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Abstract

Interaction of the urokinase receptor (UPAR) with its binding partners including the urokinase-
type plasminogen activator (UPA) at the cell surface triggers a series of proteolytic and signaling
events that promote invasion and metastasis. Here, we report the discovery of a small molecule
(IPR-456) and its derivatives that inhibit the tight uPAR-UPA protein-protein interaction. IPR-456
was discovered by virtual screening against multiple conformations of uPAR sampled from
explicit-solvent molecular dynamics simulations. Biochemical characterization reveal that the
compound binds to uPAR with sub-micromolar affinity (K4 = 310 nM) and inhibits the tight
protein-protein interaction with an 1Cgy of 10 uM. Free energy calculations based on explicit-
solvent molecular dynamics simulations suggested the importance of a carboxylate moiety on
IPR-456, which was confirmed by the activity of several derivatives including IPR-803.
Immunofluorescence imaging showed that IPR-456 inhibited uPA binding to uPAR of breast
MDA-MB-231 tumor cells with an 1C5q of 8 pM. The compounds blocked MDA-MB-231 cell
invasion, but IPR-456 showed little effect on MDA-MB-231 migration, and no effect on adhesion,
suggesting that UPAR mediates these processes through its other binding partners.

Supporting Information Available: Chemical structure of compounds that emerged from virtual screening against uPAR crystal
structure and multiple conformers is provided. This information is available free of charge via the Internet at http://pubs.acs.org.
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INTRODUCTION

The interaction of the glycosylphosphatidylinositol (GPI)-anchored cell-surface urokinase
receptor (UPAR) with its serine protease ligand urokinase-type plasminogen activator (UPA),
has been implicated in nearly every step of tumor formation and progression, including
tumorigenesis (1), cell proliferation (2-4), cell migration (5, 6), adhesion (3, 7),
angiogenesis (8, 9), and invasion (3, 4, 10, 11). The uPAR-uPA complex formation enhances
pericellular proteolysis through activation of plasminogen (7), culminating in the active
degradation of extracellular matrix (ECM) components. Whereas uPAR has no inherent
signaling capability, a large body of evidence has shown that the uPAR-uPA complex
promotes signaling by actively associating to cell surface receptors such as integrins (12),
receptor tyrosine kinases (RTKSs) (13, 14), and G-protein coupled receptors (GPCRs) (15).
Furthermore, uUPAR binding to vitronectin components indicates interactions that extend
beyond the cell surface to engage the microenvironment and further promotes metastasis.

To date, while peptides and antibodies have been reported to inhibit the uUPAR-uPA complex
(16), there is not a single small organic molecule that inhibits the tight sub-nanomolar
UPAR-UPA interaction. Moreover, most efforts have concentrated on inhibiting the
enzymatic activity of uPA, neglecting the signaling capabilities of the receptor. The
UPAR-UPA complex (Fig. 1a) poses the same challenges that have plagued prior efforts to
inhibit protein-protein interactions with small molecules (17), due to the tightness of the
protein-protein interaction (18, 19), the large interaction surface which is estimated at 1,318
AZ (20), and the inherent flexibility of the target (Fig. 1b) (21). Despite initial pessimism,
several successes in the past decade have demonstrated that small molecules can inhibit
protein-protein interactions (22-27). These successes have benefitted from our increased
understanding of the forces that drive protein-protein interactions (28). In particular, it is
known that the strength of a protein-protein interaction is not evenly spread across the large
interface, but is concentrated in a few residues known as ‘hot-spots’ that preferentially
contribute nearly an order or magnitude or more to the binding (23, 26). Protein-protein
interactions can be categorized as either tight or transient (28), and inhibitors of tight
interactions such as UPAR-uPA remain scarce (21). The only example of small molecules
that inhibit a protein interaction with similar potency as the uPAR-UPA interaction are
inhibitors of the Bcl-2 family reported by Abbott laboratories (24, 29). Despite the
importance of protein-protein interactions in biological processes, structure-based design
approaches, including those that consider receptor flexibility (30), have yet to be extensively
applied in the rational design of protein-protein interaction inhibitors. The primary challenge
is to distinguish between molecules that merely bind to a target, which is routinely achieved,
with molecules that are capable of displacing the full protein-protein interaction.

Here, we follow a rational approach to the search for small molecules that inhibit the
UPAR-UPA interaction. We target alternative conformations of uPAR at a binding cavity that
is rich in hot-spot residues. Representative conformers were collected from molecular
dynamics (MD) simulations and were then targeted by docking 10,000 compounds (that
emerged from an initial library of 5 million). The highest scoring 50 compounds were
selected and assessed for activity with a fluorescence polarization assay and a microtiter-
based ELISA that we developed. A series of derivative compounds that were tested with
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ELISA and surface plasmon resonance (SPR) provided valuable insight into the key groups
required for activity. Immunofluorescence imaging in breast (MDA-MB-231) tumor cells
was performed to confirm that IPR-456 inhibited uPA binding to uPAR at the cell surface.
Finally, the compounds were evaluated for their ability to block processes critical to
metastasis, such as invasion, migration and adhesion of MDA-MB-231 tumor cells. The
results provided valuable biological insights into the role the uPAR-uPA interaction in these
processes.

Protein Purification

Cell Culture

Reagents

The soluble fraction of UPAR comprising amino acids 1-277 was expressed in Drosophila
S2 cells and purified by a peptide column as previously described (31). The purified protein
was analyzed with SDS-PAGE gel and found to be greater than 95% purity. The protein was
determined to be functional based on a fluorescence polarization (FP) assay developed in
our laboratory (discussed below), as well as binding to immobilized uPA using surface
plasmon resonance (SPR). The soluble fraction of uPA (scuPA) and uPAaTr (amino
terminal fraction of uPA) were purified by an anion exchange column (SP Sepharose). This
was followed by a second step of purification with a reverse phase-HPLC using a Cg column
where the protein is eluted with an increasing gradient of acetonitrile over 1 hour as
described previously.

MDA-MB-231 cells were cultured in Dulbecco’s Modified Eagle Medium (Cellgro,
Manassas, VA). Each medium was supplemented with 10% FBS and 1% penicillin/
streptomycin in a 5% CO, atmosphere at 37°C.

Mouse anti-human uPAR antibody 3937 and rabbit anti-human uPA antibody 389 were
purchased from America Diagnostica (Stanfford, CT). Biotinylated anti-human uPAR
antibody was purchased from R&D Systemsn (Minneapolis, MN). uPAR siRNA and control
siRNA were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Invasion Assay

The undersurface of the inserts (was coated with 30 ng I~ of fibronectin at 4 °C overnight.
Invasion transwell chambers were purchased from BD bioscience (San Jose, CA) (32). The
filters were equilibrated with 0.5 mL of serum-free medium for 2 h. After 4 h of serum
starvation, cells were harvested and 5 x 10* cells in 500 pl medium containing 0.1% FBS
and the indicated compounds were plated onto the upper chamber of a transwell filter. 500
uL of 10% FBS medium containing compounds or DMSO control was added to the lower
chamber. After a 16 h incubation at 37°C in 5% CO», the filters were fixed and the number
of cells that had invaded was determined as described in the migration assay.

Transwell Migration Assay

24-well transwell plates (Costar, Corning, NY) were coated with 30 ng uL~1 of fibronectin
at 4°C overnight. After 4 h of serum starvation, 5 x 10% cells in 250 pL of 0.1% FBS
medium containing the same amount of compounds or DMSO were added to the upper
chamber and incubated at 37 °C for 8 h. 500 pL of 10% FBS RPMI-1640 medium
containing compounds or 1% DMSO control was added to the lower chamber Non-invaded
cells on the top of the transwell were scrapped off with a cotton swab, and the cells that
migrated through the filter were fixed in methanol for 30 min and stained with Hematoxylin
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Stain (Fisher, SH30-500D) for 1 h. The number of migrated cells was counted in ten
separate 200 x fields and averaged across three independent experiments. Cytotoxicity of the
compounds on the cells was measured at the same concentrations used in the migration
assay and using the same incubation time, save for the addition of MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 2h before measurement.

Wound Healing Assay

Confluent cell monolayers in 12-well plates were wounded by scraping with a micropipette
tip. The cells were washed and then cultured in complete media containing the compounds.
The degree of wound closure was assessed in three randomly chosen regions by measuring
under Nikon Diaphot 300 microscope the distance between the wound edges just after
wounding and after 16 h.

Adhesion Assay

96-well plates were coated with 15ng pl~? fibronectin (Sigma, St. Louis, Missouri) at 4°C
overnight, then blocked with 0.5% BSA in PBS for 1 h. After starving with serum-free
medium for 3h, MDAMB231 cells (2.5 x 10° cells mI™1) were trypsinized and suspended in
100 pl of 0.1% FBS DMEM medium with various concentrations of uPAR compounds or
DMSO control at 37°C for 90 min. Medium was then carefully suctioned out from each
well. Each well was washed three times with PBS. MTT-assay was used to determine the
number of remaining cells (adherent cells).

siRNA Knockdown and Western Blot Analysis

MDA-MB-231 cells incubated for 48 hrs. Cells were then collected, and total cell lysates
were prepared in standard RIPA extraction buffer containing aprotinin and phenyl-methyI-
sulfonyl-fluoride. Twenty ug of protein from these samples was separated by 12% SDS-
PAGE and transferred to nitrocellulose membranes (Amersham, Arlington Heights, IL). The
membranes were immunoprobed with antibodies against biotin-uPAR at 4°C overnight.
Next, membranes were treated with the appropriate HRP-conjugated secondary antibody and
then developed according to enhanced chemiluminescence protocol (Thermo Scientific,
Rockford, IL). Membranes were stripped and reprobed with a monoclonal antibody against
actin as a loading control.

Virtual Screening and Free Energy Calculations

Two UPAR crystal structures (PDB ID: 1YWH and 2FD6) were imported into SYBYL 8.0,
a molecular modeling suite from Tripos Inc., for pre-docking preparation. All binding
partners, counterions and water molecules were removed. Missing gaps were modeled using
BIOPOLYMER module in SYBYL. Hydrogen atoms were added and protonation states
were optimized with Reduce (vers 3.03) program (33). Structures were then loaded into
AutoDockTools (34). Gasteiger charges were assigned. Non-polar hydrogen atoms were
merged. A binding box with side length of 15 A was defined to encompass the uPA binding
site. Autodock4 (35) was employed to dock compounds to the crystal structures. Default
docking parameters were used. In total, nearly 5 million compounds from six vendors
(ChemDiv, ChemBridge, Enamine, Aurora, IBScreen) listed on the ZINC Web site (36)
were screened on the Indiana University Big Red supercomputer. Post-docking analysis was
performed to score the docked complexes. A set of scoring functions, including ChemScore,
GoldScore, PMF, Autodock4, X-score, DFIRE, and consensus scoring function, were
employed to score the docked complexes. Compounds were ranked based on the score they
received. The 2,000 most favorable compounds predicted by each scoring function were
combined to give ~10,000 compounds pertaining to each crystal structure, which were
further screened using multiple conformer strategy. Blind docking was performed with the
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AutoDock4 docking program following a similar procedure used for the virtual screening,
except that the binding box encompassed the entire protein rather than just the uPA binding
pocket.

Explicit solvent MD simulations sampled the uPAR conformations in solution. To perform
MD simulations, crystal structures prepared with SYBYL were solvated with TIP3P (37)
water molecules and were further neutralized with Na* or CI~ counter ions using Leap
program from the AMBER9 package (38). Water molecules from the crystal structures were
retained in this process. An annealing process (39) equilibrated the solvated structures
before production runs were carried out using pmemd in AMBER. MD shapshots were
saved every 2 ps, yielding 5,000 structures per trajectory. By assigning different initial
velocities, five independent trajectories of 10 ns in length were collected for each of the
crystal structures. Structures from MD were clustered using only the heavy atoms of the
UPA binding site using ptraj program in AMBER. A total of 50 conformers (25 each from
1YWH and 2FD6) and exhibiting distinct pocket structures were selected. The top
compounds (~10,000) from the virtual screening were docked into each of the 50 structures
with AutoDock4. The docked complexes were scored and the top 250 compounds were
selected using ChemScore and GoldScore (500 total). These 500 compounds were docked
onto their corresponding conformer using Glide (Glide, version 5.5, Schrédinger, LLC, New
York, NY) resulting in 50 x 500 = 25,000 complexes. The default parameters for flexible
ligand docking protocol in Glide SP were used to rank 25,000 complexes. The top 500
compounds were clustered by similarity and the highest scoring compound from each of the
top 50 clusters was selected for in vitro testing.

The binding energy of both these compounds and the peptide (vide infra) for UPAR protein
was calculated with MM-PBSA/GBSA approach (40) following multi-trajectory MD
simulation of the complexes, using a setup similar to those of uPAR in its apo, as reported
above. The compound conformation on uPAR was provided from docking results while the
peptide bound conformation was extracted from PDB structure (PDB ID: 3BT1). AM1-BCC
(41) charges were assigned to compounds by the antechamber program in the AMBER9
package. For each complex, 6 independent simulations (8 ns each) were carried out after
annealing runs. The first ~3 ns of each trajectory was excluded from binding energy
calculations. In total, 600 snapshots were extracted at regular intervals from the production
trajectories and subjected to MM-PBSA/GBSA free energy analysis. The MM-PBSA Perl
script in AMBER9 was used for the binding energy components calculations and to
decompose the binding energy on a per residue basis (42). The latter provided useful insight
on the relative importance of residues on the pocket to the binding of ligand to uPAR.

The 50 compounds that emerged from virtual screening were purchased from ChemDiv (11
compounds), ChemBridge (9 compounds), Asinex (3 compounds), Enamine (20
compounds), and Princeton Biomolecular Research (7 compounds). All IPR-456 derivatives
were acquired from ChemDiv. The stipulated purity of the compounds by the vendor was
greater than 90% pure (>95% typical by analysis). Compounds were maintained as DMSO
stock solution. Mass spectrometry and 1H and 13C NMR confirmed purity and also the
structures of IPR-456 and IPR-803. The 1H spectra show the characteristic resonance for the
intramolecularly hydrogen-bonded NH (to the adjacent carbonyl) at 6 11.79 and for the 4-
CH methine at 6 6.12, consistent with literature values (43):

2-((3-(3,5-Dimethylpiperidin-1-yl)-6-ox0-6H-anthra[1,9-cd]isoxazol-5-

yl)amino)benzoic acid (IPR-456)—!HNMR (500 MHz, DMSO0) & 12.2 (s, 1H), 8.45 (d,
J=8Hz, 1H), 8.16 (d, J = 7.5 Hz, 1H), 8.00 (d, J = 8 Hz, 1H), 7.88-7.78 (m, 2H), 7.75-7.62
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(m, 2H), 7.32 (t, J = 7.5 Hz, 1H), 6.41 (s, 1H), 4.52-4.37 (br s, 1H), 2.78 (t, J = 12 Hz, 2H),
1.86-1.69 (m, 3H), 0.95-0.86 (m, 6H); 13C NMR (126 MHz, DMSO) § 175.2, 167.2, 154.1,
151.4, 148.2, 145.0, 139.0, 133.1, 132.8, 131.7, 128.6, 127.7, 124.6, 124.0, 123.7, 123.2,
121.9, 118.9, 99.5, 96.5, 95.8, 55.9, 41.5, 30.9, 18.8.

3-((3-(Azepan-1-yl)-6-ox0-6H-anthra[1,9-cd]isoxazol-5-yl)amino)benzoic acid
(IPR-803)—H NMR (500 MHz, DMSO) & 11.79 (s, 1H), 8.44 (app d, J = 8 Hz, 1H), 8.13
(appd,J=8Hz, 1H), 8.01 (s, 1H), 7.84-7.78 (m, 2H), 7.72-7.67 (m, 2H), 7.64-7.59 (m,
1H), 6.12 (s, 1H), 4.51-3.97 (br s, 3H), 1.80 (br s, 4H), 1.55 (br s, 4H); 13C NMR (126
MHz, DMSO) § 174.7, 166.8, 153.6, 152.8, 147.6, 146.0, 138.5, 132.9, 132.4, 131.2, 130.2,
128.3,127.5, 127.4, 126.0, 123.4, 121.8, 118.5, 99.5, 95.0, 91.7, 56.0, 26.0, 18.6.

Microtiter-Based ELISA

Medium to high-binding microplates were coated and incubated for 1 h at 4°C with 100 pL
of 2 ug mL™1 of uPATE in 1xPBS for immobilization. A 1:1 mixture of Superblock®
buffer in PBS (Thermo Fisher Scientific, Inc.) with 0.04 M NaH,PO,4 and 0.3 M NaCl
buffer was used for blocking. Following incubation and washing steps, uPA1310
biotinylated antibody (R&D Systems) in 1% BSA 1x PBS buffer was added to the wells
(100 pL/well) and incubated for 1-2 h to allow for the detection of bound uPAR. The signal
obtained in the presence of streptavidin-peroxidase and hydrogen peroxide was detected
using an EnVision® Multilabel Plate Readers (PerkinElmer).

Immunofluorescence Imaging

Immunocytochemsitry was performed as described previously (44). MDA-MB-231 cells
were grown on laminin-coated glass coverslips, exposed to 100 uM of IPR-456 for 30 min at
37 °C, washed with PBS, fixed with 4% paraformaldehyde for 20 min, and permeabilized
with 1% Triton X-100 for 10 min. Non-specific binding was blocked with 5% normal goat
serum, 5% BSA, 0.01% Triton X-100 in PBS at RT for 1 h. The cells were then incubated
overnight at 4 °C with rabbit polyclonal anti-human uPA or mouse monoclonal anti-human
UPAR antibodies (both at a dilution of 1:100 in 1% BSA/PBS). After three-fold washing
with PBS, the cells were incubated with anti-rabbit IgG conjugated with Alexa 594 Texas
Red (Invitrogen Corporation) or goat anti-mouse 1gG conjugated with Alexa Fluor 488
(Invitrogen Corporation), both at a dilution of 1:1000 in 1% BSA/PBS at RT for 1 h in the
dark. Images were acquired using a Nikon swept-filed confocal microscope.

Fluorescence Polarization (FP) Assay

Inhibitor screens were carried out in triplicate using 500 nM uPAR, 50 nM of a fluorescein-
labeled peptide (GFD-FAM, ; synthesized by Antagene, Inc., California) and inhibitor
concentrations ranging from 0.78 pM to 100 uM in 50 uL volumes in black BD Falcon 384-
well microplates. The compounds were serially diluted in DMSO then diluted in to 0.01%
Triton X-100 in 1x PBS buffer ensuring a final concentration of 2% DMSO (a concentration
that did not affect peptide binding to uPAR). Polarized fluorescence intensities were
measured immediately following addition of inhibitors to the protein-peptide mix at room
temperature on an EnVision® Multilabel Plate Readers (PerkinElmer) using excitation and
emission wavelengths of 485 and 530 nm, respectively. For direct binding studies of
IPR-456 using FP, we used an excitation of 530 nm and emission of 600 nm. FP of IPR-456
in the presence and absence of protein was measured using identical conditions as described
above. Inhibition constants were measured using the K; calculator available at the following
site: http://sw16.im.med.umich.edu/software/calc_Kki.
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Surface Plasmon Resonance (SPR)

A Biacore 3000 instrument (GE Healthcare Life Sciences) was used to detect competitive
inhibition of binding between suPAR277 and the amino terminal fragment of uPA (UPAATE)
in the presence of small molecule inhibitors. uPAaTE Was immobilized on a CM-5 sensor
chip (Biacore) using amine coupling chemistry recommended by the manufacturer. Surface
densities of 100 RU were used for competitive screening of UPAaTE to SUPAR. The running
buffer was HBS-EP was obtained from GE (GE healthcare Bio-sciences). For the injection
of inhibitors that included DMSO, the buffer was supplemented with 5% DMSQO. Protein
controls, which included DMSO but no inhibitor, were injected after two to three injections
with inhibitors to ensure that neither regeneration nor the inhibitors affected the immobilized
UPAATE. All samples were prepared from 10 mM stock solutions to final concentrations
ranging from 5 to 100 uM in 5% DMSO. Injections of suPAR (60 uL) in the presence and
absence of inhibitors were done at 20 pL. min~1 with 180 s association and 90 s dissociation
time. Regeneration used a single injection of 10 uL of 5 mM HCI. Identical injections and
regenerations were used to obtain the K4 of binding of uPAR to uPAaTg. Varying
concentrations of SUPAR ranging from 0.9 nM to 2 uM to were injected onto the
immobilized UPAATE.

RESULTS

Computational Search of Chemical Databases

A total of 80,000 structures from explicit-solvent MD simulations of uPAR were distilled
into a representative set of 50 conformations (Fig. 1c). This was accomplished by clustering
the conformers by root-mean-square (r.m.s.) deviation using residues located within the
growth factor-like domain (GFD) binding cavity on uPAR (Fig. 1b). Comparison of the
overall structure of these conformers using r.m.s. deviation of backbone atoms with those of
the crystal structure of uPAR (PDB code: 1YWH) revealed significant differences. Overall
the r.m.s. derivation ranged from 1.5 to 7 A. These MD simulations provided the structures
used for virtual screening. Docking was focused at the GFD binding site (orange surface in
Fig 1b) of uPA, as it contains the majority of hot-spot residues (19). The multi-tiered virtual
screening approach consisted of first docking 5 million compounds from five commercial
databases to two existing UPAR crystal structures (PDB ID: 2FD6 and 1YWH). The
resulting complexes were scored with the Gold and ChemScore scoring functions. The top
10,000 compounds were selected (2,000 for each scoring function). These were docked to
each of the 50 conformations that emerged from MD with AutoDock4 and scored with Gold
and ChemScore. The top scoring 500 compounds were re-docked onto their corresponding
structure with Glide resulting in 500 x 50 = 25,000 complexes. These complexes were
scored with Glide, and the top 250 compounds were clustered by chemical similarity. A
representative compound from each of the top 50 clusters was selected and purchased from
five different vendors.

Fluorescence Polarization Screening ldentifies Active Compounds

To identify the compounds among the top 50 virtual screening candidates that bind to uPAR
at its interface with uPA, we developed a fluorescent polarization assay using a probe with a
fluorescein label at the N-terminus of GFD (GFD-FAM). GFD-FAM binds strongly to
UPAR with a dissociation constant (Kp) of 120 nM (Fig. 2a). All 50 compounds that
emerged from the computational screening were tested initially at a single concentration of
50 uM in this assay. Four compounds, IPR-455, IPR-456, IPR-566 and IPR-593 showed the
highest inhibition (Fig. 2b). To confirm these results, IPR-456, IPR-566 and IPR-593 were
shown to displace GFD-FAM in a concentration-dependent manner (Fig. 2c). As expected,
unlabeled GFD peptide also displaced GFD-FAM in a concentration dependent manner with
an inhibition equilibrium constant K; = 220 nM (Fig. 2c¢). IPR-455 did not show any
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inhibition and is considered a false-positive. IPR-456 exhibited a K; value of 140 nM.
IPR-593 did not completely displace GFD-FAM as evidenced by an asymptotic curve that
reached a plateau at 60%. IPR-566 also inhibited GFD-FAM binding with a K; = 4.9 uM

IPR-456 Inhibits uPAR-uPA Binding

Given that GFD-FAM only occupies a fraction of the total contact surface between uPAR
and uPA, we sought to establish that compounds that displaced GFD-FAM also abrogate the
full UPAR-UPA interaction. To this end, we developed a microtiter-based ELISA using
UPAR and the amino-terminal fragment (UPAaTE), Which includes the entire binding surface
of full-length uPA (20). IPR-456, IPR-566 and IPR-593 were tested at multiple
concentrations for inhibition of uPAR binding to uPA using this ELISA. As shown in Fig.
2d, only IPR-456 and GFD showed complete concentration-dependent inhibition of UPAATE
binding to UPAR with an ICgg of 10 uM. Some of the difference between the ELISA and FP
ICsq of IPR-456 can be attributed to the fact that the peptide used in the FP assay does not
contain the entire binding surface and is therefore more easily displaced than the UPAATE.
IPR-566 and IPR-593 did not inhibit uPAR binding to uPA in this ELISA. As described
below, it is likely that these compounds did not engage sufficient hot-spot residues and
showed weaker binding to individual side chains within the binding site.

Probing Direct Binding of IPR-456 to uPAR

We exploited the inherent red-colored fluorescence of IPR-456 to probe its direct binding to
UPAR using fluorescence polarization. As shown in Fig. 2e, increasing the concentration of
UPAR led to a corresponding increase in the fluorescence polarization, confirming direct
binding between IPR-456 to uPAR with a Ky of 310 nM. When the study was repeated in
the presence 10 uM GFD, no increase in the polarization was detected with increasing
concentration of UPAR (Fig. 2e), suggesting that GFD blocked IPR-456 binding to uPAR.
These results further establish that IPR-456 competes against GFD likely for the same site
on UPAR. Hence, the fact that IPR-456 binds directly to uPAR argues against non-specific
inhibition, such as may be observed as a result of protein aggregation (45). Additional
evidence that argues against non-stoichiometric binding due to aggregation include (i) the
high level of binding of IPR-456 to UPAR as shown in Fig. 2e even at sub-uM
concentrations; (ii) strong binding as well as inhibition even in the presence of detergent
(0.01 % Triton X-100) (Fig. 2c); and (iii) the lack of steepness in the inhibition (Fig. 2c) and
binding curves (Fig. 2e).

MD Simulation and Free Energy Calculations Support Important Role of Carboxylate with

Arg53

To gain insight into the binding mechanism of IPR-456, we resorted to intensive explicit-
solvent molecular dynamics simulations complemented by free energy calculations
following the widely used MM-GBSA approach as we have used previously (46-48).
Docking IPR-456 on the entire surface of uPAR showed that 83 out of the 95 runs resulted
in a complex with IPR-456 bound to the uPA binding pocket. This blind docking approach
provides additional evidence that IPR-456 binds to the uPA binding pocket on uPAR.

Further insight into the basis for IPR-456’s binding strength can be gained from determining
the energetic contribution of each amino acid in the binding pocket of uPAR that come in
contact with IPR-456. Toward this end, we performed residue-based free energy calculations
(AEggs). Calculations consisted of computing the energy of interaction between each of
these residues and IPR-456. The components of the free energy of binding are: (i) a non-
polar component (AEnp = AEypw + AEsa), which comprises the sum of the van der Waals
potential energy and non-polar solvation energy; (ii) a polar component (AEg g = AEcouL
+ AEgg), which consists of the Coulomb electrostatic energy and the Generalized-Born
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solvation energy (Table 1). Each residue was color-coded based on its contribution to uPA
binding as determined from a recent comprehensive alanine scanning study using SPR (49).
During the simulations, IPR-456 engaged more residues on the receptor, coming in contact
with a total of 7 amino acids, compared with 6 and 5 for IPR-593 and IPR-566, respectively.
Also, IPR-456’s interaction with hot-spot residues was stronger. For example, the binding
energy to Leu150 is —2.7 kcal-mol~1 for IPR-456, compared to —2 kcal-mol~? for IPR-593
and —1.7 kcal-mol~1 for GFD. Another interesting observation is that the sum of the
individual interaction energies across all the amino acids that come into contact with each
compound is significantly greater in IPR-456 (—14.6 kcal-mol~1) compared with IPR-566
(—7.0 kcal-mol™1) and IPR-593 (9.5 kcal-mol™1).

Finally, we note that IPR-456 makes the strongest interaction with Arg53 (—5.3 kcal-mol™1),
which is also found to be the residue that most strongly interacts with GFD (—2.4
kcal-mol~1). Analysis of the MD simulation data of IPR-456 in complex with uPAR reveals
that the compound forms a hydrogen bond with Arg53 through its carboxylate group, likely
a salt-bridge interaction. IPR-566 does not appear to bind to Arg53, while IPR-593 shows a
weaker interaction (—1.6 kcal-mol™1) compared with IPR-456 and GFD.

Derivatives of IPR-456 Confirm Critical Role of Carboxylate

The effect of structural modification around the IPR-456 structure was evaluated using a set
of 8 derivatives of IPR-456 (Scheme 2). IPR-631 and IPR-831, which share the same core
structure as IPR-456, showed minimal activity in the ELISA (Fig. 3a). This lack of activity
was attributed to the loss of the benzoic acid moiety of IPR-456 (replaced with a methyl
group in IPR-631, and by an indoline ring in IPR-831). Only the three compounds that
possessed a benzoic acid moiety (IPR-659, IPR-803, and IPR-808) consistently showed
strong activity. Interestingly, the precise position of the carboxylic acid on the benzoic acid
moiety did not strongly impact affinity. Compounds with a meta-carboxylate (IPR-659 and
IPR-803) and para-carboxylate (IPR-808) show slightly better activity than the ortho-
carboxylate (IPR-456). The presence of the negatively charged carboxylate appears more
important than its position on the phenyl substituent. Indeed, loss of this negative charge by
esterification (IPR-805, a methyl ester) gave complete loss of activity. The strong activity of
IPR-763 suggests that the aromatic ring of the benzoic acid moiety is not critical for activity,
since its replacement with a propionic acid did not abrogate inhibition. The complete loss of
activity observed for IPR-792 further confirms the critical nature of the charge provided by
the carboxylic acid moiety to the binding energies of IPR-456 and its derivatives.

Four IPR-456 derivatives (IPR-763, IPR-803, IPR-805, and IPR-808) were selected for a
concentration-dependent study. A compound that is not an analog of IPR-456 and showed
no activity in the initial screen (IPR-519) was also included to rule out non-specific effects
that may be due simply to the presence of a carboxylate. Consistent with our expectation,
IPR-763, IPR-803 and IPR-808 all demonstrated a concentration-dependent inhibition, with
IPR-803 exhibiting the highest affinity (Fig. 3b) with ICsq values of 20, 10, and 30 uM,
respectively (Fig. 3b). Neither IPR-519 nor IPR-805 showed any inhibition, consistent with
the initial data obtained at single concentration.

SPR experiments evaluated the effect of these compounds on the uPAR-uPA protein-protein
interaction. One binding partners (the ligand) is covalently attached to the biosensor chip on
a dextran surface while the other (the analyte) flows over the ligand. In the event of binding,
an increase in the sensorgram signal is observed (50). We immaobilized uPAaTg on the CM5
chip dextran surface and injected uPAR along with increasing concentration of IPR-763 and
IPR-803. As shown in Fig. 3c, a concentration-dependent decrease in the response is
detected for each compound. Moreover, the 1Csq estimated from the plots were nearly
identical to those observed in the ELISA.
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IPR-456 Abrogates uPAR-uPA Binding in Tumor Cells

Immunofluorescence techniques directly visualized the effect of IPR-456 on the uPAR-UPA
interaction at the cell surface. Endogenous uPAR and uPA in a breast cancer cell line MDA-
MB-231 were immunostained with selective antibodies and visualized by staining with
fluorescently-conjugated secondary antibodies. Representative deconvolved confocal
immunofluorescence images are presented in Fig. 4a and 4b. To get a quantitative estimate
of the effect of IPR-456 on the uUPAR and uPA levels we quantified the surface staining
intensity for both proteins (Fig. 4c). In cells with clear surface staining, the surface of each
cell was outlined using UPAR staining. The pixel immunodensities for uPAR and uPA then
were determined using Nikon elements software. In the absence of compound (0.1%
DMSO; vehicle control) both uPAR and uPA were detected in large intracellular clusters as
well as on surface membranes of the MDA-MB-231 cells (Fig. 4a and 4b). In the presence
IPR-456, added 30 min prior to immunostaining, there was a significant concentration-
dependent reduction of uPA staining at the cell surface (Fig. 4c) in both cell types. In
contrast, there was no change in the immunostaining pattern of uPAR with the DMSO
control (Fig. 4c), as expected since UPAR is tethered to the cell surface through a GPI
anchor, while uPA is soluble. These results suggest that IPR-456’s action was not via a non-
specific down-regulation of UPAR, but rather by preventing uPA from binding to uPAR,
supporting results from our biochemical assays that IPR-456 acts as a direct inhibitor of the
protein-protein interaction.

IPR-456 Blocks Invasion and Migration in a Process Independent of Cell Cytotoxicity

The fact that IPR-456 specifically inhibited uPA binding to uPAR both in recombinant
protein assays and at the cell surface of MDA-MB-231 prompted us to test its effects on
processes critical for metastasis, including invasion, migration and adhesion. A Boyden
chamber apparatus was used to assess the effect of IPR-456 and IPR-803 on MDA-MB-231
invasion. A concentration-dependent reduction in the number of cells that are able to invade
through the membrane was observed for both compounds (Fig. 5a). To ensure that the
observed inhibition of invasion was not due to cell killing, the level of toxicity of the
compounds was measured at each concentration within the timeframe of the invasion
experiment (Fig. 5b). Interestingly, IPR-456 showed no toxicity up to 100 uM and minimal
toxicity at 200 uM, confirming that the inhibition of invasion is not due to cell killing.
IPR-803, on the other hand, showed a concentration dependent inhibition of MDA-MB-231
cell proliferation (Fig. 5b). Photographs of the membrane illustrate the effect of the
compound on invasion (Fig. 5c).

To confirm that the effects on invasion observed for IPR-456 are due to targeting of uPAR,
knockdown of the receptor using small interfering RNA (siRNA) was performed and
confirmed by Western blot analysis (Fig. 5d). Significant impairment of invasion by about
60% in MDA-MB-231 cells is observed for MDA-MB-231 cells lacking uPAR (Fig. 5e).
This result confirms what has been widely known, namely that uPAR plays a critical role in
invasion. IPR-456 showed no effect on invasion of MDA-MB-231 cells lacking uPAR,
confirming that the observed inhibition of invasion by IPR-456 is likely mediated through
blocking interactions of uPAR. It is also interesting to note that addition of IPR-456 results
in the same effect that was observed with siRNA knockdown of uPAR, namely inhibition of
invasion by about 60% (Fig. 5a). Considering 60% as the maximum inhibition that can be
achieved by blocking interactions of uPAR, one can estimate an I1Csg for inhibition of
invasion of 30 uM, which is comparable to the 10 pM observed in binding studies by
ELISA, SPR and immunofluorescence.

While it has been suggested that interaction of uPAR with integrin promotes cell migration,
the role of the UPAR-UPA interaction in this process is not well established. IPR-456
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provides an opportunity to dissect the role of this interaction in cancer cell migration. Two
different methods were employed. First, a Boyden chamber apparatus was used to assess the
effect of compound on chemotaxis based migration. As shown in Fig. 6a and 6b, IPR-456
blocked migration very weakly with an estimated 1Cgq greater than 100 uM. Second, we
used a wound healing assay (Fig. 6a and 6b), which assays migration mediated by a
concentration gradient established by the wound. This latter assay is not as sensitive to
potential cytotoxic effects. As in experiments with the Boyden chamber, IPR-456 showed
little effect on migration. Neither assay exhibited any cell cytotoxicity.

As cell adhesion requires integrins, we also tested the role of IPR-456 in MDA-MB-231 cell
adhesion. Adherence of cancer cells to fibronectin- or vitronectin-coated microtiter plates
was monitored with fluorescence. IPR-456 showed no effect on cell adhesion for MDA-
MB-231 cancer cell lines (Fig. 6¢). The lack of inhibition was found both on fibronectin-
and vitronectin-coated wells.

DISCUSSION

A rational strategy was used to identify small molecules that inhibit the tight UPAR-uPA
protein-protein interaction. This strategy consisted of (i) targeting alternative conformational
states of UPAR that are distinct from its native crystal structure, and (ii) focusing the
docking effort on the binding cavity within uPAR that contains previously-identified hot-
spot residues (19). The first component of the strategy was inspired by the conformational
selection model of binding for protein-protein interactions (51). In this mechanism, the
ligand will “select” the most suitable conformation of the receptor from a pre-existing
equilibrium of structures and shift the equilibrium to favor this structure. It was our
expectation that the binding of a compound to conformations that were different than the
UPAR structure found in the uPAR-uPA complex would further contribute to inhibiting the
protein-protein interaction. Docking of a large number of compounds to conformers
collected from molecular dynamics simulations led to a small molecule (IPR-456) that binds
to UPAR at sub-micromolar affinity with a dissociation equilibrium constant (Kp) of 310
nM. IPR-456 and its derivative IPR-803 displaced GFD-FAM binding, but also inhibited the
full protein interaction in a microtiter-based ELISA and surface plasmon resonance with
ICsq of 10 uM. It is interesting to note that compounds that emerged from virtual screening
of the crystal structure showed little overlap with those that emerged from the multi-
conformer docking (Table S1 in Supporting Information). Only one compound, namely
IPR-576, appeared in both lists and the compound was shown not to bind to uPAR in our FP
assay.

Free energy calculations provided insight into the binding mechanism of IPR-456 to contrast
with IPR-566 and IPR-593, which bind to uPAR and displace GFD-FAM, but do not inhibit
the full protein interaction. The calculations revealed that IPR-456 engaged more hot-spot
residues than the other two compounds, made stronger interactions with the residues within
the binding site, and showed significant affinity to a charged residue, namely Arg53.
Interestingly, the strong interaction of IPR-456 to Arg53 was reminiscent of the native
peptide GFD that also exhibited preferred binding with the residue. Visualizations of the
UPAR/IPR-456 trajectories suggested that the carboxylate moiety on IPR-456 was likely the
basis for the strong interaction of the compound with Arg53. This hypothesis was confirmed
by testing the in vitro activity of a series of derivatives that lacked the carboxylate of the
parent compound. The results showed complete loss of inhibition of the protein-protein
interaction in the absence of the carboxylate. The precise position of the carboxylate on the
phenyl ring did not appear to impair activity, but the negative charge of the carboxylate was
the more critical component for inhibition. In fact, mere conversion of the carboxylate to a
methyl ester derivative led to complete loss of activity. The critical nature of this
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carboxylate moiety could serve as a general mechanism for transforming molecules that
merely bind to a target in a protein-protein interaction, to molecules that fully inhibit the
interaction, by simply introducing a charged group to engage nearby charged residues.

Highly invasive breast MDA-MB-231 tumor cells are known to overexpress uUPAR. We
showed that IPR-456 specifically blocked the uPAR-UPA interaction using
immunofluorescence imaging in MDA-MB-231 cells, which employs antibodies labeled
with fluorescent probes specific to UPAR and uPA. The results indicated that IPR-456
significantly impaired presence of uPA at the cell surface, but had no effect on the uPAR
levels. The lack of effect on the levels of UPAR at the cell surface confirms that the
compound is unlikely to be acting through some non-specific mechanism by down-
regulating the receptor, but more likely via a direct block of the interaction.

Compound IPR-456 offers a chemical tool to disentangle the role of the uPAR-uPA from
other interactions of UPAR and study its role in metastasis. IPR-456 inhibits MDA-MB-231
invasion with an ICgq of approximately 30 uM. This ICsgq is comparable to the 10 uM ICsg
observed for inhibition of UPAaTg binding to UPAR in the ELISA and SPR competitive
assays. The three-fold discrepancy may be attributed to the fact that uPAR promotes
invasion through other interactions with other cell surface receptors. IPR-456 also provided
a unique opportunity to probe the role of the uUPAR-UPA interaction in other processes that
promote metastasis, such as migration and adhesion. Interestingly, the compound did not
show significant effect on migration in two different assays and had no effect on adhesion.
The lack of effect on adhesion suggests that the interaction likely is not involved in binding
and activating osB1 and agps integrins (52, 53). These results indicate that uPAR is likely to
engage integrins through alternative sites on the receptor, perhaps at the vitronectin binding
site located away from the uPA binding site (52-54). IPR-803 exhibited some cytotoxicity
compared with IPR-456. There is a possibility that this is due to intracellular off-targets. The
different position of the carboxylate on IPR-803 perhaps facilitates its transport into cells
through any of the different cellular transport mechanisms, enabling the compound to reach
potential intracellular off-targets.

The discovery of IPR-456 suggests that virtual screening targeting alternative conformations
sampled from molecular dynamics simulations is a viable approach to identify small
molecules that inhibit challenging protein-protein interactions. IPR-456 and its derivatives
provide powerful chemical probes to delineate the role of the uPAR-UPA interaction in
various processes in metastasis. These compounds have the potential to serve as leads for the
development of in vivo chemical probes and therapeutics to block metastasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Three dimensional structure of uPAR in complex with its binding partners

(a) Stereo view of the three-dimensional structure of the complex between uUPAR, UPAATE.
A solvent-accessible surface is constructed around each protein. uPAR is shown in cyan,
UPAATE is shown in purple and orange, and the growth factor-like domain (GFD) within
UPAATE is shown in orange. (b) Stereo view of UPAR in surface representation with the uPA
interaction surface is shown for GFD (orange), uPAaTg (purple), and cyan (rest of protein).
(c) Stereo view of the superimposition of the 50 conformers that were used during the virtual
screening that led to active compounds.
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Figure 2. IPR-456 Inhibits uPA binding to uPAR

(a) Binding of fluorescent GFD (GFD-FAM) as a function of uPAR. Increasing
concentration of SUPAR protein were titrated against the fluorescent GFD-FAM peptide and
data was fit to a sigmoidal dose-dependent curve to determine a Kq of 0.120 uM. (b)
Fluorescence polarization for the 50 compounds that emerged from the computational
screening (c) Displacement of GFD-FAM from uPAR by GFD-FAM (black curve) and three
compounds, namely IPR-456, IPR-566, and IPR-593, that exhibited dose-dependent
inhibition (blue, green and red curves); (d) An ELISA was used to measure inhibition of
UPAR binding to uPAaTr-coated microtiter plate by serial dilutions of compounds (e)
Fluorescence polarization (mP) for IPR456 measured at emission of 600 nm with increasing
concentration of UPAR is shown; competition by the addition of 10 uM GFD to the titration
of IPR456 with uPAR is also shown (black curve). The estimated dissociation constant (Ky)
of IPR-456 to uPAR is 140 nM.
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Figure 3. IPR-456 Derivatives Inhibit uPAR-uPA Interaction

(a) ELISA for IPR-456 and its derivatives at 50 pM concentration. (b) An ELISA was used
to measure inhibition of uPAR binding to uPATg-coated microtiter plate by serial dilutions
of IPR-456 derivatives (IPR-763, IPR-803, IPR-805, and IPR-808). IPR-519 is a negative
control to rule out non-specific inhibition due to carboxylic acid. (c) A competition assay
using surface plasmon resonance (SPR) assay with uPAR injected along with increasing
concentration of compound on immobilized uPA.
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Figure 4. IPR-456 interferes with cell surface uPA binding in breast cancer cells
Representative deconvolved confocal immunofluorescence images of MDA-MB-231 cells
stained with (a) a monoclonal antibody against uPAR (green) and (b) a polyclonal antibody
against UPA (red). (c) Quantification of the surface expression levels of uPA and uPAR in
MDA-MB-231 cells. The plasma membrane outlines were identified with uPAR staining.
The pixel immunodensity of the surface uPA and uPAR was calculated from these regions
only. Only cells where the cell membrane was clearly discernible were included in the
analysis. Each value represents the mean + S.E. from 26-30 cells taken from three different
fields from two independent samples. * significant difference from the DMSO control (p <
0.001, Student’s t test).
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Figure 5. Compounds block invasion, migration, but not adhesion of breast (MDA-MB-231)
cancer cells

(a) Invasion of MDA-MB-231 cells at increasing concentration of IPR-456 and IPR-803, as
indicated. Ten fields of unit area on each membrane were counted for cell numbers
(magnification, 200x). These data represent the average + SD of three independent
experiments. *P < 0.05, paired one-tailed t-test (b) Effect of IPR-456 and IPR-803 on MDA-
MB-231 cell proliferation. (c) Representative experimental cells from control and in the
presence of increasing concentration of IPR-456 were photographed for the Boyden
chamber assays (200x) to illustrate the effect of IPR-456 on invasion. (d) MDA-MB-231
cells were transfected with siRNAs for uPAR, control siRNA (control) or with transfection
reagent only (mock). After 48 h, cells were lysed and analysed by immunoblotting. (e)
Invasion in the absence (control) or with IPR-456 for MDA-MB-231 with siRNA
knockdown of uPAR.
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Figure 6. IPR-456 effect on migration and adhesion

(a) Representative experimental cells from control and in the presence of increasing
concentration of IPR-456 were photographed for the wound healing (100x magnification)
and Boyden chamber assays (200x magnification). (b) IPR-456 effect on MDA-MB-231
migration were quantified as described in Methods (c) The adhesion of MDAMB231 cells to
ECM components fibronectin (FN) or vitronectin (VN) in the absence or presence of
IPR-456 are shown as indicated. The numbers of attached cells were quantified by MTT
assay.
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