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Background: Inhibition of PAI-1 may yield beneficial effects in e.g. cardiovascular diseases and cancer.
Results: The small molecule PAI-1 inhibitor, AZ3976, binds latent but not active PAI-1. The structure of the AZ3976�latent
PAI-1 complex is presented.
Conclusion: AZ3976 inhibits PAI-1 by accelerating latency transition, presumably by binding a prelatent form of PAI-1.
Significance: This study provides new drug design opportunities for PAI-1 inhibitors.

A novel class of small molecule inhibitors for plasminogen
activator inhibitor type 1 (PAI-1), represented by AZ3976, was
identified in a high throughput screening campaign. AZ3976
displayed an IC50 value of 26 �M in an enzymatic chromogenic
assay. In a plasma clot lysis assay, the compoundwas active with
an IC50 of 16 �M. Surprisingly, AZ3976 did not bind to active
PAI-1 but bound to latent PAI-1 with a KD of 0.29 �M at 35 °C
and a binding stoichiometry of 0.94, as measured by isothermal
calorimetry. Reversible binding was confirmed by surface plas-
mon resonance direct binding experiments. The x-ray structure
ofAZ3976 in complexwith latent PAI-1was determined at 2.4Å
resolution. The inhibitor was bound in the flexible joint region
with the entrance to the cavity located between �-helix D and
�-strand 2A. A set of surface plasmon resonance experiments
revealed that AZ3976 inhibited PAI-1 by enhancing the latency
transitionof activePAI-1. BecauseAZ3976onlyhadmeasurable
affinity for latent PAI-1, we propose that its mechanism of inhi-
bition is based on binding to a small fraction in equilibriumwith
active PAI-1, a latent-like prelatent form, from which latent
PAI-1 is then generatedmore rapidly. Thismode of action, with
induced accelerated latency transition of active PAI-1 may,
together with supporting x-ray data, provide improved oppor-
tunities for smallmolecule drug design in the hunt for therapeu-
tically useful PAI-1 inhibitors.

Mammalian blood contains the fibrinolytic system that is
capable of dissolving blood clots (1). On the surface of the
clot, the inactive proenzyme plasminogen is converted to the
active enzyme plasmin, which degrades fibrin into soluble
fibrin degradation products. The serine proteases that acti-
vate plasminogen into plasmin are tissue-type plasminogen

activator (tPA)2 and urokinase-type plasminogen activator
(uPA) (2). Inhibition of the fibrinolytic system in vivo may
occur either at the level of plasmin by �2-antiplasmin or
�2-macroglobulin. Inhibition can also be at the level of tPA/
uPA (3, 4), mainly by plasminogen activator inhibitor type-1
(PAI-1), which forms a suicide complex with tPA or uPA (5).
PAI-1 is a member of the serine protease inhibitor (serpin)

superfamily. The tertiary structure of PAI-1 is composed of
nine �-helices (hA–hI) and three �-sheets (A, B, and C). The
key feature is the reactive center loop (RCL), a solvent-exposed
unstructured loop of �20 amino acids containing the target
sequence recognized by proteases such as tPA and uPA (5–8).
In vitro, the conformation of active PAI-1 spontaneously con-
verts from the active state to an energetically more favorable
inactive latent state bymoving the RCL into the central �-sheet
(9–13). The conversion of PAI-1 from the active to the latent
conformation appears to be unique among serpins in that it
occurs spontaneously at a relatively rapid rate (14–17). For that
reason,most crystal structures of PAI-1 are of latent PAI-1 or of
stabilized mutants (9, 18–20). However, recently, the crystal
structure of W175F PAI-1 has been determined, which may be
the structure most closely representing active PAI-1 (6).
In vivo, most circulating PAI-1 in plasma is in a complex with

vitronectin (VN) (21), which stabilizes PAI-1 in the active con-
formation (17, 21–23), competent to inhibit tPA and uPA. Still,
PAI-1 ex vivo in blood has a half-life of only �1 h at 37 °C (24).
It has been found that PAI-1 binds to the N-terminal �50-
amino acid somatomedin B domain of VN (25–27). X-ray evi-
dence (23) suggests that binding to this domain induces confor-
mational changes in PAI-1 which, in addition to steric effects,
may contribute to its improved stability. However, the main
part of PAI-1 that is stored in the �-vesicles in platelets is not in
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complex with VN (28–30) and is active (31). Upon activation of
platelets, this stored PAI-1 is released to protect the primary
clot from fibrinolysis (28, 31) by inhibiting tPA secreted from
nearby endothelium (32). Although an inhibitor for PAI-1 that
neutralizes the activity of both PAI-1 in complex with VN and
of free PAI-1 may yield the most effective inhibition, it is still
possible that selective inhibition of free PAI-1 could provide
therapeutic benefit.
Several studies with inhibiting antibodies and small mole-

cules against PAI-1 have shown effects in different animalmod-
els of fibrinolysis (33–42). We are not aware of a PAI-1 inhibi-
tor that has been tested in patients, but the low molecular
weight PAI-1 inhibitor PAI-749 (diaplasinin) has been tested ex
vivo in human blood using the Badimon chamber and was
found not to have an effect on in vitro or ex vivo thrombus
formation or fibrinolysis in the presence or absence of tPA (43,
44). It is fair to say that development of oral PAI inhibitors has
been progressing slowly, probably due to the plasticity of this
unique target with no obvious druggable sites.
Here, we describe a novel small molecule ligand for PAI-1

exhibiting profibrinolytic activities in a plasma clot lysis assay in
vitro. A wide range of biophysical techniques support that the
ligand accelerates PAI-1 latency transition and a crystal struc-
ture of latent PAI-1 in complex with the ligand is presented.

MATERIALS AND METHODS

Proteins—Latent glycosylated recombinant human plasmin-
ogen activator type 1, PAI-1, purified from the conditioned
Chinese hamster ovary (CHO) cell medium, was originally
obtained from Symbicom AB (Umeå, Sweden). Activated
human PAI-1 was prepared by incubation of latent PAI-1 in 6 M

guanidine-HCl, followed by gel filtration on Superdex 75 at pH
5.5 (12). Inmost experiments, active glycosylated human PAI-1
from a single batch with a specific activity of 75% was used.
Active non-glycosylated human PAI-1 expressed in Escherichia
coliwas purchased fromMolecular Innovations, Inc. (Novi,MI)
and was shown to have a specific activity of 78%. Latent non-
glycosylated human PAI-1 was expressed in E. coli and pre-
pared in house (see below). Hereafter, if not indicated other-
wise, experiments performed using PAI-1 refers to the use of
the active glycosylated human PAI-1 batch displaying �75%
specific activity (thus containing �25% inactive/latent PAI-1
protein), and experiments performed using latent PAI-1 refers
to the use of latent non-glycosylated human PAI-1 batch with
0% specific activity. The two protein batches with glycosylated
active and glycosylated latent PAI-1 have been characterized
using circular dichroism spectroscopy (data not shown).
Rat PAI-1 and rat tPAwere purchased fromMolecular Inno-

vations. Two-chain tissue human plasminogen activator, tPA,
from melanoma cells, immunoaffinity-purified and stored in 1
M NH4HCO3 (Biopool, Umeå, Sweden), had a specific activity
of 812,000 international units/mg. Stock solutions of PAI-1 and
tPA,which had been kept stored at�80 °C formany years, were
without apparent change in activity. Monomeric VN was pur-
chased from Innovative Research, Inc. (Novi, MI). The solution
with the rabbit anti-mouse monoclonal antibody (RamFc) was
from the mouse antibody capture kit (BR-1008-38 from Bia-
core, GE Healthcare). The mouse anti-human tPAmonoclonal

IgG1 antibody 2:2 B10 (lot no. 4) was from IMCO Corp., Ltd.
(Stockholm, Sweden). The mouse monoclonal antibody H4B3,
specific for non-glycosylated latent PAI-1 was obtained from
Molecular Innovations, Inc. As a neutral reference antibody
mouse anti-FX from Innovative Researchwas used, showing no
interaction with either PAI-1, tPA, or VN.
Additional Chemicals and Materials—From Biacore (GE

Healthcare) were obtained N-ethyl-N�-(3-dimethyl aminopro-
pyl)-carbodiimide HCl (EDC), N-hydroxy-succinimide (NHS),
and 0.1M ethanolamine hydrochloride-NaOH, pH8.5, from the
amine coupling kit BR-1000-50 and the borate buffer, pH 8.5
(BR-1003-53). EDC andNHSwere dissolved in water to 0.4 and
0.1 M, respectively, and stored in 500-�l aliquots at �20 °C. For
pegylation, O-(2-aminoethyl)-O-methyl polyethylene glycol
5000 (PEG) from Fluka (06679) was used. 99.99% DMSO was
from Aldrich 27,685-5. Pefachrome tPA (CH3SO2-d-HHT-
Gly-Arg-pNA) was obtained from Pentapharm (Basel, Switzer-
land). All solutions were made with deionized water that was
further purified by reversed osmosis on an ElgastadtUHP (Elga,
Ltd., HighWycombe Bucks, England). The buffers were filtered
through Filtropur S plus 0.2 mm (Sarstedt, Nümbrecht, Ger-
many). All other chemicals were of reagent grade.
Preparation of the Plasma Pool—Blood samples were drawn,

after informed consent, from 40 healthy volunteers, with min-
imal trauma by free flow from a 17-gauge VenflonTM needle
(Becton Dickinson Infusion Therapy AB, Helsingborg, Swe-
den). Nine parts blood (45 ml) were collected into 50-ml poly-
propylene tubes (Sarstedt, Nümbrecht, Germany) containing
one part calcium chelator (5 ml of 0.105 M citrate) at room
temperature. Directly after collection, the tubes were turned
gently to mix anticoagulant and blood and centrifuged at
3600� g for 20min at room temperature, and the platelet poor
plasma supernatant was pooled and pipetted into polypropyl-
ene cryotubes (Sarstedt, Nümbrecht, Germany) and stored at
�80 °C until use.
Surface Plasmon Resonance, Instrument, and General

Conditions—The surface plasmon resonance (SPR) experi-
ments were performed on a Biacore 3000 and Biacore T200
optical biosensor (GE Healthcare). Sensor chip CM5 (research
grade, different lots) was obtained fromBiacore. Prior to use, all
sensor chips were left at room temperature for 30 min to pre-
vent condensation of water vapor on the detector side of the
chip surface. The running buffer in the SPR competition exper-
iments was made from HBS-EP buffer, 10� (BR-1006-69 from
Biacore) diluted to 10 mM HEPES, 0.15 M NaCl, 3 mM EDTA,
0.05% Tween 20, and 0.5% DMSO. The running buffer in the
direct binding experiments, here referred to as PBSTD buffer,
was made by dilution of 10� (BR-1006-72 from Biacore) to 50
mM sodium phosphate, 100 mM NaCl (pH 7.4), and supple-
mented with 0.005% Tween 20 and 1% DMSO. The anionic
detergent Tween 20 has previously been found not to inhibit
PAI-1 (14) and was therefore used in all assays to prevent adhe-
sion. Before use in Biacore, the running buffer was degassed for
5 min in an ultrasound bath (Branson 2510). The SPR compe-
tition experiments were run at 20 °C using a flow rate of 10
�l/min, and the SPR direct binding experiments were run at
25 °C using a flow rate of 30 �l/min. The obtained sensorgrams
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were processed and analyzed using Biacore 3000 or T200 eval-
uation software.
Protein Expression and Purification of Latent Non-glycosy-

lated PAI-1—Synthetic genes encoding full-length human
PAI-1 with an N-terminal His tag were ordered from Geneart
(Invitrogen) and inserted into a modified PET vector (details
available upon request). Overexpression was done in E. coli
BL21 DE3 cells using shake flasks. Gene synthesis was induced
using isopropyl-�-thio-galactopyranoside, and expression was
done overnight at 22 °C. Cell cultures were harvested by cen-
trifugation. Pellets were resuspended in 140 ml of 50 mM Tris-
HCl buffer at pH 7.5 containing 0.5 M NaCl, 10 mM imidazole,
and Complete EDTA-free (F. Hoffmann, La Roche, Ltd.) and
sonicated at 70% with output level 9 for 25 s on ice using the
large tip on the Sonifier 450W (Branson Ultrasonics Co. Dan-
bury, CT). The lysatewas cleared by centrifugation and purified
on nickel-nitrilotriacetic acid (Superflow, Qiagen) and desalted
into 20 mM Tris-HCl, pH 7.5, 150 mM NaCl. Latent PAI-1 was
induced by incubating the protein for 23 h at 37 °C followed by
size exclusion chromatography using Superdex 200 (GE
Healthcare). The His tag was removed using tobacco etch virus
protease (in-house) and purified using ion exchange (CaptoQ
column, GE Healthcare) and a second size exclusion chroma-
tography step, HiLoad 26/60 Superdex 200 (10mM sodium ace-
tate, pH 5.6, 150 mM NaCl, 1 mM EDTA). The homogeneity of
the latent PAI-1 protein was verified using ITC, see below.
Protein Concentration Determination—The protein concen-

tration after buffer exchange and dilution of stock solutionswas
determined from the absorbance spectrum between 250 and
350 nm with a NanoDrop ND-1000 (NanoDrop Technologies,
Inc., Wilmington, DE) spectrophotometer according to E280 at
pH 7.4 equal to 34.7, 35.8, 116, and 98 mM�1 cm�1 for active
PAI-1, latent PAI-1, tPA, and VN, respectively (22, 45).
Specific Activity Determination of PAI-1—First, 5 nM active

tPA, calculated from its specific activity, was preincubated with
0, 2, 4, 6, and 8 nMPAI-1 in 100�l of running buffer for 16.5min
at 25 °C, and then the remaining tPA activity was monitored in
a Spectramax® microplate reader (Molecular Devices Corp.)
from the change in optical absorbance at 405 nm, A405, after
addition of 100 �l of Pefachrome tPA to a final assay concen-
tration of 0.5 mM. The specific activity of PAI-1 expressed in
percent, was calculated from the plot of the rate, dA405/dt ver-
sus the ratio of total PAI-1 and tPA by linear extrapolation (S.D.
5%, n � 3).
High Throughput Screen Chromogenic Assay, Primary Screen—

Smallmolecular weight PAI-1 inhibitors were identified using a
384-well chromogenic assay performed at room temperature,
measuring residual tPA activity remaining after co-incubation
of compounds from the AstraZeneca collection with PAI-1 and
tPA. Compounds (0.6-�l 2 mM; final concentration, 30 �M) in
100% DMSO were predispensed to assay plates. First, 10 �l of
48 nM PAI-1 (final concentration 12 nM) in assay buffer, 50 mM

Tris-HCl, pH 7.4, 100 mM NaCl, 0.01% Tween 20, 0.1% BSA at
4 °C, was added to the compound plates and incubated for 15
min at room temperature. BSA was an essential additive to
maintain stability of PAI-1 in the large reagent volumes
required for the screen. After incubation, 20 �l of 16 nM tPA
(final concentration 8 nM) in assay buffer was added. The plate

was incubated for an additional 20 min at room temperature
before addition of 10 �l of the chromogenic substrate Pefach-
rome tPA (final assay concentration, 250 �M). The remaining
tPA activity in each well was determined from A405 read at two
time points, 0 and 25 min, in a Tecan Ultra microplate reader.
Background A405 was taken immediately after addition of the
substrate. The background A405 was subtracted from the final
A405 taken after 25min. Quality control plates were interleaved
with the screening plates containing multiple wells of a maxi-
mum effect control, diaplasinin, a known PAI-1 inhibitor (46),
and a minimum effect control, DMSO. The extent of PAI-1
inhibition (Unknown) was determined by relating the activity
in the compound well to the medians of the diaplasinin and
vehicle control wells using the following equation, % Effect �
100� (Unknown�min)/(max�min). Positive hits were iden-
tified as any compound that inhibited PAI-1 activity by �30%
and with more than three S.D. above plate medians.
The subsequent three-point concentration response screen-

ing (30, 10, and 3 �M final compound concentrations) in tripli-
cate was used to confirm hits and give an indication of com-
pounds with IC50 values �30 �M. Interesting clusters were
subsequently selected for seven-point concentration response
screening using 3:1 dilution steps and 100�M highest final con-
centration. The IC50 value was calculated by non-linear regres-
sion from the plot of % inhibition versus concentration using
the standard four parameter sigmoidal fit model, model 205 in
the IDBS XLfit application. Concentration response screening
was also carried out in presence of VN (final concentration, 14
nM).
Chromogenic Assay to Measure Inhibition of Rat PAI-1—

First, 0.5-�l compounds in 100% DMSO were predispensed to
384-well Greiner assay plates enabling seven-point concentra-
tion screening with 3-fold dilution steps and a final highest
compound concentration of 99 �M. Rat PAI-1, rat tPA, and
Pefachrome tPAwere diluted in assay buffer. First, 10-�l 20 nM
rat PAI-1 was added to the assay plate and incubated for 10min
at room temperature, and then 20 �l of 10 nM rat tPA was
added, and the plate was incubated for an additional 15 min
before addition of 20 �l of Pefachrome tPA (final concentra-
tion, 150 �M). The remaining tPA activity in each well was
determined from the A405 with a Pherastar microplate reader.
Background absorbance measurements were taken immedi-
ately after addition of the substrate. The background was sub-
tracted from the final absorbance reading taken after 1 h. Per-
cent effect was calculated relative to the maximum effect with
an excess of diaplasinin, andminimum effect controls (DMSO)
were included in the assay plates. The IC50 value was calculated
by non-linear regression from the plot of % inhibition versus
concentration using the standard four-parameter sigmoidal fit
model.
Inhibition of Human PAI-1 in Human Plasma—Plasma was

thawed and incubated at 37 °C for �1 h. The other assay com-
ponents were kept at room temperature except tPA and PAI-1,
which were kept on ice. 5 �l of compound in DMSO was dis-
pensed to 96-well Nunc F assay plates enabling 10-point con-
centration screening with 2-fold dilution steps and a final high-
est compound concentration of 82 �M. 45 �l of assay buffer
containing 10 mM Hepes, pH 7.4, 0.15 M NaCl, and 33.3 mM
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CaCl2 was added to the assay plates. PAI-1 was diluted in 0.15 M

NaCl with 0.01% Tween 20, and 25 �l was added to the assay
plates. The assay plates were warmed briefly to 37 °C before
adding 125 �l of plasma mixed 4:1 with human tPA diluted in
0.15 MNaCl with 0.01% Tween 20. The final concentrations for
the assay components were 50% plasma, 0.65 nM PAI-1, and 1.2
nM tPA. The change in turbidity was followed from the change
in A405 in a Spectramax microplate reader at 2-min intervals at
37 °C for up to 10 h. Clot longevity was calculated in seconds
from t2–t1, where t1 was the time to half the amplitude on the
positive slope and t2 was the time to halve the amplitude on the
negative slope. The data were converted to % inhibition relative
to on plate controls. DMSO in the presence of PAI-1 and tPA
was used to calculate 0% inhibition, and DMSO in the presence
of tPA only was used to calculate 100% inhibition. The IC50
valuewas calculated by non-linear regression from the plot of %
inhibition versus concentration using the standard four-param-
eter sigmoidal fit model.
Isothermal Calorimetry—The ITC titration experiments

were carried out on a MicroCal ITC-200 system (GE Health-
care) using protein that has been passed through a PD-10 col-
umn (GE Healthcare) equilibrated with 50 mM sodium phos-
phate (pH 7.4), 100 mM NaCl, and 2% DMSO. The
concentration of AZ3976 was measured by NMR. Complete
titration of 45 �M glycosylated active or 50 �M glycosylated
latent PAI-1 was achieved by injecting 20 � 0.5-�l aliquots of 1
mM AZ3976 or 20 � 1-�l aliquots of 1 mM AZ3976, respec-
tively, at 35 °C with 90 s of waiting time between subsequent
injections. The thermodynamic parameters of the binding of
AZ3976 were extracted by analysis of the binding isotherms
applying a single site binding model using the MicroCal Origin
software package (version 7.0), yielding binding enthalpy (�H),
stoichiometry (n), entropy (�S), and association constant (Ka),
fromwhich the dissociation constantwas calculatedKD� 1/Ka.
Crystallization and Structure Determination—For crystalli-

zation, latent human non-glycosylated PAI-1 was concentrated
to�4.0 g/liter in a buffer containing 10mM sodium acetate, pH
5.6, 150 mM NaCl, and 1 mM EDTA. AZ3976 was dissolved in
deuterated DMSO and added to the protein sample to a final
concentration of 0.3mM. Crystals were obtained by the hanging
drop vapor diffusion technique: 2.5 �l of protein sample was
mixed with 1 �l of a well solution containing 2.0 M NaCl, 100
mM bis-Tris, pH 6.8. The drop was allowed to equilibrate over a
reservoir containingwell solution. Prior to data collection, crys-
tals were transferred to a drop of well solution supplemented
with 20% glycerol as cryoprotectant. The crystals were then
quickly removed from the drop and flash-frozen in liquid nitro-
gen. Data were collected at beam line ID23 (ESRF Grenoble) to
2.4 Å resolution.
The data were processed using MOSFLM (47), scaled, and

further reduced, using the CCP4 suite of programs (Collabora-
tive Computational Project) (48, 49). Initial phasing was done
by molecular replacement using a high resolution ligand-free
structure of latent PAI-1 (PDB code 1LJ5, as a starting model
(18). Model rebuilding was performed within Coot (48), and
refinement was performed (49). For data collection and refine-
ment statistics, see Table 1.

Immobilization of Proteins for SPR—For the SPR competition
experiments, the dextran surfaces of all of the flow channels on
the CM5 chip were first pegylated in borate buffer, pH 8.5. A
fresh solution was made by dissolving 5.25 mg of PEG in 150 �l
of borate buffer. The surfacewas activated for 7minwith 0.05M

NHS and 0.2 M EDC, followed by injection of dissolved PEG for
7 min, and this cycle was repeated once. Then, the pegylated
CM5 sensor chip surface was activated again with the normal
standardized amine coupling procedure with EDC/NHS, fol-
lowed by coupling of the protein and thereafter deactivation of
residual esters with 1 M ethanolamine hydrochloride, pH 8.5,
and finally, HCl to remove non-covalently boundmaterial. Two
protein immobilization buffers were used: 10 mM sodium for-
mate, pH 4.0, for coupling of VN and 10mM sodium acetate, pH
4.0, for coupling of RamFc. Activation time, ligand concentra-
tion, and contact time were adjusted according to the desired
response, the number of resonance units (RU). A flow rate of 5
�l/min, a deactivation time of 4min, and regeneration time of 2
min with 50 mM HCl was used during immobilization. Subse-
quently, the surface was equilibrated with the running buffer to
be used in the following experiments. On the pegylated chip
with RamFc, the antibody was coupled to flow channel 1, flow
channel 2 to 9000RU, and to flow channel 4 to 4.0 kRU, but flow
channel 3 was only pegylated. On the VN chip, VNwas coupled
to 900 RU only on flow channel 2, and the reference channel
flow channel 1 was only pegylated. On the day of the binding
experiment, the running buffer was degassed, and the chip was
primed.
Immobilization procedures for glycosylated latent and active

PAI-1 were performed using PBSTD buffer. The sensor surface
was prepared using amine-coupling chemistry at 25 °C and at a
flow rate of 10�l/min. The surface was activated for 7min with
0.05 M NHS and 0.2 M EDC, followed by injection of either
latent or active PAI-1 (20 �g/ml in 10 mM sodium acetate, pH
5.0) for 2min. Finally, 1 M ethanolamine hydrochloride, pH 8.5,

TABLE 1
Crystallographic data collection and refinement statistics

Data collection

Space group P31
Unit cell parameters a � b � 119.40, c � 99.615
Resolution range (Å) 50–2.4 (2.46–2.4)a
No. of reflections (total/unique) 149,812/62,179
Redundancy 5.9 (5.9)
Data completeness (%) 100 (100)
Average I/�I 16 (2.4)
Rmerge (%) 9.9 (50)

Statistics for the final model
Assymmetric unit content
Nonhydrogen atoms 9428
Protein chains 3
AZ3976 copies 3
Water molecules 244

R factor (%) 18.1
Free R factor (%) 15.7
Wilson B factor (Å2) 53.0
Average B factors (Å2)
All atoms 45.9
Protein (chains A/B/C) 37.8/46.5/53.9
Inhibitor (A/B/C) 29.9/33.3/41.9

r.m.s.d. bond length (Å)b 0.014
r.m.s.d. bond angles (°) 1.485
PDB code 4AQH

a Number within parenthesis refer to the highest resolution shell.
b r.m.s.d., root mean square deviation.
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was injected for 6 min to block residual activated groups. The
immobilization strategy yielded similar immobilization levels
of both forms of the protein to levels of 3.6–4.0 kRU. Reference
surfaces were prepared accordingly, omitting the injection of
protein over the activated reference surface.
Effect of AZ3976 on Binding of PAI-1 to VN and Effect of tPA—

Before each new cycle, the VN surface was first regenerated
with a 2-min pulse of 0.1 M HCl. First, AZ3976 in buffer was
injected over the VN surface followed by active PAI-1 in buffer
with compound. The effect of AZ3976 on PAI-1 binding to VN
was studied in experiments where different concentrations of
AZ3976 were preincubated with 10 nM PAI-1 for different time
periods in running buffer at 20 °C before injection over immo-
bilized VN. The initial binding rate was analyzed as a function
of the inhibitor concentration and/or the incubation time of
PAI-1 with compound. Subsequently, PAI-1 was stripped from
the VN surface by injection of 5 nM tPA in the presence of the
same concentration of compound as used in the PAI-1 sample
using the KINJECT command.
Binding of PAI-1 to Captured tPA in Presence of AZ3976—

First, on the reference channel, flow channel 1, a neutral mono-
clonal antibody was captured, and then the anti-human tPA
antibody 2:2 B10was captured on flow channel 2. Subsequently,
tPA was injected and captured on B10. When PAI-1 then is
injected over both flow channel 1 and flow channel 2, the quan-
tification of the formation of the irreversible 1:1 complex with
tPA on flow channel 2 is recorded from the difference in RU
between flow channel 2 and flow channel 1. Because theBiacore
response (�RU) is proportional to the change in mass on the
chip, the PAI-1 binding rate is proportional to the change in
RU, dRU/dt, and to the initial rate�RU/�t for the first 10 s after
start of injection. This sandwich method provides the possibil-
ity for complete regeneration of RamFc with 10mM glycine, pH
1.7, formultiple experiments. For evaluation of the inhibition of
PAI-1 in solution, AZ3976 in buffer was first injected over cap-
tured tPA, immediately followed by 10 nM PAI-1 preincubated
with the compound, followed by tPA in buffer with compound.
In some experiments in addition to the complex of B10 with
tPA on flow channel 2, also the monoclonal antibody for latent
non-glycosylated PAI-1, H4B3 was captured on flow channel 4.
Subsequently, either active non-glycosylated or latent non-gly-
cosylated human PAI-1 incubated for 1 h at 20 °C with com-
pound was injected over all flow cells at the same time.
Binding of AZ3976 to Immobilized Latent and Active PAI-1—

The compound AZ3976 was dissolved in 100% DMSO to a
stock concentration of 100 mM. Dilutions into running buffer
were performed immediately prior to analysis. To match the
DMSO concentrations of the analyte and the running buffer, a
secondary stock in running buffer was prepared by diluting the
compound in DMSO to 1 mM through addition of PBSTD
buffer and was further diluted in running buffer to yield a start-
ing concentration of 20 �M for analysis. For the concentration
response, this was further diluted 3-fold in running buffer with
the lowest analyte concentration of 27.4 nM to yield a seven-
point concentration response curve.
For the analysis, five running buffer blanks were injected to

equilibrate the instrument. AZ3976 was injected for 90 s, and
the dissociationwasmonitored for 4min. As the complex is not

tightly bound and rapidly dissociated under the experimental
conditions, no regeneration step was required. The data collec-
tion rate was 10 Hz. All experiments have been repeated four
times to allow for error estimations.

RESULTS

High Throughput Screen—In the primary chromogenic
PAI-1 assay, 925,529 compounds from the AstraZeneca com-
pound collection were screened. 10,331 compounds displayed
�30% activity, and the subsequent three-point concentration
response screening confirmed 3064 hits with IC50 values below
30 �M. Selection criteria at this and subsequent stages in the
screening cascade considered parameters such as potency,
ligand efficiency, lipophilic ligand efficiency, logD, and chemi-
cal structure differences to known PAI-1 inhibitors (particu-
larly avoiding hydrophobic acids, which had failed earlier in-
house optimization attempts). A set of �4000 hits and near
neighbors to interesting clusters were selected for seven-point
concentration response. Next, representatives of attractive
series were selected for screening in a secondary plasma clot
lysis assay. Six chemical series were then chosen for further lead
identification work. One series displayed particularly favorable
properties, with AZ3976 as a representative (Fig. 1). AZ3976
displayed an IC50 in the chromogenic assay of 26 �M for inhi-
bition of PAI-1 and showed no effect on tPA alone at 100 �M.

FIGURE 1. Chemical structure of AZ3976.

FIGURE 2. Effect of AZ3976 on clot lysis in human plasma with added PAI-1.
Before addition of plasma, 1.7 nM PAI-1 in buffer was preincubated briefly at 37 °C
with 0 to 0.22 mM AZ3976. The reaction was started by dilution with plasma
containing tPA to final concentration of 50% plasma, 1.2 nM tPA and 0.65 nM

PAI-1. Fibrin formation was monitored from the change in A405 in a microplate
reader at 2-min intervals at 37 °C for up to 10 h. A, example of plasma clot lysis
experiment: A405 is plotted versus time. Curves are shown for PAI-1 with 82.5 (b),
41.25 (c), 20.6 (d), 10.3 (e), 5.16 (f), and 0�M (g) AZ3976 and for tPA only (a), without
added PAI-1. B, the IC50 determination. The clot lysis time was defined as the time
to halve the amplitude on the negative slope minus the time to halve the ampli-
tude on the positive slope where the maximal effect (100%) was the time without
added PAI-1 and minimal effect (0%) the time without added compound. The line
depicts the best fit using Grafit IC50 fit. The mean of four experiments is plotted 	
S.E.
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No inhibition by 100�MAZ3976was found in the chromogenic
assay with PAI-1 in the presence of equimolar concentration of
VN. AZ3976 was active in the human plasma clot lysis assay
with added PAI-1, with an IC50 value of 16 �M (Fig. 2). The
functional data in combination with the favorable physico-
chemical properties prompted additional studies to investigate
the mode of action of AZ3976.
Isothermal Calorimetry—Titration experiments were con-

ducted at 35 °C (Fig. 3) to increase the binding enthalpy and thus
the sensitivity of the measurements as well as to getting close to
physiological conditions. As shown inTable 2 and Fig. 3, the titra-
tionofPAI-1withAZ3976 revealed aKDof 0.38�Mwith abinding
stoichiometry (n value) of 0.30. The low stoichiometry suggested
that AZ3976 only bound to a subpopulation in the preparation of
active PAI-1. Because the specific activity in that preparation of
active PAI-1 was�75%, the remaining 25% represents a different,
inactive form of the protein. Given the presence of at least two
different populations in that preparation, as well as the inherent
instability of active PAI-1 at elevated temperatures, additional
experiments were performed using latent PAI-1.
The ITC data showed aKD of 0.29 �Mwith a binding stoichi-

ometry of 0.93 for the complex formation of AZ3976 with gly-
cosylated latent PAI-1 (Fig. 3). The thermodynamic parameters
indicate that the binding of AZ3976 is purely enthalpy-driven

and partially offset by an entropic penalty. These data point to
good hydrogen bonding and specific interactions with the tar-
get and further suggest that conformational changes in the pro-
tein and/or the ligand lead to a reduction in overall ligand bind-
ing affinity. Despite similar affinities observed in the active and
latent PAI-1 preparations, there are significant differences in
the thermodynamic parameters, namely the binding enthalpy
and entropy, see Table 2. The smaller binding enthalpy
observed with the inactive fraction present in the active PAI-1
solution (��H � 2.46 kcal/mol) is balanced by a similar
increase in entropy (�(�T�S) � 2.32 kcal/mol), thus leaving
the affinity almost unchanged. Thus, the data would suggest
that the subpopulation of inactive PAI-1 in the active PAI-1
preparation is not completely identical with isolated latent
PAI-1, i.e. theremay be several ligand binding competent forms
in the active PAI-1 preparation.
Taken together, the ITC data showed that although AZ3976

did not bind to active PAI-1, it bound with submicromolar
affinity to latent PAI-1. Also, the thermodynamic signature
revealed that AZ3976 binding to latent PAI-1 is largely enthal-
py-driven and that the conformational flexibility of latent PAI-1
is probably restricted upon ligand binding.
X-ray Structure of Latent PAI-1 in Complex with AZ3976—

Motivated by the ITC data, latent PAI-1 was co-crystallized
with AZ3976, and the 2.4 Å structure was solved by molecular
replacement using the structure of latent PAI-1 (PDB code
1DVN) (18). Although the overall fold of PAI-1 in the AZ3976
complex is similar to latent PAI-1, there are significant differ-
ences (Fig. 4). The largest deviations are observed in �-sheet C
(residues Pro-180–Pro-200) andhelicesD andE (using nomen-
clature as defined by Stein and Chotia (50)).
The Fo � Fc difference map displayed a strong feature where

AZ3976 could unambiguously be modeled into the electron
density in a low energy conformation. The ligand is bound in a
cavity defined by �-helices A, B, D, and E, �-strands 1A and 2A,
and the loops connecting �-helices B and D and connecting
�-helix E and �-strand 1A, shown in detail in Fig. 4C.
The ligand binding pocket (Fig. 4, B and C) displays a close

geometric fit to the ligand with good complementarities of
polar and non-polar areas of the ligand. The side chain hydroxyl
group of Tyr-37 in �-helix A forms a hydrogen bond to the
carbamate carbonyl group. Asp-95 provides for three hydrogen
bonds, with two via the side chain carboxyl group to nitrogens
in the ligand and one via the main chain nitrogen to the car-
bonyl group in the pyrimidinone ring. Also, the side chain of
Arg-76 forms a hydrogen bond to the pyridine nitrogen. In
addition, �-stacking interaction between Tyr-79 and the pyri-
dopyrimidinone bicyclic ring in the ligand is observed.
The ligand binding pocket identified here is poorly con-

served across species. For example, five of the residues within 5
Å from the bound AZ3976 differ between human and rat (data
not shown). Indeed, the inhibitory effect of AZ3976 appears to
be species dependent as 100�M of AZ3976 showed no effect on
rat PAI-1 in the chromogenic assay.
SPR Measurements—A set of SPR experiments were

designed to investigate how a compound with demonstrated
ability to bind to latent, but not active, PAI-1 can inhibit this
serpin in functional assays. First, as a control experiment, it was

FIGURE 3. Titration of glycosylated active and latent PAI-1 by isothermal
calorimetry with AZ3976. Titration of 45 �M active PAI-1 with specific activ-
ity �75%, or 50 �M glycosylated latent PAI-1 in 50 mM sodium phosphate (pH
7.4), 100 mM NaCl, and 2% DMSO was achieved by injecting 20 � 0.5 �l and
20 � 1 �l aliquots, respectively, of 1 mM AZ3976 at 35 °C with 90 s waiting time
between subsequent injections. The line depicts the best fit according to a
single site binding model used to extract the thermodynamic properties of
the interactions, which are shown in Table 2.

TABLE 2
Thermodynamic parameters for AZ3976 interaction with active and
latent PAI-1 determined by ITC at 35 °C
The parameters were extracted from the complete titration of active PAI-1 (specific
activity�75%) or latent PAI-1, as shown in Fig. 3, by the best fit according to a single
site binding model, yielding the binding enthalpy (�H), stoichiometry (n), entropy
(�T�S), and the association constant (Ka), from which the dissociation constant
(KD � 1/Ka) as well as the binding enthalpy (�G) were calculated. Errors represent
the errors from the data fit applying the Levenberg-Marquardt algorithm. For
experimental conditions, see legend to Fig. 3.

KD �G �H �T�S n value

�M kcal/mol kcal/mol kcal/mol
Active PAI-1 0.38 	 0.05 �9.08 �12.53 	 0.12 3.45 0.30 	 0.01
Latent PAI-1 0.29 	 0.05 �9.22 �14.99 	 0.07 5.77 0.93 	 0.01
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established that the initial binding rate of complex formation of
active PAI-1 to captured tPA was linearly dependent on the
PAI-1 concentration under the conditions of the experiment
(data not shown). With latent PAI-1, no binding was observed,
as shown previously (45). A similar control experiment was
used with a concentration series of active PAI-1 injected over
900 RU immobilized VN (data not shown), and the conditions
for linearity were found to be fulfilled also under these condi-
tions. No binding of 10 nM latent PAI-1 to the VN surface was
observed. Moreover, injection of tPA onto active PAI-1 cap-
tured on immobilized VN caused PAI-1 to dissociate.
In the presence of 100 �M AZ3976, but without preincuba-

tion, neither complex formation of active PAI-1 with tPA, nor
the binding of active PAI-1 to VN was inhibited (data not
shown). However, after gradually increasing preincubation
time of active PAI-1 (10 nM) with AZ3976 (10�M), active PAI-1
progressively lost its binding ability for VN (Fig. 5A). AZ3976
was found not to affect the stability of the complex between
PAI-1 and VN, as injection of the compound for several hours
onto PAI-1 bound to immobilized VN was indistinguishable
from injection of buffer only (data not shown). Moreover, the
rate of dissociation of PAI-1 from VN by addition of tPA was
not either affected by the presence of AZ3976 (Fig. 5A). These

FIGURE 4. The structure of latent PAI-1 in complex with AZ3976. A, comparison of the latent PAI-1�AZ3976 holostructure with the latent PAI-1 apoform (PDB
code 1DVN) (18). PAI-1 is colored by sequence from blue (N-terminal) to red (C-terminal). The inhibitor is shown in stick representation. The structure of the
latent PAI-1 apostructure is shown as a gray ribbon representation. B, comparison of the AZ3976 binding site in ligand bound and free latent PAI-1. C, AZ3976
binding site in latent PAI-1. The Fo � Fc map calculated using the refined AZ3979-bound structure of latent PAI-1 is contoured at 3�. D–F show the surface of
the ligand binding site in three different forms of PAI-1. D, latent ligand complexed (this work); E, latent (PDB code 1DVN) (18); and F, active (PDB code 1DVM)
(18). The magenta-colored surface describes the solvent accessible area in the region of AZ3979 binding. The nomenclature for the secondary structure is
adopted from Stein and Chotia (50).

FIGURE 5. Interaction of PAI-1 with immobilized VN and effect of
AZ3976. A, sensorgram overlay of the association and dissociation in real
time after injection of 10 nM PAI-1 with 10 �M AZ3976 (a), incubated for
increasing time intervals (arrow from 0 to 215 min) at 20 °C �900 RU
immobilized VN, at change to buffer in the presence of 10 �M AZ3976 (b),
and at injection of 20 �l of 25 nM tPA in the presence of 10 �M AZ3976 (c),
followed by running buffer (d). The sensorgram of buffer only (dashed line)
and reference, 10 nM PAI-1 in buffer without preincubation (marked ref)
are included, whereas the sensorgrams of PAI-1 incubated in buffer are
not shown for clarity. The �RU between the channel with immobilized VN,
flow channel 2, and the channel without VN, flow channel 1, is shown. B,
data are from the experiment shown in A. Initial binding rate to VN, meas-
ured after 10 s, as a function of the incubation time for 10 nM PAI-1 in
buffer and for 10 nM PAI-1 with AZ3976 are shown. The lines are fitted to
the data assuming single exponential decay, k � 0.0007 (buffer) and 0.01
min�1 (AZ3976), respectively.

Mechanism and Structure of New Small Molecule PAI-1 Inhibitor

JANUARY 11, 2013 • VOLUME 288 • NUMBER 2 JOURNAL OF BIOLOGICAL CHEMISTRY 879



data agree with the chromogenic screening data, where 100 �M

AZ3976 did not inhibit the PAI-1�VN activity.
The evaluation of the initial binding rate of PAI-1 to VN after

different incubation times of active PAI-1 with 10 �M AZ3976
showed amono exponential loss in binding of PAI-1 toVN (Fig.
5B). Because only active PAI-1 and not latent PAI-1 can bind to
VN, this indicated loss of active PAI-1 after incubation with
AZ3976. Additional experiments were therefore performed to
investigate the binding of PAI-1 to captured tPA after different
incubation times of active PAI-1 with AZ3976. Also, in this
experimental set up, active PAI-1 lost the propensity to form an
irreversible complex with tPA (Fig. 6A). For example, the t1⁄2 for
decay of 10 nM active PAI-1 at 20 °C decreased from 15 h in buffer
(k � 0.0008 min�1), to 40 min in the presence of 20 �M AZ3976
(Fig. 6B), a 23-fold apparent increase in the rate of transition from
activePAI-1 toan “inactive”PAI-1 form. InFig. 6B, it is shown that
the rate constants calculated for the exponential decay in PAI-1
activity inducedby thecompound(Fig. 6A)was linearlydependent
on theconcentrationofAZ3976,witha secondorder rate constant
of 14 M�1�s�1 at 20 °C (slope in Fig. 6B). Note that the same rate
constants were found both from the binding experiments with
captured tPA and with immobilized VN (Fig. 6B), indicating that
the samemechanism is at play.
The above-described experiments have shown a transition of

active PAI-1 to inactive PAI-1 after incubation with AZ3976.
To investigate whether the inactive PAI-1 species induced by
AZ3976 is identical to latent PAI-1, H4B3, a monoclonal anti-
body specific for non-glycosylated latent PAI-1, was used. By
flowing active non-glycosylated PAI-1 over captured H4B3
some binding was found (Fig. 7A), but this is expected because
the active PAI-1 batch did contain�25% inactive/latent PAI-1.
Incubation with AZ3976 dramatically increased the binding to
H4B3, concomitant with the decrease in activity of the binding
to tPA, run in a parallel channel on the same chip. In the control
experiment with 100% latent PAI-1, similar binding to H4B3
was found both with and without AZ3976 (Fig. 7B).
To extend the study and to monitor directly target engage-

ment of AZ3976 with either glycosylated active or latent PAI-1,
SPR experiments were conducted using immobilized proteins.
The sensorgrams (Fig. 8) indicated reversible binding of
AZ3976 with submicromolar affinity to both latent PAI-1 and

to the fraction of inactive PAI-1 present in the active PAI-1
batch, following a simple 1:1 binding model. This is consistent
with the ITC data. Also, the Rmax values that relate to the stoi-
chiometry in the ITC experiments show a similar pattern, with
active PAI-1 having only�23% ligand binding competence that
appears to originate from an inactive/latent form of the protein
in the preparation of active PAI-1. In contrast, latent PAI-1
appears to have a close to 100% ligand binding competence,
taking into account the potential inaccessibility of the ligand
binding site and/or denaturation processes due to the immobi-
lization procedure. Furthermore, as shown inTable 3, the affin-
ities of AZ3976 binding to either forms of latent PAI-1 are sta-
tistically indistinguishable from the ITC results.

FIGURE 6. Interaction of PAI-1 with captured tPA and effect of incubation
time with AZ3976. A, initial rate, measured as �RU, the change in RU 10 s
after injection over tPA, as a function of the incubation time (min) of 10 nM

PAI-1 with AZ3976 at different concentrations at 20 °C. Lines are drawn by
fitting a single exponential decay to the data. B, rate constants from the data
in A (circles) for single exponential decay of PAI-1, or from the data in Fig. 5
(triangles) from binding to VN, versus the concentration of AZ3976. The line
was drawn by a linear fit with a slope of 14 M

�1�s�1.

FIGURE 7. Decay of PAI-1 activity and concomitant generation of latent
PAI-1. A, sensorgram overlay of injection onto the monoclonal antibody
H4B3 (specific for non-glycosylated latent PAI-1) captured on immobilized
RamFc at 10 nM non-glycosylated active PAI-1 in buffer (dotted line) or with 20
�M AZ3976 for 1 h (solid line), or buffer alone (dashed line) at 20 °C (a). b, flow
change to running buffer with 20 �M AZ3976. The �RU between the channel
with H4B3 and the channel with the reference antibody is shown. B, values in
% of �RU for 10 nM PAI-1, measured from the sensorgram 70 s after injection,
which represent active PAI-1 bound to captured tPA and latent PAI-1 bound
to H4B3, without AZ3976 and with 20 �M AZ3976 incubated with PAI-1 for 1 h
at 20 °C.

FIGURE 8. SPR sensorgrams for the interaction of AZ3976 with immobi-
lized glycosylated latent and active PAI-1. Concentrations ranged from 20
�M to 27.4 nM following a 3-fold dilution scheme. The SPR experiments were
run in PBSTD buffer at 25 °C, using a flow rate of 30 �l/min. The normalized
responses were obtained by dividing the observed response levels with the
predicted maximum response levels for a 1:1 binding interaction. The kinetic
analysis was performed by fitting the data to a 1:1 binding model (fitted
model traces as red dotted line). A, sensorgrams of AZ3976 binding to latent
PAI. The normalized responses indicate a ligand binding activity of �90%.
B, sensorgrams of AZ3976 binding to active PAI. The normalized responses
indicate a ligand binding activity of �30%.
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DISCUSSION

The small molecule PAI-1 inhibitor AZ3976 was identi-
fied in a high throughput screening campaign. AZ3976 is a
neutral molecule with overall drug-like properties, and it
displayed profibrinolytic activities in a human plasma clot
lysis assay. SPR experiments support that AZ3976 acceler-
ates latency transition.
Remarkably, AZ3976 did not bind to active PAI-1 but bound

reversibly to latent PAI-1 with submicromolar affinity, as
shown both by ITC and SPR. The structure presented in this
report is the first x-ray structure of latent PAI-1 in complex
with a small molecule. AZ3976 binds in a deep pocket with the
entry located between �-hD and �-s2A. This part of PAI-1
includeswhat is referred to as the flexible joint region (i.e.�-hD,
�-hF, and �-s1A) because it participates in structural rear-
rangements going from active PAI-1 to the irreversible PAI-
1�tPA complex (51). The presence of five hydrogen bonds indi-
cates specific interactions between PAI-1 andAZ3976. Overall,
the x-ray structural information agreeswell with the results and
interpretations of the ITC data, i.e. that ligand binding is largely
enthalpy-driven and that the conformational flexibility of latent
PAI-1 is probably restricted upon ligand binding.
The binding site for AZ3976 is �20 Å apart from the glyco-

sylation sites in PAI-1, Asn-209, andAsn-265 (Fig. 9) (8). This is
consistentwith the finding thatAZ3976 enhanced latency tran-
sition both of active glycosylated (Fig. 6) and non-glycosylated
human PAI-1 (Fig. 7).
The structural basis for unique binding of AZ3976 to latent

PAI-1 over active PAI-1 may be related to intramolecular
interactions in the two PAI-1 forms (Fig. 9). It should be noted
that also latent PAI-1 needs to undergo conformational
changes to accommodate AZ3976 binding (Fig. 4B and com-
pare Fig. 4, D and E), mainly by departing �-hD from �-s2A.
However, the changes required seem to be more extensive for
active than for latent PAI-1 (Fig. 4, D–F). In active PAI-1 (PDB
code 1DVM) (18), there is a hydrogen bond between the side
chains of Thr-93 in �-s2A and Tyr-79 in �-hD, and the side
chain of Asn-87 in the loop between �-hD and �-s2A forms
hydrogen bonds to the peptide backbone of Leu-82 in�-hD and
to Glu-90 and Ile-91 in �-s2A. None of these “tethering” inter-
actions between �-hD and �-s2A are present in latent PAI-1
(PDB code 1DVN) (18). In latent PAI-1, Tyr-79 needs to switch
to a different side chain rotamer to allow AZ3976 binding (Fig.
4B). Another difference between latent PAI-1 and the latent
PAI-1 AZ3976 complex is the N-terminal part of �-hA where
the Tyr-7 backbone conformation disrupts the �-helix in the
complex structure, as a way to allowmovement of �-hD neces-
sary for ligand binding. It is uncertain whether the observed
conformation of latent PAI-1 in complex with AZ3976 is pres-

ent as an equilibrium state in the absence of ligand orwhether it
is induced by the ligand. However, the direct binding SPR
experiments favor the former scenario because a simple 1:1
binding model fits the data (Fig. 8).
Structural data show that AZ3976 binds latent PAI-1 andVN

binds active PAI-1 in partly overlapping regions (see Fig. 9).
There is also evidence that VN has additional binding interac-
tions with active PAI-1 outside the somatomedin domain B
involving residues in �-hD (Lys-69, Arg-76, Tyr-79, and Lys-
80) and �-hE (Arg-115 and Arg-118) (26, 27). Some of these
residues are the same as those interacting with AZ3976 in the
present structure, i.e. residues Arg-76, Tyr-79, and Arg-118.
VN protects PAI-1 from the neutralizing effect by AZ3976. For
example, AZ3976 did neither inhibit the PAI-1�VN complex in
the chromogenic assay nor disrupt the PAI-1�VN complex in
the SPR experiments with immobilized VN. The protective
effects of VNmay be due to direct steric effects, but prevention
of the formation of the structural state to which AZ3976 binds
might be important as well.
The region hosting the AZ3976 binding site has been impli-

cated in binding to other smallmolecules,mainly throughmod-
eling and mutagenesis studies. Notably, these agents appear to
act via several different mechanisms. For example, the small
molecule AR-H029953xx has been suggested to bind near res-
idues Arg-76 in �-hD and Arg-118 in the loop between �-hF
and �-s1A, and it inhibited PAI-1 by preventing complex for-
mation between PAI-1 and tPA (52). For another small mole-
cule, PAI-039, e.g.Arg-76 andTyr-79 in�-hD andThr-93, Thr-
94, and Asp-95 in �-s2A have been suggested to be involved in
binding (see Fig. 9A) (53). Notably, all of these residues are
within 5Å from theAZ3976 ligand in the present structure (Fig.
9B). PAI-039 inhibited PAI-1 mainly by inducing substrate
PAI-1 (53), where hydrolysis of the PAI-1�tPA complex
becomes favored over formation of the irreversible PAI-1�tPA
complex. Several other small molecules have been determined
to bind in the same, or similar, region of PAI-1, e.g. ANS, bis-
ANS, and XR5118 (51). Among the small molecule inhibitors,
AZ3976 is unique because it (a) binds preferentially to latent
PAI-1 over active PAI-1 and (b) inhibits PAI-1 by accelerating
latency transition. In summary, the region centered on �-heli-
ces D and E and �-strands 1A and 2A, both in active and latent
PAI-1, represents a “flexible joint hot spot” for interactionswith
large and small molecules in a region of great plasticity.
Depending on the specific interactions between the inhibitory
molecule and PAI-1, several different inhibitory mechanisms
are possible.
Themechanistic path bywhich PAI-1 inhibits tPA (and uPA)

is complex and requires acrobatic conformational flexibility of
the protein (54, 55). This provides both a opportunity and a

TABLE 3
Kinetic and equilibrium binding parameters for AZ3976 interaction with active and latent PAI-1 determined by SPR at 25 °C
The kinetic rate constants kon and koff as well as the dissociation rate constantKDwere extracted by kinetic analysis of the SPR sensorgrams by applying a simple 1:1 binding
model. The data represent the average of four independent measurements, and errors represent the errors from the data fit applying the Levenberg-Marquardt algorithm.
The parameter Rmax describes the normalized maximal analyte responses under steady state conditions. For experimental conditions, see legend to Fig. 8.

KD kon koff Rmax

�M M�1 s�1 s�1

Active PAI-1 0.24 	 0.03 8.94 	 2.91 � 104 0.021 	 0.005 0.23 	 0.02
Latent PAI-1 0.19 	 0.01 9.01 	 2.98 � 104 0.017 	 0.005 0.87 	 0.04
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challenge for drug design; an opportunity because there are
many conformational states of PAI-1 to which a molecule may
interfere to achieve desired inhibition; a challenge because
there are experimental difficulties to measure binding of an
inhibitor to an isolated relevant PAI-1 form and to understand
the mode of action and structure activity relationship.
A simplified mechanistic scheme for PAI-1 latency conver-

sion, partially adapted from earlier literature (20, 56), is shown
in Fig. 10. In thismodel, PAI-1 is hypothesized to be in a state of
dynamic equilibrium between the active structure A, and an
intermediate conformation, prelatent fraction, where prelatent
fraction can be irreversibly converted into latent PAI-1, L. In
active PAI-1, RCL is a flexible solvent-exposed loop, whereas in
latent PAI-1, the RCL has inserted as a �-strand in �-sheet A
(see Fig. 9). The currentwork supports that one or several inter-
mediate states do exist and that these states are amenable to
small molecule intervention to prevent the inhibitory action of
PAI-1.
The SPRcompetitiondata presented in this study show that the

incubation time-dependent loss of active PAI-1 binding to tPA

and VN is paralleled with increased inactive PAI-1 binding to the
antibodyH4B3 that is specific for latent PAI-1.Themost plausible
conclusion is that AZ3976 accelerates active PAI-1 conversion to
the latent state. As shown, the t1⁄2 for decay of 10 nM active PAI-1
into inactive, latent PAI-1 at 20 °Cdecreased from15h inbuffer to
40 min in the presence of 20 �M AZ3976 (Fig. 6). Previously, the
activation energy for the spontaneous transition has been shown
to beEa � 92	 6 kJ in the same buffer as used in this study, with a
t1⁄2 at 25 °C of 8.2 	 0.3 h (22). This value is consistent with a t1⁄2 of
15 h at 20 °C in this report. Moreover, the rate constant for the
exponential decay in PAI-1 activity induced by the compound is
linearly dependent on the concentration of AZ3976, suggesting
that the complex formation with a prelatent fraction is rate-limit-
ing. The SPR data are thus consistent with the hypothesis that
AZ3976 binds to a prelatent conformation of PAI-1 and decreases
the transition state energy for the conversion of active to latent
PAI-1.
Although this is the first report of a small molecule inactivat-

ing PAI-1 by accelerating latency transition, both antibodies
(11, 13) and a peptide (57) have been shown to inhibit PAI-1
through a comparable mode of action. One of these antibodies
is MA-159M12, a monoclonal antibody against rat PAI-1,
which decreased the half-life of active PAI-1 �7-fold (11). Ala-
nine-scanning mutagenesis experiments showed that the
N-terminal region of�-hA constitutesmajor part of the epitope
for MA-159M12 (11). Interestingly, this epitope is adjacent to
�-hD, which is involved in binding of AZ3976, allowing specu-
lations that the kinetic stability of active PAI-1 is sensitive to its

FIGURE 9. Overview of inhibitor binding to PAI-1. A, the structure of active PAI-1 in complex with the somatomedin B domain of VN (PDB code 1OC0). PAI-1
is shown in a gray ribbon representation, except for the RCL, which is colored red (gap due to missing residues in structure). Somatomedin B is shown as a ribbon
diagram in magenta. Additional residues implicated in VN binding are shown in stick representation colored in magenta and yellow. Residues implicated in
binding of the small molecule PAI-1 inhibitor PAI-039 are shown in cyan and yellow, i.e. residues shown in yellow are implicated in both PAI-039 and VN binding.
Glycosylation sites are shown in blue stick representation, and additional residues mentioned in the discussion are shown in green. B, the structure described
in this work. The overall structure is colored the same way as in A, highlighting the different topology of the central �-sheet in the two structures. AZ3976 is
shown in an orange stick representation and residues within 5 Å of the inhibitor are shown as cyan sticks.

FIGURE 10. Mechanistic scheme of PAI-1 in presence of latency accelerat-
ing inhibitor. A represents active PAI-1, pL represents prelatent PAI-1, L rep-
resents latent PAI-1, and x indicates inhibitor.
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structural integrity in this region. MA-33B8 is a monoclonal
antibody against human PAI-1, which also inhibits PAI-1 by
accelerating latency transition (13). MA-33B8 did bind both to
latent PAI-1 and to the complex between tPA and PAI-1 at a
faster rate compared with active PAI-1, and it was suggested
that the antibody binding epitope was more exposed in a prela-
tent conformation of PAI-1 (e.g. prelatent PAI-1 in Fig. 10) (13).
Subsequent mutagenesis studies indicated that the epitope for
MA-33B8 includes the loops between �-hD and �-s2A and
between �-s2C and �-s3C and also includes the residues pro-
ceeding�-s3A (10, 56). Additional characterization of this anti-
body using SPR experiments indicated about 100-fold greater
affinity of MA-33B8 for latent PAI-1 compared with active
PAI-1, a finding that was substantiated by an analysis of the
active and latent x-ray structures indicating that the epitope is
more compact in latent compared with active PAI-1 (56). Note
the similarity to AZ3976, which, according to ITC and SPR
measurements, binds latent PAI-1 with high affinity (KD 0.19–
0.29 �M), whereas the affinity to active PAI-1 was negligible.
Both for MA-33B8 and AZ3976, the binding sites were appar-
ently more accessible in latent PAI-1 than in active PAI-1.
Another monoclonal antibody H4B3 also speeds up formation
of latent PAI-1 (58). This antibody has been described to
depend on partial detachment of s1C for binding a prelatent
formof PAI-1, and it was shown to bind strongly to latent PAI-1
but not active PAI-1 (58). Even though the binding epitope of
H4B3 is far from the regions of binding for AZ3976,
MA-159M12, and MA-33B8, it is uncertain whether the prela-
tent forms that they are hypothesized to bind to are the same or
different. Paionin-4-D1D2 is a 31-residue peptide fused to
domains 1 and 2 of the phage coat protein g3p, which also
stimulates latency transition (57). Based on site-directed
mutagenesis, the binding sitemainly involved the loop between
�-hD and �-s2A (overlapping binding site with that of
MA-33B8). Furthermore, paionin-4-D1D2 displayed similar
submicromolar binding affinities both for active and latent
human PAI-1, and VNwas shown to protect active PAI-1 from
binding the peptide (57).
Taken together, AZ3976 shares several important features

with both the antibodies and the peptide reported to accelerate
PAI-1 latency transition. First, the regions in PAI-1 to which
they bind all participate in the structural rearrangements
required for the transition of active PAI-1 to its latent form.
Second, they bind to latent PAI-1 with similar or higher affinity
compared with active PAI-1. From this, it may be hypothesized
that latent PAI-1 better mimics one or more prelatent forms
than active PAI-1, and therefore latent PAI-1 could represent a
valuable “surrogate” for such prelatent structures.
AZ3976 was not tested in vivo because it did not inhibit rat

PAI-1 in vitro and was unstable in rat plasma. Thus, in vivo
efficacy of a small molecule that accelerates PAI-1 latency tran-
sition remains to be established. Interestingly, however, the
latency inducing antibody MA-33B8 has been shown to have a
profibrinolytic effect in vivo (40). However, there are significant
differences between theMA-33B8 antibody and the small mol-
eculeAZ3976. For example,MA-33B8 decreased the half-life of
active PAI-1 �4000-fold (13) compared with �20-fold for
AZ3976, althoughdirect comparison of figuresmay bemislead-

ing as the values depend on the experimental conditions. Fur-
thermore, MA33B8 induced latency transition also in the pres-
ence of VN (13), whereas 100 �M AZ3976 did not inhibit the
PAI-1�VN complex. Still, a potential benefit with a small mole-
cule is that it can act on intracellular PAI-1, e.g. PAI-1 in the
platelets, smoothmuscle cells, endothelial cells, and adipocytes.
The main part of active PAI-1 in blood is stored in the �-gran-
ules in platelets (30). This PAI-1 is not in complex with VN
(28–30) and is released upon platelet activation (28, 59). Blood
clots contain large amounts of PAI-1 that may originate from
the�-granules of activated platelets and arterial clots contain 2-
to 3-fold more PAI-1 than venous clots and are more resistant
to thrombolysis (60, 61). Thus, a chronic administration of a
small molecule with the same mode of action as AZ3976 could
potentially inactivate PAI-1 stored in platelets before it
becomes excreted. Because molecules like AZ3976 would be
expected to be less effective in inhibiting already circulating
PAI-1, which is complexed to VN (21), this approach would be
predicted to be more advantageous in long term prevention
therapy than in acute treatment of thrombosis and fibrosis.
In summary, the small molecule PAI-1 inhibitor AZ3976 dis-

played profibrinolytic activities in a human plasma clot lysis
assay, and biophysical characterization support a mode of
action with induced accelerated latency transition. This mech-
anism and the presented x-ray data outline an exciting oppor-
tunity for improved structure-aided drug design endeavors in
the hunt for therapeutically useful small molecule PAI-1
inhibitors.
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