C).” The generation and analysis of multiple
mutants and their inhibition of both proteases were necessary
to discern the effects of disruption of one of the binding sites
for vitronectin on the RCL insertion and the overall serpin
inhibition mechanism. The separate effects for primary site
and secondary site binding that are suggested, comparing
the R117E-R120E double mutant with wild-type PAI-1, are
much more obvious in the case where kinetics are measured
using the stable mutant of PAI-1 + the added mutations. In
summary, these functional data with a variety of PAI-1
mutants support the view that native vitronectin has interac-
tions with PAI-1 that extend beyond those of the SMB
domain. As seen from the data, these interactions can have
noteworthy effects on the mechanism of PAI-1 inhibition.

21t is possible that the double mutation has an effect on the
conformation of PAI-1 in this region, as the basal kj, value for the
stable variant containing the R117E/R120E mutation was also slightly
accelerated, and uPA reactions showed a marginally increased kj;;, in
the presence of native vitronectin or the SMB domain.
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Presently, the biological role for vitronectin is debated,
as its known biochemical functions are multifaceted, involv-
ing numerous interactions with a variety of biomolecules
from several physiological pathways, including coagulation,
fibrinolysis, inflammation, pericellular proteolysis, and cell
adhesion (10, 22, 23, 61—64). PAI-1 also has a role in these
processes, and these two partner proteins are often found to
be colocalized in the extracellular compartment (26—28, 65).
The present study was undertaken to shed further light on
the molecular interactions that transpire between PAI-1 and
vitronectin, using pre-steady-state kinetics to focus on the
early stages of the interaction. Our findings establish that a
rapid, two-step association occurs between PAI-1 and full-
length monomeric vitronectin that confers conformational
changes to both molecules. Furthermore, a variety of
approaches indicate that the binding of PAI-1 to full-length
vitronectin involves a more extensive interaction surface that
covers regions outside of the well-characterized binding site
for the SMB domain on PAI-1.

Two Sites of Interaction between PAI-1 and Vitronectin.
In most work to date, only a single, well-defined binding site
on PAI-1 for vitronectin has been characterized using several
biochemical (/1, 12, 14, 57) and structural methods (13, 56, 66).
In these studies, vitronectin was shown to interact with a
region of PAI-1 that bridges a hydrophobic pocket spanning
from a-helices D and E to a-helix F and covering strands
s1A and s2A of 3-sheet A (). Although binding is thought
to mainly involve hydrophobic interactions, a strong ionic
interaction was found with Arg!® residing on the o-helix
E-s2A turn of PAI-1 (//—14). The complementary PAI-1-
binding region has been identified as a high-affinity (Kjy
~0.5—10 nM) site within the amino-terminal SMB domain
(residues 24—30) (13, 56, 67).

For a long time, other somewhat controversial reports have
suggested the presence of a putative second lower affinity
domain for PAI-1 elsewhere in the vitronectin molecule (32, 33, 68).
From previous studies by some of us, the conclusion was
drawn that two molecules of PAI-1 can bind to vitronectin
under some circumstances (8, 36), causing us to evaluate
the possibility of a second binding site in earnest. Work with
a deletion mutant lacking the SMB domain, referred to as
rAsBVN, allowed for screening a variety of PAI-1 mutants
in order to show that interactions with vitronectin extend to
distal regions of helices D and E on PAI-1 (37, 38). Our
evaluation in this study of the rapid kinetics of interaction
was prompted by the demonstration of additional binding
sites on PAI-1 and vitronectin.

A better understanding of the early events that characterize
the association of PAI-1 and vitronectin was afforded by
evaluating the relative rates of these initial binding steps and
identifying potential conformational changes using a sensitive
fluorescent probe placed in close proximity to the boundary
of the SMB domain binding pocket. This approach shows
that the association of PAI-1 with monomeric vitronectin
consists of distinct phases of binding. A two-step, nonco-
valent association and a subsequent slow conformational
change in the tertiary structure of vitronectin and/or PAI-1
are observed (Figures 2, 3, and 5). The most reasonable
interpretation for the biphasic association observed with full-
length native vitronectin, which is absent in reactions using
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the isolated SMB domain (Figure 3), is the engagement of
the more extensive interaction surface that encompasses
residues outside the SMB domain.

Given that equilibrium titrations conducted under similar
conditions as the stopped-flow binding analyses describe a
1:1 stoichiometry with native monomeric vitronectin (Figure
2A, inset), along with the fact that two reaction phases are
not observed in reaction transients using the isolated SMB
domain, the data support a model in which a single
vitronectin molecule binds to PAI-1 at two interfaces. The
approximate 3-fold difference in k... values for the two
native vitronectin binding events is consistent with this model
and the notion that the secondary binding site lies outside
the SMB domain. These findings are also consistent with
the enhanced fluorescence reported by the binding of PAI-
1121.n8p to full-length native vitronectin relative to that of
binding to the SMB domain (Figures 2B and 3). Our previous
analytical ultracentrifugation work pointed to the role of two
binding sites that can accommodate two separate molecules
of PAI-1 on a single vitronectin molecule (36). However,
the conditions used in our present kinetic measurements do
not favor such higher order assembly. The stopped-flow
experiments were conducted under pseudo-first-order condi-
tions with vitronectin in excess. Such conditions are not
conducive to the binding of >1 molecule of PAI-1 to
vitronectin. Instead, it appears that, under these conditions,
a single molecule of vitronectin can interact with a single
molecule of PAI-1 via two binding events at two sites.
However, a strict order of binding is not dictated by the data.
If, in fact, binding to the SMB domain were obligatory before
binding to the second site via an intramolecular process, we
would expect the rate constant for binding to the second site
to be extremely rapid, not slower than the first association
rate. Therefore, although a preferred order of binding will
be dictated by differences in dissociation constants, the
bimolecular nature of the two binding events indicates that
a strict, sequential binding process is not observed. Whether
the second binding site characterized by this and our other
recent studies (37, 38) has a direct relation to the higher order
structures observed by analytical ultracentrifugation remains
to be established.

Conformational Changes Occur in Both upon Binding of
Vitronectin to PAI-1. The change in the fluorescence of the
NBD probe on the engineered Cysi,; in PAI-1 on a slower
time scale is compatible with a conformational change that
occurs subsequent to the dual binding events. Our working
hypothesis is that a concomitant change in the structure of
vitronectin occurs upon binding to PAI-1. In support of this
idea, vitronectin has been reported to undergo an irreversible
conformational change into an “altered” state that is readily
incorporated into the ECM and is prevalent in damaged
tissues and in pathological disease states (28, 35, 65). The
modified spectroscopic properties of the 4-FTrp PAI-1 variant
have effectively silenced any intrinsic fluorescence of PAI-1
and for the first time allowed a direct visualization of the
structural change that occurs in vitronectin upon complex
formation with PAI-1 (Figure 5). The slower nature of this
conformational transition compared to the rapid formation
of the PAI-1—vitronectin encounter complex supports our
prediction that the binding of PAI-1 to full-length monomeric
vitronectin induces a conformational change subsequent to
binding.

Blouse et al.

Extensive Interactions between PAI-1 and Vitronectin,
Including Interfaces Outside of the SMB Domain, Affect the
Mechanism by Which the Serpin Inhibits Target Proteases.
The primary function of serpins such as PAI-1 is their
inhibition of target proteases via formation of a 1:1 stable,
inactive, acyl-enzyme complex via the mechanism illustrated
in Figure 6. Accessory proteins or cofactors may bind to
serpins and influence the rates of the individual steps along
the reaction sequence, ultimately affecting the limiting rate
and products formed in the pathway. The role of vitronectin
in stabilizing PAI-1 (69, 70), in affecting the orientation of
its RCL (12, 71, 72), and in influencing its protease inhibition
repertoire (73) have been studied. We exploited the avail-
ability of full-length vitronectin to compare with the isolated
SMB domain, along with several mutant forms of PAI-1, to
assess effects of vitronectin on the mechanism of protease
inhibition by PAI-1. Our working hypothesis is that more
extensive interactions occur with full-length vitronectin
versus the isolated SMB domain and that these can affect
the serpin mechanism in different ways. To evaluate the
protease inhibitory mechanism for PAI-1, we utilized an
NBD label introduced strategically into position P9 of the
RCL, which has been shown to provide a sensitive reporter
for determining the limiting rate of RCL insertion (k) into
the central 3-sheet of PAI-1 in the course of the inhibitory
pathway. According to the mechanism depicted in Figure 6,
kim 1s a compound rate constant consisting of several
mechanistic steps that are described by the simplified
expression kyk;*/(ky + k-, + k3*), where k3* equals k3(k; +
kol(k—3 + ki + k) (46).

Results with tPA and uPA do not mirror each other, with
vitronectin and the SMB having differential effects that vary
according to which protease is tested in the assay. Protease-
specific effects with PAI-1 have been observed previously
in mutational analysis, due to a large extent to the more
prominent contribution of exosite interactions in the serpin
reaction scheme for tPA versus uPA. Furthermore, the
magnitude and direction of the effects of full-length vit-
ronectin and the SMB domain on limiting rates of loop
insertion vary among PAI-1 variants tested. Most notably,
in several cases, full-length vitronectin affects the limiting
rate to a greater extent than does the SMB domain alone.
Moreover, we have now identified a charge reversal (R117E-
R120E) mutant form of PAI-1 that is defective at binding
vitronectin over the full extent of the binding surface,
disrupting interactions that occur in addition to those with
the SMB domain from vitronectin (38). This mutant form
of PAI-1 exhibits less pronounced differences in effects on
loop insertion comparing full-length vitronectin and the SMB
domain, consistent with the disruption of important contacts
between the two proteins.

Recently, Komissarov and colleagues have taken a similar
approach, utilizing P9-labeled PAI-1 and the SMB domain
to evaluate effects of vitronectin and monoclonal antibodies
on the mechanism of protease inhibition by PAI-1 (74). As
in our work, these authors observed decreases in the limiting
rate of RCL insertion for several proteases in the presence
of the SMB domain and also noted differential effects
compared to using full-length vitronectin (75). They have
suggested that a decreased rate of RCL insertion with the
SMB domain is a result from stabilization of another
intermediate along the serpin reaction pathway in addition
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to those depicted in the canonical scheme shown in Figure
6. This conclusion is drawn in part from results of kinetic
measurements on RCL insertion with the SMB domain plus
a monoclonal antibody, both of which bind in the vicinity
of the a-helix F. According to their interpretation, the role
of the SMB domain is to impede RCL insertion via this
“helix F” intermediate that is heretofore uncharacterized.
Instead, our data support a simpler model in which the
stabilization of loop insertion by vitronectin occurs at a
known point along the pathway, i.e., at the stage in which
the proximal loop first inserts into the breach region of the
serpin (ks/k—_; in Figure 6) (46). This effect was revealed most
effectively by using the E352A-E353A mutant that disrupts
the exosite interactions that are rate-limiting for formation
of the loop-displaced intermediate with partial insertion of
the P-side residues into the central 3-sheet. Relief of these
interactions so that loop insertion can proceed relatively
unimpeded allowed for the direct observation of vitronectin
effects in the serpin pathway. Since insertion of the RCL
into the central -sheet is known to weaken interactions of
PAI-1 with vitronectin (76), a plausible mechanism for
stabilization of the loop-bound intermediate is that proceeding
along the reaction pathway to the loop-displaced intermedi-
ate, in which the N-terminal portion of the RCL becomes
partially inserted into the sheet A at the center of the serpin,
would be disfavored because it would result in disrupted
binding of vitronectin. Indeed, the binding of vitronectin at
the base of the central -sheet is thought to prevent the
mobility of strands 3A and S5A, which is required for the
RCL to insert. This interpretation is consistent with several
new lines of evidence presented here including the use of
the “exosite” mutant of PAI-1 to highlight differences in the
kinetics with vitronectin and the SMB domain, the demon-
strated concomitant conformational changes in PAI-1 and
vitronectin, and evidence for more extensive binding interac-
tions between PAI-1 and full-length vitronectin. Recent NMR
and deuterium exchange studies have also supported our
interpretation that the binding of the SMB domain alone
confers a conformational change in the PAI-1 structure.’
Thus, we favor a model in which interactions can form
between full-length vitronectin that extend beyond those
contributed by the SMB domain and act to stabilize this
intermediate and consequently affect the mechanism by
which PAI-1 inactivates target proteases.
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