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Abstract

Protein–protein interactions drive every aspect of cell signaling, yet only a few small-molecule 

inhibitors of these interactions exist. Despite our ability to identify critical residues known as hot 

spots, little is known about how to effectively engage them to disrupt protein–protein interactions. 

Here, we take advantage of the ease of preparation and stability of pyrrolinone 1, a small-molecule 

inhibitor of the tight interaction between the urokinase receptor (uPAR) and its binding partner, the 

urokinase-type plasminogen activator uPA, to synthesize more than 40 derivatives and explore 

their effect on the protein–protein interaction. We report the crystal structure of uPAR bound to 

previously discovered pyrazole 3 and to pyrrolinone 12. While both 3 and 12 bind to uPAR and 
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compete with a fluorescently labeled peptide probe, only 12 and its derivatives inhibit the full 

uPAR·uPA interaction. Compounds 3 and 12 mimic and engage different hot-spot residues on uPA 

and uPAR, respectively. Interestingly, 12 is involved in a π–cation interaction with Arg-53, which 

is not considered a hot spot. Explicit-solvent molecular dynamics simulations reveal that 3 and 12 
exhibit dramatically different correlations of motion with residues on uPAR. Free energy 

calculations for the wild-type and mutant uPAR bound to uPA or 12 show that Arg-53 interacts 

with uPA or with 12 in a highly cooperative manner, thereby altering the contributions of hot spots 

to uPAR binding. The direct engagement of peripheral residues not considered hot spots through 

π–cation or salt-bridge interactions could provide new opportunities for enhanced small-molecule 

engagement of hot spots to disrupt challenging protein–protein interactions.

Graphical abstract

It is estimated that there are more than 200000 protein–protein interactions in a cell. These 

interactions drive nearly every aspect of cellular function. Small molecules offer an 

opportunity to explore these interactions in normal and pathological processes. Protein–

protein interactions exhibit a wide range of binding thermodynamics and kinetics from weak 

interactions that occur over small interfaces to tight and stable protein–protein interactions 

that occur over large interfaces (>1000 Å2). Although the design of small molecules to 

disrupt weak interactions is relatively straightforward, inhibiting tight interactions is much 

more challenging. To date, while numerous small molecules have been reported to inhibit 

protein–protein interactions (reviewed in refs 1 and 2), there are only a few examples of 

small molecules that disrupt tight protein–protein interactions (Kd = 1–100 nM); examples 

include antagonists of Bcl-xL3 and IL-2R.4 The ability to disrupt these tight interactions that 

occur over large surfaces with a small molecule that has a much smaller footprint is 

attributed to the presence of residues that contribute disproportionately to the binding 

affinity, also known as hot spots.5–9

The urokinase receptor (uPAR) is a cell surface glycophosphatidylinositol (GPI)-anchored 

receptor that is part of an extensive network of protein–protein interactions. Its binding 

partners include serine proteinase urokinase-type plasminogen activator uPA10 and the 

glycoprotein vitronectin.11–13 The uPAR·uPA protein–protein interaction is a high-affinity 

(KD = 1 nM) and stable (koff = 10−4 s−1) interaction.14 Crystal structures of the uPAR·uPA 

complex show that uPA binds to uPAR along a well-defined binding site that is part of a 

>1000 Å2 interface.15–18 The interaction is mediated by a 25-residue growth factor-like 

domain (GFD), and residues from a kringle-like domain of uPA. A comprehensive alanine 

Liu et al. Page 2

Biochemistry. Author manuscript; available in PMC 2018 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



scanning study at the uPAR·uPA interface identified several hot-spot residues that reduced 

the uPAR·uPA binding affinity by >1 kcal mol−1.14,18,19 In the uPAR·uPA complex, there are 

hot spots both on uPA (Trp-30, Phe-25, Tyr-24, and Ile-28)14 and on the large binding cleft 

of uPAR that accommodates the GFD domain (Leu-150, Leu-55, Leu-66, Tyr-57, and 

Asp-140).18

Previously, we performed a computational screen of commercial libraries to identify small 

molecules that bind to uPAR and disrupt the uPAR·uPA protein–protein interaction.18,21,22 

Compound 1 was discovered following a substructure search using pyrazole, piperidinone, 

and pyrrolydi-none compounds as templates.23 These compounds were shown to bind to 

uPAR and displace a fluorescently labeled peptide. In addition to 1, another strategy that 

consisted of docking chemical libraries to an ensemble of uPAR structures sampled from 

explicit-solvent molecular dynamics simulations led to 2 (IPR-803).24 Compound 2 binds to 

uPAR with submicromolar affinity and inhibits the uPAR·uPA complex with single-digit 

micromolar IC50 values.24 Structure–activity relationships revealed the critical nature of a 

benzoic acid moiety that was attributed to a salt-bridge interaction with the guanidinium 

group of Arg-53. We showed that this residue became exposed following explicit-solvent 

molecular dynamics simulations.16 Our predicted binding mode and interaction with Arg-53 

was recently independently confirmed by a crystal structure of an analogue of 2 bound to 

uPAR.25 To the best of our knowledge, our work with 2 is the first study that led to small-

molecule protein–protein antagonists using protein structures sampled from molecular 

dynamics simulations. The work highlights the importance of considering molecular 

dynamics of a receptor for the design of small molecules that disrupt tight interactions 

(Scheme 1).

Analysis of three-dimensional structures of protein–protein complexes reveals that hot spots 

are generally found at the protein–protein interface of tight protein–protein interactions.
5,26,27 They can be located either on the ligand or on the receptor that harbors a binding site. 

It has been suggested that small molecules that bind to hot spots can disrupt tight protein–

protein interactions despite their smaller footprint. Early work targeting the IL-2·IL-2Rα 
complex confirmed that small molecules that inhibited the interaction directly bind to hot 

spots,28 but the researchers also found that neighboring residues that promote IL-2·IL-2Rα 
enhanced binding of small molecules. These counterintuitive results can be explained by 

dynamical effects likely arising from the cooperativity of residues at the interface.29 This 

cooperativity has led to the suggestion that hot-spot clusters can form hot regions.30 

Cooperativity makes it more difficult to select the appropriate hot spots for the rational 

design of small-molecule inhibitors of protein–protein interactions. The mere binding to hot 

spots may not necessarily result in more potent inhibition of the protein–protein interaction. 

A deeper understanding of (i) the interaction energies between small molecules and 

individual residues and (ii) the dynamical changes that occur upon binding of a small 

molecule could lead to more effective strategies for the rational design of small-molecule 

protein–protein interaction inhibitors.

Here, we take advantage of the straightforward synthesis of 1 to prepare 46 derivatives of the 

compound to gain insight into the forces that lead to small-molecule inhibition of the 

uPAR·uPA protein–protein interaction. Their activity was measured using fluorescence 
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polarization with a labeled α-helical peptide and an enzyme-linked immunosorbent assay 

(ELISA) that uses uPAATF, which includes the entire binding interface of the uPAR·uPA 

interface. We determine the crystal structure of uPAR bound to two small molecules, 

namely, pyrrolinone 21 (IPR-1175) and pyrrazole 3 (IPR-737), providing a structural basis 

for the activity of 1 and its derivatives. To gain deeper insight into the basis for the activity 

of 1 and its derivatives, we conducted explicit-solvent molecular dynamics simulations of 

uPAR in complex with uPA, 1, 3, and several other derivatives. The resulting structures were 

used for free energy calculations using molecular mechanics (MM), generalized Born (GB), 

and solvent-accessible surface (SA) also known as MM-GBSA. Decomposition energy 

calculations, which correspond to the MM-GBSA free energy between a ligand and 

individual residues on uPAR, provided deeper insight into the individual contributions of 

each amino acid to the protein–protein and protein–compound interactions. Finally, we 

compare the dynamics of the uPAR·uPA interaction with the dynamics of uPAR in complex 

with small molecules.

MATERIALS AND METHODS

Protein Expression and Purification

suPAR was obtained by a one-step purification process as previously described.31

Crystallization and Structure Determination of uPAR in Complex with Its Inhibitor, 3 
(IPR-737), and 12 (IPR-1175)

A stabilized form of human soluble uPAR (H47C/N259C) (denoted suPARcc) was used to 

facilitate crystallization of suPAR in complex with the inhibitor. suPARcc was expressed and 

purified as previously described32 and concentrated to 16 mg mL−1. Crystals were formed 

using 1.96 M ammonium sulfate, 100 mM HEPES (pH 7.5), and 2% (w/v) polyethylene 

glycol 400 as the precipitant solution by the sitting-drop vapor diffusion method. Crystals 

were soaked into 40% PEG4000 and 100 mM HEPES (pH 7.5) with 1 mM 3 (IPR-737) or 

12 (IPR-1175) for ∼2 days. X-ray diffraction data was collected under cryogenic conditions 

at 100 K. Crystals were collected on beamline BL17U at the Shanghai Synchrotron 

Radiation Facility (SSRF) and were processed, integrated, and scaled together with 

HKL2000.33 The crystal structures of the suPARcc·3 (IPR-737) complex and suPARcc·12 
(IPR-1175) complex were determined by the molecular replacement program MOLREP34 of 

the CCP4 package using Protein Data Bank (PDB) entry 3U74 as a search model. After 

molecular replacement, inhibitor 3 (IPR-737) or 12 (IPR-1175) was built into the model on 

the basis of a 2Fobs –Fcalc σ-weighted composite omit map, and then iterative manual model 

building and model refinement were performed with COOT35 and REFMAC, yielding a 

final R value of 0.2119 and an Rfree value of 0.2576 in the suPARcc·3 (IPR-737) complex 

(Table S2), while the values were 0.2349 and 0.2613, respectively, in the suPARcc·12 
(IPR-1175) complex (Table S1). These structures were analyzed by PyMOL.4

Fluorescence Polarization

Polarized fluorescence intensities were measured using an EnVision Multilabel plate reader 

(PerkinElmer) with excitation and emission wavelengths of 485 and 530 nm, respectively.24 

A Thermo Scientific Nunc 384-well black microplate was used to prepare samples with a 
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final volume of 50 μL in duplicate. First, the compounds were serially diluted in dimethyl 

sulfoxide (DMSO) and further diluted in 1× PBS buffer with 0.01% Triton X-100 to yield a 

final concentration from 100 to 0.046 μM. Triton X-100 was added in the buffer to avoid 

compound aggregation; 35 μL of the compound solution and 10 μL of PBS containing uPAR 

were added to the wells, and the mixture was incubated for at least 15 min to allow the 

compound to bind to the protein. Finally, 5 μL of fluorescent AE147-FAM peptide was 

added for a total volume of 50 μL in each well, resulting in final uPAR and peptide 

concentrations of 320 and 100 nM, respectively. The final DMSO concentration was 2%, 

which had no effect on the binding of the peptide. Controls included wells containing only 

the peptide and wells containing both protein and peptide each in quadruplicate to ensure the 

validity of the reaction assay. A unit of millipolarization (mP) was used to calculate the 

percent inhibition of the compounds. Inhibition constants were determined using the Ki 

calculator available at http://sw16.im.med.umich.edu/software/calc_ki/.

Microtiter-Based ELISA for uPAR·uPA

High-binding microplates (Greiner Bio-One) were incubated for 2 h at 4 °C with 100 μL of 

2 μg mL−1 uPAATF in PBS. Each plate was washed with 0.05% Tween 20 in PBS buffer 

between each step. A 1:1 mixture of Superblock buffer in PBS (Thermo Fisher Scientific, 

Inc., Waltham, MA) with 0.04 M NaH2PO4 and 0.3 M NaCl buffer was used for blocking at 

room temperature for 1 h; 100 μL of 75 nM uPAR in PBS with 0.025% Triton X-100 was 

added with the indicated concentrations of compounds. Compounds were screened initially 

at 50 μM. For concentration-dependent studies, a range of compound concentrations from 

100 to 0.4 μM were used. The final DMSO concentration was 1%. Following incubation for 

30 min and subsequent washing steps, the human uPAR biotinylated antibody (1:3000 

dilution of 0.2 mg mL−1 BAF807, R&D Systems, Minneapolis, MN) in PBS containing 1% 

BSA was added to the wells (100 μL/well) and incubated for 1 h to allow for the detection of 

bound uPAR. Following washing, 100 μL of streptavidin-bound horseradish peroxidase (84 

ng mL−1) in PBS containing 1% BSA was added for 20 min. The signal obtained in the 

presence of TMB in phosphate-citrate buffer (pH 5) and hydrogen peroxide was stopped by 

adding a H2SO4 solution and detected using a SpectraMax M5e instrument (Molecular 

Devices, Sunnyvale, CA).

Molecular Docking

Small molecules were prepared for molecular docking using Maestro (version 9.4, 

Schrödinger, LLC, New York, NY). Compounds were first processed with LigPrep (version 

2.6, Schrödinger, LLC). The receptor protein structure (PDB entry 3BT1 and crystal 

structures of the uPAR·3 and uPAR·12 complexes) was prepared using the Protein 

Preparation Wizard workflow in Maestro. Bond orders were assigned, hydrogen atoms 

added, and disulfide bonds created. For the 3BT1 structure, vitronectin (chain B) was 

removed and the missing loop at residues Arg-83 and Ala-84 introduced using the Prime36 

module in Schrödinger. The missing loops from Ser-81 to Ser-90 (uPAR·3) and from Ile-129 

to Lys-139 (uPAR·3 and uPAR·12) were reconstructed using the loop-model class in 

MODELER (version 9.13).37 Five initial models were constructed and refined using the 

“fast” molecular dynamics (MD) annealing function. Five additional loop models were 

constructed for each initial model and similarly refined. A loop model was visually selected 
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from the 25 loop models that best matched the existing loop in the 3BT1 structure. Finally, 

structures were protonated at pH 7.0 using PROPKA.38

The binding poses of select derivatives of 1 (IPR-1110) were generated using the cocrystal 

structure of uPAR in complex with 3 (IPR-1175) as a guide in Maestro. The derivatives were 

docked in a 21 Å box centered on the complexed ligand using Glide39 (Schrödinger, LLC) in 

standard precision (SP) mode. The common core structure of the analogues found in Table 1 

was used to restrict the binding poses of the derivative compounds. All other parameters 

were set to default values.

Molecular Dynamics Simulations

The binding poses were used to run MD simulations using the AMBER14 and 

AmberTools15 packages.40 Each compound was assigned AM1-BCC41 charges and gaff42 

atom types using the antechamber program.43 Complexes were immersed in a box of 

TIP3P44 water molecules. No atom on the complex was within 14 Å of any side of the box. 

The solvated box was further neutralized with Na+ or Cl− counterions using the tleap 
program.

Simulations were performed using the GPU accelerated version of the pmemd program with 

ff12SB45 and gaff42 force fields under periodic boundary conditions. All bonds involving 

hydrogen atoms were constrained by using the SHAKE algorithm,46 and a 2 fs time step was 

used in the simulation. The particle mesh Ewald47 (PME) method was used to treat long-

range electrostatics. Simulations were run at 298 K under 1 atm in the NPT ensemble 

employing a Langevin thermostat and a Berendsen barostat. Water molecules were first 

energy-minimized and equilibrated by running a short simulation with the complex fixed 

using Cartesian restraints. This was followed by a series of energy minimizations in which 

the Cartesian restraints were gradually relaxed from 500 to 0 kcal Å−2, and the system was 

subsequently gradually heated to 298 K via a 48 ps MD run. Via assignment of different 

initial velocities, 10 independent simulations that are 10 ns in length each were performed 

for the protein–compound structures.

Free Energy Calculations

In each of the 10 trajectories (10 ns in length), the first 2 ns was discarded for equilibration. 

MD snapshots were saved every 1 ps, yielding 8000 structures per trajectory. A total of 

80000 snapshots were generated per 100 ns of simulation; 1000 snapshots were selected at 

regular intervals from the 80000 snapshots for free energy calculations using the cpptraj 
program.48 The molecular mechanics-generalized Born surface area (MM-GBSA)49 method 

was used to calculate the free energy using the MMPBSA.py script50 and Onufriev’s GB 

model.51,52 Solvent-accessible surface area (SASA) calculations were switched to the 

ICOSA method, where surface areas are computed by recursively approximating a sphere 

around an atom, starting from an icosahedron. Salt concentrations were set to 0.1 M. The 

entropy was determined by normal mode calculations53 with the nmode module from 100 of 

the 1000 snapshots used in the free energy calculations. The maximal number of cycles of 

minimization was set to 10000. The convergence criterion for the energy gradient to stop 

minimization was 0.5.
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The MM-GBSA binding free energy is expressed as

where ΔEGBTOT is the combined internal and solvation energies, T is the temperature, and 

ΔSNM is the entropy determined by normal mode calculation. The solvation energy is 

determined using generalized Born (GB) solvation models (ΔEGBSOL) (igb = 2):

where ΔEGBSOLV is the solvation free energy and ΔEGAS is the molecular mechanical 

energies (gas phase). The gas-phase energies are composed of two components:

where ΔEELE is the nonpolar electrostatic energy and ΔEVDW is the polar van der Waals 

energy. The GB solvation free energy is expressed by

where ΔESURF and ΔEGB are the nonpolar and polar contributions to the solvation free 

energy, respectively. All the binding energies are determined by

where ECOM, EREC, and ELIG are total energies corresponding to the complex, receptor, and 

ligand, respectively.

Decomposition Energy

The decomposition energy used in this work was determined using the MMPBSA.py 
script50 available in AMBER14. The script provides several schemes for decomposing 

calculated free energies into specific residue contributions using either GB or PB implicit-

solvent models. These schemes were developed by Gohlke and co-workers.54 The per-

residue decomposition scheme was used in this work. Similar to the free energy calculations, 

we use the GB solvation model from Onufriev and co-workers.51,52 The energy terms are 

decomposed according to the scheme outlined in the AMBER14 manual using the following 

equation:
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where the first and second terms represent the average contribution over snapshots i from the 

MD simulation in residues j on the receptor and ligand, respectively. The term E(i,j) 
corresponds to the contribution of the gas-phase and solvation energies, that is

where EVDW and EELE are the van der Waals and electrostatic energies in the gas phase 

(EGAS), respectively. EGB and ESURF are the polar and nonpolar contributions to the 

solvation free energy by the GB solvation model (EGBSOLV), respectively. Entropy is not 

included in the decomposition method.

The GB model is described in detail by Onufriev and associates55 and in the AMBER14 

manual. The GB model we selected (igb = 2, GBOBC model I) approximates the solvation 

electrostatic EGB by an analytical formula:

where rij is the distance between atoms i and j, Ri and Rj are the effective Born radii of 

atoms i and j, respectively, K is the Debye–Hückel screening parameter, ε is the dielectric 

constant, and f GB is a smooth function. Each atom in the GB model is represented as a 

sphere with radius ρi with charge qi. The f GB function is expressed as

and is used to describe the distance between two atoms and their effective Born radii.

The nonpolar contribution to the solvation free energy is calculated by approximating the 

total SASA of the molecule:

where γ and β are the surface tension and offset terms, respectively. The ICOSA method is 

used to determine SASA.40,54 In this method, surface areas are computed by recursively 

approximating a sphere around an atom. The first sphere is modeled as an icosahedron. In 

each subsequent step, the faces of the polyhedron are divided into four equal-sized triangles 

to better approximate the sphere.

Chemistry

All chemicals were purchased from commercially available sources and used as received. 

Column chromatography was performed with silica gel (25–63 μm). High-resolution mass 

spectra were recorded on an Agilent 6520 Accurate Mass Q-TOF instrument. 1H nuclear 
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magnetic resonance was recorded in CDCl3 or DMSO on a Bruker 500 MHz spectrometer. 

Reverse-phase liquid chromatography and mass spectrometry were performed on an Agilent 

1100 LC/MSD instrument fitted with an Eclipse XBD-C18 (4.6 mm × 150 mm) column 

eluting at 1.0 mL min−1 employing an (acetonitrile/methanol)/water gradient (each 

containing 5 mM NH4OAc) from 70 to 100% acetonitrile/methanol over 15 min and holding 

at 100% acetonitrile/methanol for 2 min. Chemical shifts are reported in parts per million 

using either residual CHCl3 or DMSO as an internal reference. All compounds are >95% 

pure unless otherwise stated. Syntheses of 3-(hexyloxy)-aniline and 3-(hexyloxy)-4-

methylaniline were performed using a protocol described by Marco and co-workers.56 β-
Diketoesters were synthesized with modification according to Milagre and co-workers.57 

Derivatives of 1 were synthesized by a modified procedure of Rose and co-workers.58 Full 

compound characterization is provided in the Supporting Information.

RESULTS

Synthesis of Pyrrolinones, Stability, Reactivity, and Selectivity Studies

The ease of synthesis of 1 (IPR-1110) prompted us to prepare 46 derivatives to explore the 

uPAR·uPA binding interface (Table 1). 1 (IPR-1110) was modified at three sites, R1–R3. 

Most of the structure–activity exploration was focused on R1 and R2. The synthesis of these 

compounds was straightforward (Figure S1) as described previously.23

The pyrrolinone core structure of 1 suggests that nucleophilic residues within a protein could 

potentially form covalent adducts through nucleophilic attack at the carbon bearing the 

hydroxyl group of the core five-membered ring. To explore this possibility, we employed 

electrospray ionization (ESI) mass spectrometry. As shown in Figure S2, there was no 

adduct formation when uPAR was incubated with the compound, ruling out nonspecific 

covalent bond formation as the mechanism by which the pyrrolinone compounds antagonize 

uPAR–protein interactions. Next, we investigated the stability of the compound in buffer 

(PBS), methanol, and uPAR using high-performance liquid chromatography (Figure S3). 

The UV spectra for all three conditions were identical (Figure S3a), and the mass spectra 

corresponding to the major peaks were also identical (Figure S3b). This suggests that the 

compound is stable both in buffer and in the presence of uPAR.

Finally, we investigated the selectivity of the pyrrolinone compounds by testing them for 

inhibition of an unrelated protein–protein interaction between the α and β subunits of the 

CaV2.2 calcium channel (Figure S4). The CaVαβ interaction is mediated by a tight single-

digit nanomolar interaction that occurs over a large interface consisting primarily of an α 
helix of the α subunit binding to a large well-defined pocket on the β subunit (Figure S4). 

Compound 1 (Figure S4) showed no inhibition of this interaction up to 25 μM. The effect of 

1 on the CaVαβ interaction at 50 and 100 μM can be attributed to aggregation considering 

the sharp rise in activity from nearly 0% inhibition at 25 μM to more than 75% inhibition at 

50 μM. This was not observed for uPAR, whereby 1 exhibited a gradual increase in its level 

of inhibition of binding of AE-147 to uPAR (Figure S4). These studies confirm that the 

compounds bind to uPAR in a selective manner as evidenced by the lack of activity against 

another unrelated protein–protein interaction. It is possible that compound 1 inhibits 

interactions that are similar to the uPAR·uPA interaction. Future studies that explore 
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compounds in cell culture should explore these compounds for inhibition of interactions that 

are similar to uPAR·uPA interactions.

Crystal Structures of Compounds Bound to uPAR

The crystal structure of uPAR was previously determined in complex with ATF (PDB entry 

2FD6) (Figure 1a) or α-helical peptide AE-147 (PDB entry 1YWH) (Figure 1b). These 

structures revealed a large interface between uPAR and uPA that contains several hot spots, 

including Leu-55, Tyr-57, Leu-66, Asp-140, and Leu-150. All the hot spots on uPAR at the 

uPAR·uPA interaction are listed in Table S1. We hypothesized that compounds that disrupt 

the protein–protein interaction between uPAR and uPA likely directly engage these hot 

spots. To test this hypothesis, we resorted to X-ray crystallography to determine the structure 

of 1 (IPR-1110) and derivatives in complex with uPAR. We also attempted to determine the 

structures of pyrazole, piperidinone, pyrrolidinone, and butan-amine compounds that we had 

previously shown to bind to uPAR.21 We obtained structures for two compounds bound to 

uPAR, namely, pyrrolinone 12 (IPR-1175) (Figure 2 and Table S2) and pyrazole 3 (IPR-737) 

(Figure 3 and Table S3).

The structure of uPAR in complex with 12 reveals that the compound is ensconced deeply in 

the pocket that is occupied by the growth factor-like domain of uPA in its complex with 

uPAR (Figure 2a). The R1 isopropylphenyl group of the compound points toward the interior 

of the hydrophobic pocket of uPAR. This pocket accommodates the residues located on the 

loop of the β turn of the GFD domain of uPA. The substituent makes direct contacts with 

Leu-150, Leu-168, Val-125, Leu-55, and Arg-53 (Figure 2b). Most of these interactions are 

hydrophobic except for the cation–π interaction with Arg-53. Cation–π interactions are 

commonly observed in protein–compound structures and can contribute up to 1 kcal mol−1 

to the free energy of binding.59,60 Here, the benzene ring of the R1 group of 12 (IPR-1175) 

directly faces one of the Nω atoms of the guanidinium ion of Arg-53. The Nω atom is 2.5 Å 

from one of the ortho carbon atoms of the benzene ring. Unlike R1, the chlorobenzene R3 

group of 12 (IPR-1175) points in the opposite direction and occupies a pocket surrounded by 

residues Thr-27, Val-29, Arg-142, and Leu-40 on uPAR. The R3 group is more exposed to 

solvent than R1 and does not occupy a pocket composed entirely of hydrophobic residues as 

evidenced by the presence of Arg-142. Finally, the R2 group of 12 does not occupy a well-

defined pocket on uPAR, but it is worth noting that this group is also involved in a cation−π 
interaction with Arg-53 of uPAR (Figure 2b). Interestingly, the R1 and R3 groups of 12 
occupy the same position as uPA hot spots Ile-28 and Tyr-24, respectively (Figure 2c).

3 (IPR-737) adopts a binding mode different from that of 12 (IPR-1175) (Figure 3). 3 
(IPR-737) binds outside the hydrophobic pocket of uPAR that is occupied by side chains of 

the β-turn loop of the GFD domain of uPA (Figure 3a). Unlike 12 (IPR-1175), the 

compound engages fewer hot spots on uPAR (Figure 3b). Only one of the uPAR hot-spot 

residues (Leu-66) comes in contact with 3 (IPR-737). Interestingly, analysis of the crystal 

structure of uPAR in complex with the AE-147 peptide shows that two hydrophobic residues 

on the peptide (Phe-5 and Tyr-8) come in direct contact with Ile-66 of uPAR (Figure 1b). 

Hence, interaction with Ile-66 may explain why 3 (IPR-737) can disrupt binding of AE-147 

to uPAR. Engagement of Ile-66, however, is not sufficient to disrupt the full uPAR·uPAATF 
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interaction. Ile-66 of 3 (IPR-737) binds to uPAR at a site that is occupied by Ile-28 and 

Trp-30 of uPA. These two residues are located on the β strands of the β hairpin of the GFD 

domain of uPA (Figure 3c). This is in contrast to 12 (IPR-1175), which overlaps with amino 

acids located on the loop region of the β hairpin (Figure 2c).

Structure–Activity Relationship

We prepared 46 derivatives of 1 (IPR-1110) to explore the uPAR binding site at the 

uPAR·uPA interface. Substituents at R1–R3 of 1 (IPR-1110) were explored. The binding 

mode of 12 (IPR-1175) (Figure 2a,b) shows that R1 groups point toward a large hydrophobic 

cavity occupied by several uPA hot-spot residues. An aromatic group at R1 was generally 

required for inhibition of uPAR·uPA interaction. This is evidenced by complete loss of 

activity of 25 (IPR-1177), which lacks an aromatic ring at R1. There are six compounds 

without an aromatic ring directly attached to the central pyrrolidone ring: 26, 32, 34, 38, 39, 

and 46; in these compounds, a methylene (34) or an ethylene (26, 32, 38, 39, and 46) group 

separates the central pyrrolinone ring with a benzene ring. Except for 26, 34, and 38, the 

compounds retained the ability to inhibit the uPAR·uPA protein–protein interaction with 

IC50 values similar to that of 1 (IPR-1110) for 39 and 46. All three compounds that did not 

inhibit uPAR·uPA interaction have fluorine atoms on the aromatic ring at R1, suggesting that 

highly polar groups may not be suitable for the binding site on uPAR. Interestingly, the 

compounds bind to uPAR with a Ki of 1–2 μM. Replacing the bromine atom at R1 with an 

iodine such as in 13 (IPR-1171) had no effect on the IC50 but gave a 2-fold reduction in 

binding affinity. Removal of the bromine group at the meta position and replacing the 

methyl group with an isopropoxy group in 12 (IPR-1175) or a tert-butyl group such as in 15 
(IPR-1195) led to a 2–3-fold increase in the IC50 and a nearly 2-fold increase in Ki. A 

benzyloxy group in 16 (IPR-1186) increased the IC50 and Ki by 3-fold versus those of 1 
(IPR-1110). Generally, replacing the hydrogen atoms at the meta position of the aromatic 

ring directly attached to the central pyrrolidone ring reduced activity substantially as 

evidenced by a 5-fold increase in IC50 and a 20-fold increase in Ki for 37. Larger groups at 

one of the meta positions were also generally undesirable as most compounds had 

pronounced increases in IC50 such as 36 and 41. For these compounds, it is interesting that 

36 retained almost all of its binding affinity as evidenced by a Ki of 1.9 μM that was 2-fold 

higher than that of 1 (IPR-1110). Compound 41 had reduced affinity, but its Ki value was 

within 10 μM. Introduction of various substituents at the para position generally weakened 

the ability to disrupt the uPAR·uPA protein–protein interaction (e.g., 19 and 36), except for 

44 (IPR-1607) and 45 (IPR-2260). Both of these compounds had IC50 values similar to that 

of 1 (IPR-1110). Interestingly, the compound showed a nearly 2-fold increase in its binding 

affinity for uPAR as evidenced by a Ki of 0.4 μM compared with a Ki of 0.9 μM for 1 
(IPR-1110).

Despite the highly favorable cation−π interaction of the R2 group with Arg-53, the 

substituent has significant exposure to solvent. The addition of a methoxy group at the meta 
position of the aromatic ring of R2 (21 and 28) reduced the binding affinity and weakened 

the potency for inhibition of uPAR·uPA interaction. Replacing the fluorine on 4 (IPR-1201) 

with a chlorine on 7 (IPR-1178), however, does not have much impact on the binding 

affinity or inhibition of uPAR·uPA. Moving the fluorine from the meta to ortho position on 
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10 reduces the Ki and IC50 by 2-fold. It is interesting to note that a methoxy group at the 

meta position of 21 has a much more significant impact on both binding with a 10-fold 

reduction in Ki and inhibition of the protein–protein interaction as evidenced by a nearly 5-

fold increase in IC50. Replacing the hydrogen atom with a fluorine atom of this compound to 

generate 28 improves the Ki and IC50 by 5-fold versus those of compound 21. In compound 

24, we introduced a tert-butyl group at the para position of the aromatic ring at R2, which led 

to complete abrogation of the inhibition of uPAR·uPA interaction (IC50 not determined), 

although direct binding to uPAR was still detected but its level was reduced by more than an 

order of magnitude (Ki = 15.9 ± 2.8 μM). A nearly similar effect was observed for 33 
(IPR-1157), and an even more dramatic effect when a methoxy group was introduced at the 

para position of R2 with no inhibition or binding detected within the 100 μM range.

Molecular Dynamics Simulations and Free Energy Calculations

To further explore the interaction between compounds and individual amino acids at the 

uPAR·uPA interface, we resorted to explicit-solvent molecular dynamics simulations and 

free energy calculations. We also performed free energy decomposition calculations to 

investigate the interaction of each amino acid with the compounds. First, we generated a 

model for the structure of 12 derivatives of 1 (IPR-1110) bound to uPAR using the binding 

mode of 12 (IPR-1175). These compounds were selected to ensure a uniform distribution 

across the range of binding affinities. Along with 3 (IPR-737) and 12 (IPR-1175), these 

complexes were subjected to 100 ns explicit-solvent molecular dynamics simulations. 

Snapshots were collected at regular intervals, and free energy calculations using the MM-

GBSA approach were conducted for each of the compounds as shown in Figure 4a and Table 

S4. It is worth noting that end-point free energy calculations cannot accurately reproduce the 

absolute value of the free energy of binding. These calculations, however, have been shown 

in numerous studies, including ours, to accurately rank-order protein–compound complexes. 

The MM-GBSA free energy consists of five components, namely, the nonpolar and polar 

potential energies, the polar and nonpolar solvation energies, and the entropy (Table S4). 

The calculated MM-GBSA free energy correlated positively with the experimentally 

determined Ki values with a Pearson’s r of 0.8, a Spearman’s ρ of 0.41, and a Kendall’s τ of 

0.29 (Figure 4a).

To gain deeper insight into the interaction of the small molecules with individual residues on 

uPAR, a decomposition energy calculation was performed for each compound (Figure 4b). 

The decomposition energy consists of polar and nonpolar interaction potential energy, and 

the polar and nonpolar solvation energies. These calculations were also performed for the 

uPAR·uPA complex. On uPAR, mutations at 21 residues at the uPAR·uPA interface 

significantly impaired the interaction.18 Among these residues, only a subset is considered 

hot spots by the traditional definition (ΔΔG > 1 kcal mol−1). Additionally, not all hot spots 

are included in this list of residues. We examine the local interaction between uPA and 

compounds with uPAR at these residues (Figure 4c). As expected, uPA strongly engaged 

these residues. The change in free energy from the experimental alanine scan correlated with 

the per-residue decomposition (r = 0.38, ρ = 0.17, and τ = 0.01). When only hot-spot 

residues are considered, the correlation decreases to r = 0.18, ρ = 0.11, and τ = 0.10. At the 

21 residues mentioned above, the correlation is r = 0.11, ρ = 0.28, and τ = 0.19. Comparison 
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of the decomposition energies of 3 (IPR-737) and 12 (IPR-1175) provides insight into the 

residues that contribute to the ability of 12 to disrupt the protein–protein interaction. 

Compound 3 (IPR-737) decomposition interaction energies were much weaker than those 

observed for uPA. In contrast, 12 (IPR-1175) showed much more favorable interaction 

energies that were comparable to those of uPA, particularly to Thr-27, Leu-55, Leu-66, and 

Arg-53. It is interesting to note that among all the 21 residues considered, the experimental 

binding affinity of compounds correlated most strongly with their interaction energies with 

Leu-150 and Leu-168 with Pearson correlation coefficients of 0.57 and 0.52, respectively 

(Table S5). In addition, the experimental kinetic rate constants were also compared to the 

residue decomposition energies of these derivatives (Table S6).

Arg-53 Enhances Binding through Cooperativity

Arg-53 is not considered a hot spot, because alanine scanning studies revealed that it 

contributes only 0.7 kcal mol−1,18 but it appears to play a critical role in the binding of small 

molecules as we have demonstrated previously for 2. Considering the cation−π interaction 

of 12 with Arg-53, we hypothesized that the residue also plays an essential role in the 

activity of the compound. We explored the possibility that Arg-53 may be enhancing 

interaction of the compound with hot spots through cooperative binding. MM-GBSA free 

energy calculations for double mutants that include Arg-53 were also conducted along with 

separate MM-GBSA calculations for the individual residues. We ran explicit-solvent 

molecular dynamics simulations and free energy calculations for both the single- and 

double-mutation states of the uPAR·uPA (Figure 5a) and uPAR·12 (Figure 5b) complexes 

(Table S7).

For the uPAR·uPA complex, mutation of all residues except for one (Leu-66) resulted in a 

penalty in the MM-GBSA free energy consistent with experimental alanine scanning data 

for these residues (Figure 5a). The sum of the MM-GBSA free energy change as a result of 

mutation of Arg-53 and each of the amino acids was nearly always unfavorable as shown in 

Figure 5a. However, it is interesting that when both amino acids (Arg-53 and one of the 

amino acids in Figure 5) were simultaneously mutated, the resulting change in the MM-

GBSA free energy was nearly always different than the sum of the individual mutations 

(Figure 5a). For example, the sum of the individual mutations of Leu-150 and Arg-53 was 

12 kcal mol−1, yet the Leu-150-Ala/Arg-153-Ala double mutation resulted in an only 2 kcal 

mol−1 change in the free energy of binding. Another interesting example is that of Leu-66, 

for which the sum of individual mutations of this residue and Arg-153 to alanine was 4 kcal 

mol−1, yet the double mutant was much less favorable at nearly 7 kcal mol−1. These results 

strongly suggest cooperativity between Arg-53 and hot-spot residues toward the binding of 

uPA to uPAR. For the uPAR·uPA complex, it appears that Arg-53 significantly reduces the 

size of the contributions of hot spots to the binding of uPA to uPAR.

We explored whether Arg-53 and other residues bind to 12 in a cooperative manner. In the 

uPAR·12 complex, mutation of Thr-27, Leu-66, and Leu-168 resulted in more favorable 

binding, while mutation of the other residues resulted in a loss of affinity of 12 for uPAR 

(Figure 5b). Mutation of Arg-53 to alanine, as expected, resulted in the most pronounced 

effect on the binding of 12 to uPAR. The sum of the contributions of Arg-53 and other 
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residues was unfavorable in nearly every case. Interestingly, double mutants also 

consistently exhibited an unfavorable effect that was different from the effect of the sum of 

each mutation. For example, in the case of Thr-27, mutation of this residue along with 

Arg-53 resulted in a 5 kcal mol−1 increase in the free energy of binding compared with only 

2 kcal mol−1 for the sum of the free energy change of individual mutations. A similar 

increase was found for Leu-66 and Leu-168. For the other residues, the double mutant 

showed a change in the free energy less pronounced than the sum of the free energy change 

for the individual mutations. For example, mutation of Leu-55 and Arg-53 to alanine 

resulted in a combined free energy change of 9 kcal mol−1, while the Leu-55-Ala/Arg-53-

Ala double mutation resulted in a 7 kcal mol−1 less favorable interaction. Other than for 

Val-125, Arg-53 exhibited cooperativity with each of the residues that were considered. 

Interestingly, double mutants with Arg-53 and another residue all resulted in unfavorable 

energy for both uPAR·uPA and uPAR·12 complexes. Interestingly, for two of the hot spots, 

Leu-66 and Leu-150, Arg-53 enhances the interaction of 12 with uPAR by a combined 5 

kcal mol−1, while Arg-53 weakens the interaction of 12 with hot-spot Leu-55 by 2 kcal mol
−1.

Small-Molecule uPAR·uPA Inhibitors Alter uPAR Dynamics

The cooperativity among residues prompted us to explore the effect of the two classes of 

compounds on the dynamics of uPAR. We investigated the correlation of the motion of 3, 

12, and several other compounds to each residue on uPAR (Figure 6a). Visual inspection of 

the color-coded map in Figure 6a reveals a dramatic difference in the correlation profile of 

compounds. For example, pyrrolinone 12 and derivatives generally shows strong correlated 

motion with residues 1–60 on uPAR, while pyrazole 3 shows no correlation. To compare the 

effect of 3 and 12 on the dynamics of uPAR with uPA, we generated a cross-correlated map 

of the motion of uPAR in the presence of uPA (Figure 6b). Interestingly, the effects of 12 on 

the dynamics of uPAR were remarkably similar to those of uPA on uPAR (Figure 6c,e), 

while 3 (Figure 6d) showed little correlation. These results suggest small molecules that 

replicate the dynamics of the native ligand in a protein–protein interaction are more likely to 

disrupt the interaction.

DISCUSSION

Protein–protein interactions range from transient to tight. Transient interactions are weaker 

micromolar-affinity interactions that typically involve simpler binding epitopes such as a 

linear peptide bound to a cavity.61,62 Tight interactions occur between proteins with single- 

or double-digit nanomolar-range binding constants. Tight interactions involve larger 

interfaces (1000–3000 Å2) with binding epitopes consisting of a single secondary structure 

such as an α helix, or a more complex binding epitope that spans multiple secondary 

structures.1,2,63 While there are numerous examples of small molecules that disrupt weak 

protein–protein interactions, only a few tight interactions have been successfully inhibited 

with small molecules.1 Despite the smaller footprint of small molecules compared with the 

large protein–protein interface of tight interactions with complex epitopes, it has been 

suggested that small molecules disrupt these interactions by engaging hot spots at the 
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interface.9,26,27 Hot spots can be located on either the ligand or the receptor binding cleft.
5,8,64

Here, we explore small-molecule antagonists of the uPAR·uPA interaction, a tight and stable 

protein–protein interaction. The uPAR·uPA interface has a well-defined binding cavity that 

contains multiple hot-spot residues that contribute ≥1 kcal mol−1 to the binding affinity. 

These hot spots are located on both uPAR and its ligand, uPA. Small molecules that (i) 

mimic the position of hot spots on the ligand (uPA) and (ii) engage hot spots on the receptor 

(uPAR) are expected to disrupt this interaction. Previously, we had identified two classes of 

compounds that disrupt the protein–protein interaction. The first compound, 2, was 

identified by docking a commercial library to an ensemble of structures of uPAR collected 

from molecular dynamics simulations.24 The compound showed binding affinity in the 

submicromolar range and an IC50 for disruption of uPAR·uPA interaction in the single-digit 

micro-molar range. Interestingly, the predicted mode of binding of 2 to a structure of uPAR 

sampled from molecular dynamics simulation revealed a salt bridge between the benzoic 

acid moiety of 2 and Arg-53.24 A recent crystal structure of an analogue of 2 bound to uPAR 

confirmed our predicted binding mode of the compound and supported the existence of a 

salt-bridge interaction with Arg-53.20 Arg-53 is buried in the crystal structure of the 

uPAR·uPA complex. The snapshot of 2 bound to uPAR that emerged from our molecular 

dynamics simulations revealed an exposed Arg-53. Interestingly, the apo structure of uPAR, 

which was determined after we discovered 2, reveals an exposed Arg-53.65 This supported 

our rationale for using molecular dynamics simulations to sample conformations that differ 

from the structure of uPAR in its complex with uPA. The second class of uPAR·uPA 

antagonists that we discovered were pyrrolinone compounds.23 Interestingly, these 

compounds were identified in a ligand-based approach using the structure of pyrazole, 

pyrrolodinone, piperidinone, and butan-amine compounds that were identified by structure-

based virtual screening using the structure of uPAR from the uPAR· uPA complex.21 The 

carbon that bears the hydroxyl group of the pyrrolinone compounds considered in this work 

may be prone to attack by nucleophiles. However, the OH group makes a poor leaving 

group, making covalent adduct formation between the compound and protein unlikely. We 

confirmed this with mass spectrometry. Further evidence that argues against the formation of 

a covalent adduct is the fact that replacement of OH with a methoxy or isopropoxy, each of 

which is a much better leaving group than OH is, resulted in lower-affinity compounds. 

Also, the lack of exposed nucleophiles such as cysteine residues on uPAR makes it highly 

unlikely that 1 and derivatives covalently attach to uPAR. In addition, we show that the 

compound is stable in buffer, methanol, and uPAR.

We synthesize nearly 50 derivatives of pyrollinone 1 to explore the uPAR·uPA protein–

protein interaction. We determined the crystal structure of a derivative of 1, namely 12 
(IPR-1175), and a pyrazole compound 3 (IPR-737) that binds to uPAR but does not disrupt 

the uPAR·uPA interface. The structures reveal that the pyrazole compounds bind to a site on 

uPAR that is occupied by a uPA side chain located on the β strands of the β turn of the GFD 

domain of uPA. The 2-pyrrolinone compound, however, adopts a different binding mode. In 

addition, the compound comes in direct contact with several hot spots. This explains why 

both compounds bind to uPAR but only the 2-pyrrolone inhibits uPAR·uPA interaction 
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within the 100 μM concentration range considered in this work. It was interesting that two of 

the aromatic rings of 12 engaged Arg-53, directly forming highly favorable cation−π 
interactions. Cation−π interactions are electrostatic interactions that are considered to be 

among the strongest noncovalent interactions in protein structures,66 while mutation of this 

residue seems to be a common feature of small molecules that we have found to inhibit the 

uPAR·uPA protein–protein interaction. Previously, we found that a salt-bridge interaction 

between a benzoic acid moiety on 2 (IPR-803) and the guanidinium ion of Arg-53 was the 

critical factor that led to inhibition of uPAR·uPA interaction.24 Removal of the benzoic acid 

led to loss of inhibition of the protein–protein interaction. The use of hot spots on uPAR and 

uPA in future studies is expected to lead to derivatives that are substantially more potent than 

the parent compound. This could be achieved by enhancing the affinity of compounds to 

individual hot-spot residues or by mimicking critical hot spots located on uPA, such as 

Phe-25 or Trp-30.

While Arg-53 is not considered a hot spot, its interaction with small molecules appears to be 

essential for successful inhibition of the uPAR·uPA interaction by small molecules. 

Interestingly, molecular dynamics simulation-based free energy decomposition reveals that 

Arg-53 makes the strongest interaction with uPA compared with other uPA residues that 

come in contact with uPAR. Despite the strong interaction, alanine scanning studies show 

that Arg-53 only moderately contributes to the binding affinity (0.7 kcal mol−111). This can 

be explained by the fact that decomposition energies do not take into consideration the 

configurational entropy contributions to the binding, in contrast to the alanine scanning that 

used surface plasmon resonance, which includes both enthalpy and entropy. Considering the 

position of Arg-53 within the core structure of uPAR, it is possible that mutation of Arg-53 

may have destabilized uPAR and hence enhanced entropy contributions to the binding 

affinity, despite the significant loss of enthalpy. Small-molecule inhibitors are expected to 

disrupt only the interaction of residues and not their contributions to the entropy of binding. 

This suggests that residues that are not considered hot spots should not be ignored in the 

design of small-molecule protein–protein interaction inhibitors.

The discovery of hot spots at protein–protein interfaces was a significant breakthrough in the 

field of protein–protein interaction drug discovery. The primary tools to identify hot spots is 

to systematically mutate each residue to alanine and measure the effect on the binding 

thermodynamics and kinetics. This process is known as alanine scanning. One limitation of 

these alanine scanning experiments is that they do not consider the effects of neighboring 

residues, which may enhance or weaken the contributions of individual residues.67,68 How 

to take advantage of hot spots for small-molecule drug discovery is still unclear. To gain 

deeper insight into the role of Arg-53 in the binding of the small-molecule inhibitors, we 

explored whether any cooperativity between the residue and other residues that come in 

contact with 1 exists. Interestingly, we found that the independent mutation of Arg-53 and 

other hot spots resulted in changes in the predicted binding affinity that were different from 

those measured when both Arg-53 and hot spots were mutated. For uPA, mutation of hot 

spots resulted in a less favorable MM-GBSA free energy for six of the seven mutations, yet 

mutations of Arg-53 and each of these residues resulted in dramatically different free energy 

changes. For example, the mutation of Arg-53 and Leu-150 led to a combined 13 kcal mol−1 
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MM-GBSA free energy change, yet the combined mutation of these two residues resulted in 

a change of only 2 kcal mol−1, a dramatic difference. For compound 12, mutation of Arg-53 

and Leu-150 led to MM-GBSA free energy changes of 6 and 2 kcal mol−1, respectively. This 

is in contrast to the dual mutation of both residues that resulted in an unfavorable change of 

>9 kcal mol−1.

In summary, our work provides insight into the forces that drive small molecules to disrupt 

tight and stable protein–protein interactions. We show that mere binding is not a sufficient 

requirement for disrupting the uPAR·uPA protein–protein interaction. Even binding to hot-

spot residues is not a guarantee of disruption of the protein–protein interaction. We find that 

residues that are not considered hot spots in alanine scanning experiments such as Arg-53 in 

uPAR can provide a strong anchor for small molecules to enhance their binding affinity. 

These anchors can also strengthen binding of small molecules to other hot spots through 

cooperativity. Also, salt-bridge and π–cation interactions appear to be critical for disruption 

of the uPAR·uPA interaction. A previously discovered uPAR antagonist, IPR-803, formed a 

salt-bridge interaction that was essential for inhibition of uPAR·uPA interaction,24 and 

compounds reported in this work bind to Arg-53 through π–cation interactions. These types 

of interactions are likely to be favorable at protein–protein interfaces considering the shallow 

nature of the pockets and the high degree of solvent exposure. These interactions may be a 

straightforward strategy for enhancing the inhibition potency of compounds that bind to the 

target. Another important finding of this work is the importance of molecular dynamics in 

the inhibition of tight PPIs by small molecules. We discovered that small molecules that 

inhibit uPAR·uPA interaction alter the dynamics of uPAR in a manner similar to that of uPA. 

This suggests that drug discovery efforts targeting protein–protein interactions should also 

consider the effect of compounds on the dynamics of the receptor as opposed to merely 

focusing on the interaction energy. Small molecules that bind tightly to hot spots and also 

modulate the dynamics of the receptor in a manner similar to that of the native tight ligand 

are expected to lead to more effective inhibitors. These findings can help guide the design of 

derivatives of IPR-1110 through modification of the core structure of the compound or by 

the introduction of new substituents.
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Figure 1. 
(a) Three-dimensional structure of the uPAR·uPAATF complex (PDB entry 2FD6). uPAR is 

shown as a gray solvent-accessible surface. Residues whose mutations to alanine result in 

changes in binding affinity of ≥1 kcal mol−1 are colored red, while those that lead to changes 

between 0.5 and 1 kcal mol−1 are colored purple. uPAATF is shown as an orange cartoon. (b) 

Three-dimensional structure of uPAR in complex with the AE-157 peptide (PDB entry 

1YWH). The peptide is shown as a cyan cartoon, and side chains that come in contact with 

uPAR are shown as capped sticks. uPAR is rendered and color-coded in a manner similar to 

that of panel a.
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Figure 2. 
Mode of binding of 12 (IPR-1175) upon the central ligand binding cavity of suPARcc. 

suPARcc is shown as a gray solvent-accessible surface. 12 (IPR-1175) is shown as capped 

sticks. Atoms are color-coded by atom type with N, C, O, Cl, and F colored blue, yellow, 

red, green, and light blue, respectively. The 2Fo – Fc electron density map of 12 (IPR-1175) 

at 1σ is colored blue. (b) Crystal structure of 12 (IPR-1175) bound to uPAR except that 

uPAR is shown as capped sticks to highly hot-spot residues located within the uPAR cavity. 

Hot spots are shown as red capped sticks. Arg-53, which is not considered a hot spot, is 

colored green. (c) Crystal structure of the uPAR·12 (IPR-1175) complex superimposed on 

the structure of the uPAR·uPAATF complex to illustrate the overlap between hot spots on 

uPA and substituents on 12 (IPR-1175).
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Figure 3. 
Mode of binding of 3 (IPR-737) upon the central ligand binding cavity of suPARcc. 

suPARcc is shown as a gray solvent-accessible surface. 3 (IPR-737) is shown as capped 

sticks. Atoms are color-coded by atom type with N, C, O, Cl, and F colored blue, yellow, 

red, green, and light blue, respectively. A 2Fo – Fc electron density map of 3 (IPR-737) at 1σ 
is colored blue. (b) Crystal structure of 3 (IPR-737) bound to uPAR except that uPAR is 

shown as capped sticks to highly hot-spot residues located within the uPAR cavity. Hot spots 

are shown as red capped sticks. (c) Crystal structure of the uPAR·3 (IPR-737) complex 

superimposed on the structure of the uPAR·uPAATF complex to illustrate the overlap 

between hot spots on uPA and substituents on 3 (IPR-737).
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Figure 4. 
(a) Plot of the MM-GBSA free energy vs inhibition constant Ki that was measured using the 

fluorescence polarization assay. The correlation coefficients of all 12 selected derivatives are 

as follows: r = 0.48, ρ = 0.41, and τ = 0.29. (b) Decomposition of the free energy of binding 

for uPA, 12 (IPR-1175), and 3 (IPR-737). The decomposition energy consists of the 

interaction energy between the ligand and each residue on uPAR determined for a collection 

of snapshots that were obtained from molecular dynamics simulations. (c) Decomposition 

energies for a select number of hot-spot and non-hot-spot residues for a set of 1 (IPR-1110) 

derivatives.
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Figure 5. 
Cooperativity of singly and doubly mutated (a) uPAR·uPA and (b) uPAR·12 complexes. The 

difference and standard error between the free energy of each mutant with the respective 

wild-type complex (blue), the sum of the ΔΔG of the Arg-53-Ala mutant and the single 

mutant (red), and the double mutant (green). Statistical significance (independent two-

sample t test): *p < 0.01, **p < 0.001, and ***p < 0.0001.
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Figure 6. 
(a) Dynamic cross-correlation matrix (DCCM) cross section of 3 and select derivatives of 1 
with uPAR. (b) DCCM of uPAR in the uPAR·uPA complex, colored using the same scheme 

used for panel a. (c) Pearson’s correlation between the cross-correlation of uPAR·3 and 

uPAR·12 complexes and the cross-correlation of individual residues of uPAR in the 

uPAR·uPA complex. Stereoviews of three-dimensional structures of uPAR in the (d) uPAR·3 
and (e) uPAR·12 complexes, colored on the basis of the correlation coefficient in panel c 

from positive correlation (blue) to no correlation (white) to negative correlation (red).
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Scheme 1. 
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