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ABSTRACT: Restoration of pS3 function through the disruption
of the MDM2-p53 protein complex is a promising strategy for the
treatment of various types of cancer. Here, we present kinetic,
thermodynamic, and structural rationale for the remarkable
potency of a new class of MDM2 inhibitors, the piperidinones.
While these compounds bind to the same site as previously
reported for small molecule inhibitors, such as the Nutlins, data
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presented here demonstrate that the piperidinones also engage the N-terminal region (residues 10—16) of human MDM2, in
particular, Vall4 and Thrl6. This portion of MDM2 is unstructured in both the apo form of the protein and in MDM2
complexes with pS3 or Nutlin, but adopts a novel S-strand structure when complexed with the piperidinones. The ordering of the
N-terminus upon binding of the piperidinones extends the current model of MDM2-pS3 interaction and provides a new route to

rational design of superior inhibitors.

B INTRODUCTION

The MDM2 (murine double minute-2) protein is a negative
regulator of p53, a tumor suppressor that activates transcription
of genes involved in cell cycle arrest, apoptosis, senescence, and
DNA repair. The design of MDM2 inhibitors that activate pS3
tumor-suppressor activity by disrupting the MDM2-pS3
complex has been a major pursuit in cancer research."”
Competitively inhibiting protein—protein interactions (PPIs)
with a small molecule poses a formidable challenge.
Fortunately, for certain PPIs, particularly those that involve
apoptotic proteins (i.e.,, Bcl-2, MDM2), it has been recognized
that localized “hot spots” contribute significantly to the free
energy of the interaction.” This facilitates the identification of
potent inhibitors that are small enough to exhibit favorable drug
properties.

Human MDM2 (491 residues, 55.2 kDa, UniProtKB
Q00987) and p53 (393 residues, 43.7 kDa, UniProtKB
P04637) interact primarily through their respective N-terminal
regions; the transactivation domain (TAD) in the ordered N-
terminal segment (residues17—26) of pS3 protrudes into a
hydrophobic pocket in the N-terminal domain (NTD) of
MDM2."* Despite additional known MDM2-pS3 interfaces,”
the majority of drug discovery efforts to date have focused on
disrupting the MDM2 NTD:pS3 TAD interface (in short:
MDM2-pS53). In vivo studies with tumor xenografts demon-
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strate that effective targeting of this interface enables pS53-
dependent inhibition of tumor growth.*~'°

Molecular details of the MDM2—pS3 interaction have been
studied extensively by X-ray crystallography and NMR
spectroscopy. Kussie et al. were the first to crystallize the
complex and demonstrate how the pS3 TAD (residues 17—26)
interacts with the MDM2 NTD (residues 17—125) (PDB
1YCR). Three critical and nonreplaceable amino acids in the
p53 TAD (Phel9-Trp23-Leu26) are observed,'' which project
into three hydrophobic grooves of MDM2 thus named as the
Phel9, Trp23 and Leu26 pockets. This distinctive spatial
presentation of hydrophobic groups is supported by a rigid a-
helical scaffold, now beheved to be a common binding motif
among apoptotic protems 3 The most potent MDM?2
inhibitors discovered to date all mimic these key hydrophobic
interactions: the cis-imidizalones (Nutlins, Roche)’ (PDB
1RV1, MDM2 aa. 25-109), the benzodiazepinediones
(J&))" (PDB 1T4E, MDM2 a.a. 17—111), the chromeno-
triazolopyrimidines (Amgen)'> (PDB 3JZK, MDM2 aa. 17—
111), the imidazo-indoles (PDB 3LBK, MDM?2 a.a. 18—111),
spiro-oxindoles (University of Michigan)'®” (PDB 3LBL,
MDM2 aa. 18-111), and the meta-chloro piperidinones
(Amgen)'® (PDB 4ERE and 4ERF, MDM2 aa. 17—111).

Received: June 1S5, 2012
Published: September 19, 2012

dx.doi.org/10.1021/ja305839b | J. Am. Chem. Soc. 2012, 134, 17059—-17067


pubs.acs.org/JACS

Journal of the American Chemical Society

In addition to the classical hydrophobic triad, the amide of
the spiro-oxindoles and the carboxylic acid of the piperidinones
are hydrogen bonded to the Ne of His96. It was hypothesized
that, due to this extra hydrogen bond, the piperidinones are
10—20 times more potent inhibitors of human MDM2
(residues 1—188) than other inhibitors such as Nutlin-3a."
In the present study, the piperidinones, but not p53 TAD
(residues 17—26) or Nutlin-3a, exhibit a 10-fold increased
potency against human and dog MDM2 (residues 1—188) as
compared to mouse and rat MDM2 (residues 1—188), despite
a greater than 90% sequence homology among the MDM?2
proteins, including generally conserved residues compromising
the Phel9, Trp23, and Leu26 pockets and His96. Until now,
the molecular basis of the increased potency of the
piperidinone inhibitors was not evident from existing structural
data with the MDM2 a.a. 17—111 and a.a. 17—125 constructs.

Here, we present new binding and structural data describing
the disruption of the MDM2—pS3 interaction by the
piperidinones. This class of inhibitors form additional van der
Waals and hydrogen bond contacts with the N-terminal portion
of human MDM2, specifically residues 6—16, which are absent
in the endogenous MDM2—pS3 interaction. X-ray and NMR
structures of a longer human MDM?2 construct (residues 6—
125) reveal previously unobserved structural ordering of the N-
terminal portion of MDM2 (residues 10—16) facilitated by
piperidinone binding. We show that residues 10—25 of human
MDM?2 have an intrinsic propensity to form a highly ordered
structural element (f-strand from a.a. 14—16, f-turn from
aa17-20 and a-helix from aa 21-24) induced by the
piperidinone inhibitors. These observations extend the N-
terminal “lid” region (residues 16—24) of MDM2 described by
Showalter'® and McCoy et al.' and uncover a new “hot spot”
for the development of novel, potent small molecule inhibitors
of the human MDM2—pS53 interaction.

B EXPERIMENTAL SECTION

Synthesis of MDM2 Inhibitors. Pip-1, Pip-2 and Nutlin-3a were
prepared as described in detail elsewhere.”'®** Human p53 TAD
(17—26) peptide was synthesized externally (Biopeptide Co., Inc.).

Generation of MDM2 and p53 Proteins. Full-length Human
MDM?2 for SPR studies was prepared externally (Boston Biochem-
icals). Human, dog, mouse and rat MDM2 (1—188) for SPR and
HTREF studies were expressed as GST fusion proteins in E. coli and
purified using glutathione affinity chromatography. Human MDM?2
(2—118) and MDM2 (17—125) with and without a C-terminal AviTag
were expressed and purified in a similar fashion for SPR and ITC
studies, the GST-tag was removed and MDM2 was biotinylated
specifically. Labeled (**N, '*C) and unlabeled Human MDM2 (6—
125) for ITC, X-ray and NMR studies were expressed in E. coli with a
His-tag and purified using a Ni-NTA column. Human, dog, mouse and
rat AviTag pS3 (1-83) for SPR and HTRF studies were expressed
with a His-tag in E. coli and purified using Ni-NTA columns. Further
details can be found in the Supporting Information.

Surface Plasmon Resonance (SPR) spectroscopy. SPR
measurements were performed on a Biacore SS1 instrument (GE
Healthcare). Materials and reagents were purchased from GE
Healthcare, Sigma-Aldrich or Thermo Scientific. CMS chips were
preconditioned using short pulses (2 X 6 s) of 100 mM HCI, S0 mM
NaOH and 0.5% (v/v) SDS. Glutathione S-transferase (GST) or
Streptavidin (SA) was immobilized at high density onto CMS chips
using amine coupling chemistry using a running buffer consisting of 10
mM HEPES pH 7.4 with 150 mM NaCl. For GST immobilization (15
000—17 000 RU): a 7 min EDC/NHS activation step [800 mM 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride, 200
mM N-hydroxysuccinimide], 12 min 30 ug/mL goat anti-GST
antibody (GE Healthcare) in 10 mM Na-acetate pH 5.0 and 7 min

1 M ethanolamine HCI pH 8.5. For SA immobilization (8000—10 000
RU): 15 min EDC/NHS activation, 15 min 0.5 mg/mL SA (Thermo
Scientific) in 10 mM Na-acetate pH 5.0, 7 min 1 M ethanolamine HCI
pH 8.5. For GST or AviTag, MDM2 capture buffer was replaced with
a buffer made of 25 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.2 mM
TCEP and 0.005% (v/v) Tween 20 (SPR buffer). The different
MDM2 constructs (FL, 1—188, 2—118 and 17—125) were diluted in
buffer (5—40 pug/mL) and captured onto either GST or SA surface
(1400—2400 RU range). The binding experiments with pS3 peptide
and compound was conducted in the same buffer (with 5% (v/v)
DMSO added) by diluting compound from a stock solution in DMSO
down to desired concentration range and injecting sample over
captured MDM?2 surfaces for 2 min followed by a 3—4 min
dissociation phase. All binding experiments were performed at least
twice at 25 °C. The raw data was processed using Scrubber2 software
(BioLogic Software Pty Ltd.) and the data kinetically fit to a 1:1
binding model which included a mass transfer limitation term.

Isothermal Titration Calorimetry (ITC). ITC experiments were
performed on an Auto-ITC200 instrument (GE Healthcare). Human
MDM?2 (2—-118), (6—125), and (17—125) protein was exchanged into
SPR buffer using PD MiniTrap G-25 columns (GE Healthcare).
Protein concentration was determined by absorbance at 280 nm using
a molar extinction coefficient per cm of 10430. For titration
experiments, MDM2 protein was diluted to 5—10 yM and placed in
the ITC cell. Human pS3 peptide or compound in DMSO was diluted
to 50—100 uM and placed in the syringe. Final DMSO concentration
in the cell and syringe was 5% (v/v). Human pS3 peptide and
compound titration into buffer was also performed to ensure minimal
heat of dilution. Titrations were performed at 25 °C using 2 uL
injections (4 s duration, 180 s spacing, S s filter period). Reference
power was set to 10 ical/s and stirring speed to 1000 rpm. For proton
linkage studies, the same buffer was used but with pH 7.0 and two
additional buffers with different ionization enthalphy were included
(phosphate and HEPES, pH 7.0). The raw data was baseline corrected
and integrated using Origin 7.0. All thermodynamic parameters were
obtained from the global fitting of the heat data assuming 1:1
interaction model, by optimization of reaction enthalpies, binding
constants, ligands and proteins concentrations, and residual heats. The
error limits were estimated from the Monte Carlo simulations
assuming up to 5% errors in the pipetting. All the computations
were performed using Matlab2011 (MathWorks, Inc.) software.

Homogeneous Time Resolved Fluorescence (HTRF). Mono-
clonal anti-GST antibody labeled with europium cryptate (Eu-anti-
GST, 61GSTLB) and SA-XI** (611SAXLB) were from Cisbio, the
White 384 Opti plates used were from Perkin-Elmer and all other
chemicals were from Sigma. The reaction buffer consisted of 1.06 mM
KH,PO,, 2.96 mM Na,HPO,, 0.155 M NaCl, 0.1% (w/v) BSA and 1
mM DTT. One microliter of serial diluted inhibitor was transferred to
9 puL reaction buffer, and incubated with 10 yL of 1 nM human/dog/
mouse or rat GST-MDM2 (1—188) for 20 min. Subsequently, 20 uL
of 1.25 nM human/dog/mouse or rat avi-p53 (1—83) was added and
incubated for 60 min before finally dispensing 10 L of the detection
mixture (1 nM SA-XI*™", 3 nM Eu-anti-GST and 0.5 M KF). The plate
incubated for 18 h was read on an Envision reader (Perken Elmer)
using an excitation of 320 nm. The emissions were measured at 665
and 615 nm and the ratio of Em665/Em61S represented the MDM2—
pS3 interaction. Time-resolved fluorescence was measured with 50
flashes for both detectors with 60 s delay after each excitation and a
reading time of 300 ps. ECs, values were established from duplicate
measurements.

NMR Spectroscopy. NMR spectra were recorded at 15 °C on
Bruker Avance III 500 and 800 MHz spectrometers (Bruker Biospin,
Billerica, MA) equipped with triple-resonance TCI cryoprobes
operating at 500.13 and 800.21 MHz for proton, respectively.
Assignment of 'H, °C, and "N resonances was achieved using a
standard set of triple resonance experiments’' along with an '3C-
HCCH-TOCSY?* spectrum. All experiments were performed in 20
mM sodium phosphate, pH 7.0, 50 mM NaCl, 5 mM deuterated
dithiothreitol (DTT-d,,) (Cambridge Isotopes, Cambridge, MA) and
90% H,0/10% D,0 (except for the HCCH-TOCSY and isotope
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filtered experiments, which were run in 99.996% D,O). NOEs for
ligand docking were obtained using a reduced dimensionality
{3,2}-3C/"N-filtered NOESY-HSQC experiment (described further
in Supporting Information).

All NMR data were processed using Topspin 3.0 or NMRPipe”
and visualized using Sparky.** NMR structures were calculated in a
semiautomated fashion using Cyana 3.0.>° Protein structures were
further refined in explicit water using Crystallography and NMR
System (CNS).*® The Ramachandran statistics for the final lowest-
energy protein structure were determined using PROCHECK®’ and
were as follows: most favored regions (59.9%), additionally allowed
regions (37.5%), generously allowed regions (3.6%), and disallowed
regions (0%). Ligand docking was performed using AMBER?® and was
done using 59 protein—ligand and 13 ligand—ligand NOEs. Further
details can be found in the Supporting Information.

X-ray Crystallography. Crystals of MDM2 (6—125) with Pip-2
were obtained at 4 °C in hanging drops with 100 mM Citrate, pH 5.0,
1.5-2.0 M (NH,),SO,,. These crystals belong to the space group C2
with unit cell parameters of a = 185.35, b = 73.95, ¢ = 123.09 A, and 8
= 121.60°. Diffraction data for all crystals in this work were collected
on beamline 21-ID-F at the Advanced Photon Source (APS) and
processed and scaled with HKL 2000. The cocrystal structure was
solved by molecular replacement with PHASER using PDB entry code
1YCR as the template. Model building was carried out with QUANTA
and refinement was done using CNS.

B RESULTS

N-Terminal Residues 2—16 of MDM2 Contribute to
Binding of the Piperidinones. The structures of the small
molecule MDM2 inhibitors studied here are shown in Figure 1.

Nutlin-3a

Piperidinones (Pip-1 & Pip-2)

Figure 1. Chemical structure of small molecule MDM?2 inhibitors
studied. The boxes indicate the positions normally occupied by key
pS3 residues (Phel9-Trp23-Leu26). The piperidinones carboxy group
(in the circle) makes an additional key contact with His96 not
observed with pS3 TAD peptide or Nutlin-3a compound.

They include two molecules from the piperidinone series,' the
extensively studied Nutlin-3a,” and a short p53 TAD peptide
(17—26). The binding kinetics and affinities were measured by
Surface Plasmon Resonance (SPR) spectroscopy, where the
full-length (FL) and truncated constructs (a.a. 17—125, 2—118)
of human MDM2 were immobilized onto the sensor surface.
With FL MDM2, all four inhibitors exhibited fast binding
kinetics (Figure 2) with similar association rates (k, values ~10’
M™' s7'). Nutlin-3a and the most potent inhibitor, Pip-2,
exhibited the slowest dissociation rate (kg ~0.1 s™). The p53
peptide and Nutlin-3a bound all human MDM?2 constructs
equivalently (Table 1), within K, ranges of 93—119 nM and
15.7—33 nM, respectively. This was consistent with previously
reported observations that MDM2 residues 17—125 are
necessary and sufficient for the interactions with these
molecules.> More intriguing differences were observed with
Pip-1 and Pip-2. These compounds bound to the shorter
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construct (17—125) significantly weaker (>50-fold, see Table
1) than the longer construct, suggesting that additional residues
besides His96 located within the N-terminal a.a. 1—16 or C-
terminal a.a. 126—491 portion contribute to piperidinone
binding. The similar affinities obtained for Pip-1 and Pip-2 with
MDM?2 FL and a.a. 2—118 (Kp, range 22—27 nM for Pip-1 and
6.2—10.9 nM for Pip-2) confirmed that residues within the
region of a.a. 2—16, and not 118—491, are engaged in Pip-1 and
Pip-2 binding.

NMR and X-ray Structures of MDM2 (6—125) in
Complex with the Piperidinones. The apo NMR structure
of MDM2 (6—125) solved in-house was virtually identical to
the published apo NMR structure (PDB 1Z1M, MDM2 a.a. 1—
118).> We observed the same global fold and mostly
disordered “lid” portion (residues 6—24), with an indication
of a short a-helix formation between residues 21—24 (Figure
3). The quality of these structures was relatively low due to
signal broadening of dynamic and unstructured portions of the
MDM2 protein as well as protein precipitation. However, the
NMR spectra improved significantly with the stoichiometric
addition of Pip-1 to the MDM?2 protein solution. The NMR
spectra were of sufficient quality to obtain a well-defined
structure of the MDM2/Pip-1 complex (Table 2). Figure 3
demonstrates the major structural changes in the MDM?2
protein upon Pip-1 binding. These changes result in the
ordering of the “extended lid” region into a well-defined short
a-helix (residues 21—24) followed by a f-turn (residues 17—
20) and short S-strand (residues 14—16) positioned closely to
the inhibitor. A parallel crystallographic effort yielded crystals of
MDM2 (6—125)/Pip-2 complex diffracting at 1.9 A resolution
with synchrotron radiation (Table 3). There were eight
independent MDM2 (6—125)/Pip2 complexes in the crystal
structure, highly similar to each other (with a backbone rmsd of
0.6 A). The NMR and X-ray structure of the complexes were
very similar, with subtle differences in the flexible loops (Figure
S1) and a slight difference in the length of the f-strand formed
by the N-terminal region.

The piperidinones bound in the “classical” manner by
utilizing all three (Trp, Leu and Phe) pockets as described
earlier with cocrystals of the MDM2 (17—111)/piperidinone
complex.'® The cyclopropyl moiety of Pip-1 and the ethyl
moiety of Pip-2 were buried in the Phel9 pocket, and the para-
chloro and meta-chloro-phenyl groups were buried in the
Trp23 and Leu26 pockets, respectively. The carboxylic acid was
also involved in hydrogen bond interaction with the Ne of
His96.

However, structural comparison of the new MDM2 (6—
125)/piperidinone complexes and the MDM2 (17—111)/
piperidinone complex revealed one notable difference: the N-
terminal residues in the MDM2 (6—125)/piperidinones
complex were now structured, with residues 14—16 adopting
a f-strand conformation and providing additional interactions
with the piperidinones (Figure 4). The meta-chloro phenyl
moiety of the piperidinone was buttressed between the side
chains of Val14 and Thr16; the side chain oxygen of Thr16 was
also hydrogen bonded to the Ne of His96 and positioned the
Ne of His96 to form an optimal hydrogen bond with the
carboxylic acid of the piperidinones. The same hydrogen bond
also can be inferred from the MDM2/Pip-1 NMR structure.
The hydrophobic interaction between Vall4 and the meta-
chloro phenyl moiety (as well as the para-chloro phenyl) of the
piperidinones also appeared as a strong NOE contacts in the
{3,2}-*C/"*N -filtered NOSY-HSQC experiment (Figure 5).
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Figure 2. Binding kinetics of inhibitors to full-length MDM2. Binding kinetics of pS3 TAD peptide and small molecule MDM2 inhibitors to FL
MDM2 measured by SPR spectroscopy. (A) p53 peptide (1, 0.50 uM, etc.), (B) Nutlin-3a (200, 100 nM, etc.), (C) Pip-1 (200, 100 nM, etc.), and
(D) Pip-2 (50, 25 nM, etc.) binding to immobilized FL MDM2. Shown in black is the raw data and in red is the data fit. The association rate

constant, k,, is in M™! 57!

and dissociation rate constant, ky, is in s~'. The standard error was calculated from at least two separate measurements.

Table 1. SPR and ITC Data for the Different MDM?2 Constructs®

inhibitor binding attributes FL 2—-118 6—125 17-125
pS3 peptide SPR Ky, (nM) 119 + 2 118.7 + 0.6 - 9B +9
ITC Kp (nM) ; 112+ 1 106 + 1 111 + 4

AH (kcal/mol) - —119 + 0.1 —-11.7 £ 0.1 —12.1 + 0.5

—TAS (kcal/mol) - 24 +01 22 +02 26 +0.5
Nutlin-3a SPR Kp (nM) 157 £ 0.8 23 +3 - 33+1

ITC Ky (nM) ; 178 + 0.8 24 +1 232 + 08

AH (kcal/mol) - —10.6 + 0.5 -102 + 0.5 -9.9 + 04

—TAS (kcal/mol) - 0.03 + 0.4 —02 + 0.5 —0.5 + 04

Pip-1 SPR K;, (nM) 2+2 2745 - 1223 + 277
ITC K;, (nM) ; 17.7 + 02 169 + 02 563 +7

AH (keal/mol) ; ~163 + 0.1 ~159 + 02 ~10.1 £ 0.1

—TAS (kcal/mol) - 57 £02 53 +£02 1.6 + 0.1

Pip-2 SPR K, (nM) 62+2 10.9 + 0.1 ; 526 + 138

ITC Kp (nM) - 82 + 0.1 12.0 + 0.1 210.7 £ 0.8

AH (keal/mol) ; ~17.5 + 03 ~17.6 + 02 ~10.0 + 0.1

—TAS (kcal/mol) - 6.5 +03 6.8 +02 09 + 0.1

“MDM?2 inhibitors binding affinity to FL and various truncated human MDM2 constructs (2—118 and 17—125) were measured by SPR
spectroscopy. ITC analysis was performed with truncated human MDM2 (2—118, 6—125 and 17—125). The standard errors for SPR measurements

were calculated from at least two separate measurements, and for ITC measurements the errors were obtained from Monte Carlo simulations.

The MDM2 (6—125)/Pip-2 complexes exist as dimers in the
crystal structure. The fB-strand that corresponds to the residues
10—16 of one MDM2 (6—125)/Pip-2 complex forms an
antiparallel -sheet with the f-strand from another MDM2 (6—
125)/Pip-2 complex (Figure S2). The dimer interface observed
in the X-ray structures only buries 397 A” of surface area and is
not observed in solution NMR studies of the MDM?2/Pip-1
complex. Self-association of MDM?2, especially through
interaction as an antiparallel fS-strand, would be expected to
cause at least small changes in the NH proton resonances of the
residues involved. "N HSQC spectra of this complex obtained

17062

at various concentrations (80 up to 800 uM, data not shown)
did not exhibit any changes in chemical shifts. There is,
however, a slight variation in the length of the newly formed N-
terminal fB-strand between the X-ray and NMR structures
(residues 10—16 in X-ray and residues 14—16 in NMR) which
could be due to the crystal packing and the presence of the
dimer interface in the crystal structure. NMR chemical shift
indices of the MDM2/Pip-2 complex also suggest that the f-
strand secondary structure only comprises residues 14—16 in

solution (Figure S3).
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Figure 3. The NMR structures of apo human MDM2 (6—125) and
Pip-1 with human MDM2 (6—125). The five lowest energy NMR
structures of (A) Apo-MDM2 and (B) MDM2 bound to Pip-1 (in
green). The regions highlighted in yellow correspond to the “extended
1id”, which comprises residues 11—24. In both structures, residues 6—
10 remain disordered in solution and are thus truncated, along with
the disordered C-terminus (residues 110—125) for clarity. The regions
of disorder in the Apo structure adopt a-helical (residues 21—24)
followed by a f-turn (residues 17—20) and f-sheet (residues 14—16)
secondary structure in the inhibitor bound form. The side chains of
Vall4 and Thrl6 are denoted in Panel B.

Table 2. NMR Refinement Statistics for MDM2 (6-125)/
Pip-1 Structures

MDM2(6—125)/Pip-1
NMR distance and dihedral constraints

Distance constraints

Total NOE 2612
Intraresidue 484
Inter-residue
Sequential (li —jl = 1) 653
Medium-range (li — jl < 4) 717
Long-range (li —jl > 5) 758
Intermolecular 59
Hydrogen bonds 62
Total dihedral angle restraints 142
¢ 71
w 71

Structure statistics
Violations (mean and SD)

Distance constraints (A) 0

Dihedral angle constraints (deg)

Max. dihedral angle violation (deg) 9.0

Max. distance constraint violation (A) 0.4
Deviations from idealized geometry

Bond lengths (A) 537 X 1073

Bond angles (deg) 0.72

Impropers (deg) 2.65
Average pairwise rms deviation® (A)

Heavy 1.100

Backbone 0.637

“Pairwise rms deviation was calculated among 10 refined structures.

Residues 6—10 and 110—125 remained disordered in the
NMR structure indicating, in agreement with the binding data,
that these portions of the protein were not involved in any
significant interactions with the rest of the complex. Through
the use of the extended N-terminal construct, our model likely
represents a complete contact map between piperidinones and
the native MDM2 protein.

Table 3. X-ray Refinement Statistics for MDM2 (6-125)/Pip-

2 Structure®

Data collection
Space group

Cell dimensions

MDM2(6—125)/Pip-2

C2

a, b, c (A) 185.35, 73.95, 123.09

a, B,y (deg) 90.00, 121.60, 90.00
Resolution (A) 50—1.90 (1.97—1.90)
Rierge 5.7 (49.3)
1/ol 108 (2.7)
Completeness (%) 98.6 (97.6)
Redundancy 3.8 (38)
Refinement
Resolution (A) 50—-1.90
No. reflections 109867
Ryoi/Riee 222/24.4
No. atoms

Protein 13046

Ligand/ion 240

Water 866
B-factors

Protein 29.1 A?

Ligand/ion 25.8 A?

Water 924 A
Rms deviations

Bond lengths (A) 0.0089

Bond angles (deg) 1.44

“One crystal was used. Values in parentheses are for highest-resolution
shell.

Figure 4. The crystal structure of Pip-2 with human MDM2 (6—125).
(A) Shows a ribbon diagram representation of the complex. (B) Shows
a surface representation of the complex. Pip-2 and the key residues in
MDM?2 are represented by sticks. Highlighted in yellow is the newly
observed f-strand of the N-terminal portion. The carboxylic group of
Pip-2 forms a hydrogen bond with His96, which in turn forms a
hydrogen bond with Thr16. The meta-chloro phenyl moiety of Pip-2
is buttressed between the side chains of Val14 and Thr16, and picks up
additional van der Waals interactions with human MDM2.

The Piperidinone—MDM2 Interaction Is Enthalpically
Driven, but Entropically Unfavorable. To further charac-
terize the interactions between the piperidinones and human
MDM?2, we carried out thermodynamic studies of Pip-1 and
Pip-2 as well as the human p53 TAD peptide (a.2.17—26) and
Nutlin-3a to various truncated forms of human MDM2 using
isothermal titration calorimetry (ITC) (Table 1). The binding
affinities obtained were consistent with those measured by SPR
and validated the integrity of the human MDM2 (6—125)
construct used for structural analysis (vide infra). The
measured binding parameters (Table 1) for the pS3 peptide
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AHi,* to obtain a ~0.2 proton transfer from solvent to complex.

and Nutlin-3a are similar for MDM2 (2—118), MDM2 (6—
125) and MDM2 (17—125). In contrast, the two piperidinone
inhibitors showed significant preference (>20 fold, see Table 1)
for binding MDM2 (2—118) and MDM2 (6—125) in
comparison to MDM2 (17—125). In the case of the p53
peptide, there was an entropic penalty of 2.2—2.6 kcal/mol
likely associated with the adoption of a-helical conformation by
the Iigand.18’30 For Pip-1 and Pip-2, there was a larger entropic
penalty of 5.3—5.7 and 6.5—6.8 kcal/mol, respectively,
associated with the ordering of N-terminal residues 11—24 of
MDM?2 observed in the NMR and X-ray complex structures,
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but not in the apo NMR structure. In the case of piperidinones,
the entropic penalty was outweighed by energetically favorable
(large enthalpy) interactions of the piperidinone inhibitors with
amino acids located on the f-strand portion of MDM?2,
particularly Vall4 and Thrl6 (via His96). The binding of
Nutlin-3a did not involve any major structural changes,'® and
the entropic contribution to the free energy of binding, in this
case, was negligible.

We also assessed enthalpic contributions of the proton
transfer associated with the inhibitor binding (proton linkage)
using ITC,*" performed with MDM2 (6—125) in different
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Table 4. Inhibitor Binding to MDM2 Proteins from Different Species”

inhibitor assay human
pS3 peptide Kp (nM) 125 + 13
ECs (nM) 2+7
Nutlin-3a Kp (nM) 16 + 3
ECq, (nM) 45 +2
Pip-1 Kp (nM) 24 +3
ECy, (nM) 96 + 3
Pip-2 Kp (nM) 49 + 0.7
ECqy (nM) 127 £ 03

dog mouse rat

81 +2 44 +1 37 £ 11
47+ 8 45 +7 303
18 +1 23.1 + 0.7 20 + 4
46 + 4 117 £ 2 84 + 10
33+2 298 + 62 318 + 33
112 + 4 1175 + §9 11587 + 247
11 + 4 69 + 16 70 + 14
26 +1 220 + 33 223 + 42

“Affinities to human, dog, mouse and rat MDM2 (1—188) were measured by SPR spectroscopy. The disruption of human, dog, mouse and rat
MDM?2 (1—188):pS3 (1—83) interaction by human pS3 (17—26) peptide and compounds was measured using HTRF assay. The standard deviation

was calculated from at least two separate measurements.

buffers, widely ranging in the ionization enthalpies. Pip-1
showed small proton linkage at pH 7, corresponding to ~0.2
protons transferred from the solvent to the complex (Figure 6).
The positive proton linkage was likely associated with the
protonation of the Ne of His96, which became positively
charged in the complex and interacted favorably with the
negatively charged carboxylic group on the piperidinones.

Binding of Piperidinones to MDM2 Proteins of
Nonhuman Origin. To investigate the difference in potency
of the piperidinones against human/dog and mouse/rat MDM?2
(1—188) and to elucidate the importance of the residues
involved in the interaction between piperidinones and MDM2,
we carried out binding studies of the two piperidinones as well
as the human pS3 peptide (17—26) and Nutlin-3a to human,
dog, mouse and rat MDM2 (a.a. 1—188) using SPR (Table 4).
We also tested the competing efficiency of each ligand in a
Homogeneous Time Resolved Fluorescence (HTRF) assay,
which quantified the effective concentration of a ligand needed
to disrupt S0% of the MDM2 (a.a. 1—188)/p53 (aa. 1-83)
complex from human, dog, mouse and rat (Table 4)

The MDM2 (aa. 1—188) sequence homology for these
species was high (>90% similarity, Figure S4), while for pS3
(aa. 1-83), the homology was somewhat lower (75—83%
similarity, Figure SS), but higher for pS3 (a.a. 17—26) (>90%
similarity with other 3 species). From the SPR data in Table 4,
it was clear that 10-fold increase in potency for the
piperidinones against human and dog MDM?2 was the result
of differences in MDM2 and not p53. To address this matter,
we looked at sequence variability in MDM2 among the four
species studied and performed site directed mutagenesis studies
on human MDM?2. On the basis of the structural data presented
here, the residues forming critical interactions with the
piperdinone inhibitors were conserved between all four species,
with the exception of residue 14 in the N-terminus and residues
54 and 57 in the pS3 binding pocket (Figure S4). Residue 54, a
leucine in human MDM?2, was an isoleucine in the dog, rat, and
mouse variants. This negated the need to make mutants for
position 54, since all other critical residues were conserved in
human and dog. However, the human protein possessing the
L57I mutation exhibited little or no effect on the binding of
human pS3 (a.a. 17—26) or Nutlin-3a and resulted in two to
four-fold decrease in the affinity of the piperidinones (Table 5).
Also, residue 14 in the N-terminal region exhibited variability in
the human/dog and rat/mouse species (valine or alanine,
respectively). The V14A mutation (and the double mutation
V14A, L57I) was used to investigate the role of this residue in
binding to the p53 peptide, Nutlin-3a, Pip-1, and Pip-2. As
expected, this single mutation had no measurable effect on the

Table S. Inhibitor Binding to Human MDM2 Mutants®

inhibitor WT VI14A LS71 V14A,LS71
pS3 peptide 129 +02 120+ 06  173.5 + 0.4 127 + 3
Nutlin-3a 95+04 108+03  234+08 158 +0.1
Pip-1 207 £09 182 %09 80 + 4 47 +2
Pip-2 10 + 1 13+1 356+ 10 258 +02

“Binding affinities (Kp, in nM) of MDM2 inhibitors to human MDM2
(2—118) WT and mutants were measured by SPR spectroscopy. The
standard deviation was calculated from at least two separate
measurements.

binding affinity of human pS3 peptide and Nutlin-3a, but
surprisingly had no effect on the binding of the piperidinones.
Therefore, it seems that a combination of changes in amino
acids, most likely involving residues not in direct contact with
the piperidinone inhibitors, is responsible for the observed
differences in potency between species.

B DISCUSSION

The new class of piperidinone inhibitors of the MDM2-p53
protein—protein interaction mimics the classical hydrophobic
triad Trp-Leu-Phe from the pS3 TAD binding domain. In
addition, the piperidinones favorably interact with the N-
terminus of human MDM2, despite the entropic cost paid to
order this flexible region of the apo structure. Hence, the new
piperidinones have overcome the enthalpy—entropy compen-
sation confinement, a known conundrum in many campaigns of
rational inhibitor design.>” Interestingly, the involvement of the
N-terminus in the binding of MDM2 inhibitors was previously
suggested based on semiempirical interaction models built from
a set of structure—actitivty data on MDM2 inhibitors.*> Our
study, based on biophysical and structural data, extends the
function of the N-terminal “lid” portion of MDM2 past what
has been described in previous studies of shorter MDM2
constructs (residues17—111/125) bound to the pS3 peptide
and Nutlins.'®'®3° In the case of the piperidinone inhibitors,
the “extended lid” is structured, and engages additional residues
in the MDM2 N-terminus (residues 10—16), which have been
truncated in most of published X-ray and NMR studies. The U-
shaped N-terminus (a.a. 11—24) of MDM?2 consists of a short
p-strand (a.a. 14—16) followed by a f-turn (a.a. 17—20) and
short a-helix (a.a. 21—24) supported by the inhibitor. The 6—
16 amino acid portion, disordered in the apo form and when
bound to most inhibitors, likely contributes to problems with
protein stability and crystallizability of apo-MDM?2, as crystal
structures of MDM2 with more truncated N-terminal regions
are more readily obtainable (i.e., residues 17—111/125).
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There is an intriguing difference in binding of the
piperidinones to MDM2 proteins from human and dog vs
mouse and rat. In human and dog MDM2, the N-terminus
contributes 2 kcal/mol to the free energy of the piperidinone
binding. This contribution, however, appears to be significantly
diminished (by 1 kcal/mol) in the case of mouse and rat
MDM2, and is practically absent in case of pS3 peptide and
Nutlin-3a binding. Although a structural explanation for the
differences in potency between species is not available at the
present time, based on the site directed mutagenesis data, it is
plausible that the piperidinones still engage the N-terminus of
mouse and rat MDM2, although maybe not as efficiently from
the perspective of enthalpy—entropy compensation as in the
case of human MDM2. In support of this hypothesis, secondary
structure predictions suggest that the propensity for f-sheet
formation in the N-terminal portion of the human and dog
MDM?2 seems to be encoded in the primary amino acid
sequence. An ab initio secondary structure prediction from the
first N-terminal 30 amino acids (Figure S6) exhibited a clear
preference for the formation of an extended f-strand type
structure between residues 14—16 in human and dog MDM2
(consistent with NMR structures), but favored a random coil in
the case of the rat and mouse variants. The short a-helix was
predicted between residues 21-24 in all four species
investigated, and has been previously observed in experimental
complex structures with the shorter MDM2 (residues 17—111/
125) constructs (i.e, PDB 1T4E). The fast association rate
observed with the piperidinones and human FL. MDM2 must
also involve fast conformational rearrangement of the N-
terminal portion upon the inhibitor binding, consistent with its
intrinsic structural propensity.

Notably, the piperidinones appeared to be ineffective (ECq,
values in the HTRF assay were greater than 30 uM) in
disrupting the homologous MDMX (MDM4)/pS3 interac-
tion.”* Although the N-terminal domains of the MDM2 and
MDMX proteins are structurally®> and dynamically®® similar,
the amino acid differences in the hydrophobic pockets and in
the N-terminus are even more pronounced than the differences
within the MDM?2 proteins of different species. In the case of
the pS3 peptide and Nutlin-3a inhibitor, the differential binding
to the human MDM2 and MDMX proteins has been well
rationalized in terms of the canonical hydrophobic inter-
actions.”’ *” The engagement of the N-terminus as observed
here with piperidinones adds an additional dimension to the
inhibitor specificity and likely renders dual MDM2/MDMX
inhibition even more challenging than currently anticipated.*’

In summary, we have explored new structural features of the
human MDM2 protein associated with the N-terminal region
that may offer a novel strategy for extending the target interface
for drug interactions with this protein. This may lead to more
specific and potent drugs to disrupt MDM2—pS3 interactions,
thereby sustaining p53’s antiproliferative activity.
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