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Abstract

The integrity of the p53 tumor suppressor pathway is compromised in the majority of cancers. In
7% of cancers, p53 is inactivated by abnormally high levels of MDM2—an E3 ubiquitin ligase
that polyubiquitinates p53, marking it for degradation. MDM2 engages p53 through its
hydrophobic cleft and blockage of that cleft by small molecules can re-establish p53 activity.
Small molecule MDM?2 inhibitors have been developed, but there is likely to be a high cost and
long time period before effective drugs reach the market. An alternative is to repurpose FDA-
approved drugs. This report describes a new approach, called Computational Conformer Selection,
to screen for compounds that potentially inhibit MDM2. This screen was used to computationally
generate up to 600 conformers of 3,244 FDA-approved drugs. Drug conformer similarities to 41
computationally-generated conformers of MDM2 inhibitor nutlin 3a were ranked by shape and
charge distribution. Quantification of similarities by Tanimoto combo scoring resulted in scores
that ranged from 0.142 to 0.802. /n silico docking of drugs to MDM2 was used to calculate
binding energies and to visualize contacts between the top-ranking drugs and the MDM2
hydrophaobic cleft. We present 15 FDA-approved drugs predicted to inhibit p53/MDM2
interaction.
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Introduction

The p53 tumor suppressor is a transcription factor that enhances transcription of genes
required for DNA repair, cell cycle arrest, apoptosis and angiogenesis in response to cellular
stress [1]. The p53gene is mutated in a wide range of human cancers at an overall frequency
of approximately 50% [2]. In cancers with wild-type p53 genes, defects in the p53 pathway
have been observed [3]. One defect is the overexpression of MDM2, a negative regulator of
p53. MDM2 overexpression is due to gene amplification at an overall frequency of 7% of
human cancers [4, 5]. MDM2 overexpression can occur in cancers without gene
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amplification due to increased transcription and increased expression from MDM2 promoter
elements responsive to Smad3/4 and SP1 [6, 7]. MDM2 is an E3 ligase that binds to and
ubiquitinates p53, targeting the tumor suppressor for degradation by the 26S proteasome [8—
10]. As part of its feedback pathway, p53 mediates transcription of the MDMZ2 gene, the
product of which maintains p53 at relatively low levels in normal proliferating cells [11]. If
cells are stressed (by, for example, DNA damage or oncogene activation), p53 and MDM?2
become phosphorylated and interact with factors that inhibit p53-MDM2 complex
formation. In the absence of bound MDMZ2, the p53 level rises in the cell nucleus and
activates transcription of appropriate genes that ultimately prevent cancer. When the p53
level is suppressed, cells undergo DNA replication in spite of the fact that the genome is
damaged resulting in mutations [12]. If the mutations deactivate tumor suppressors or
activate proto-oncogenes, cells can become incapable of responding to growth-restraint
signals and cancer ensues.

In some cancers with a wild-type p53 genotype, abnormally high MDM2 levels accumulate
and inhibit the p53 pathway. This scenario occurs in up to 20% of soft tissue tumors [4] and
with an overall frequency of 7% in 19 different tumor types [5]. One approach to combating
these cancers is to relieve the suppression of wild-type p53 by inhibiting MDM2. Early
studies using antisense oligonucleotides showed that MDM2 may be a viable druggable
target [13].

One well-studied small molecule MDM?2 inhibitor is nutlin 3a, a cis-imidazoline compound
with an ICg of 90 nM for inhibition of p53 binding to MDM2 [14, 15]. Nutlin 3a treatment
of wild type p53-expressing cultured cancer cells increases p53 levels and causes p53-
mediated transactivation, cell cycle arrest, and apoptosis [16]. However, the magnitude and
selectivity of these p53 downstream effects are variable [15]. Nutlin 3a and other small
molecules that target the N-terminal p53 binding pocket of MDM2 decrease the rate of
tumorigenesis of wild-type p53-expressing cancer cells in nude mouse-bearing human
cancer xenografts [14, 16, 17].

Nutlin 3a was isolated by screening a library of cis-imidazoline compounds for inhibition of
p53 binding to MDM2 by surface plasmon resonance [14]. Nutlin 3a belongs to a class of
compounds composed of two halogen-derivatized phenyl rings in cis configuration attached
to positions 4 and 5 of an imidazoline scaffold. Roche, the manufacturer of these
compounds, has a nutlin 3a-like compound called RG7112 in Phase I clinical trials for the
treatment of advanced solid tumors and hematologic cancers [18]. Although nutlins are a
promising start for drug development, there may be many hurdles to overcome prior to
approval for clinical use. An alternate approach to development of novel MDM2 inhibitors
is to determine if FDA-approved compounds can be repurposed as MDM2 inhibitors [19].

In this report, we present an /n silico approach to drug repurposing, called Computational
Conformer Selection (CCS), to screen and identify compounds with similar shape and
charge distribution as nutlin 3a across different nutlin 3a conformers. Conformers of FDA-
approved drugs are computationally generated and compared with the shape and charge
distribution of nutlin 3a. Highly ranked drugs are docked to the N-terminal p53-binding
domain of MDM2 using the Autodock Vina docking program [20] yielding binding
energies. Here we report the ranked order of the 3,244 drugs from the ZINC database of
FDA-approved drugs [21].
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Warner et al. Page 3

Experimental Section

Creating the nutlin 3a-conformer model

Nutlin 2 from PDB #1RV1 structure was used as the starting point. The nutlin 2 isopropyl
group was substituted for the ethyl group at position 2 on the methoxy-phenyl ring. Chlorine
atoms were substituted for the bromine atoms at position 4 on the two phenyl rings. A
ketone oxygen was added to position 3 of the piperazine ring and the ethanol group was
removed from position 4 of the piperazine ring.

Conformer generation and rapid overlay chemical structure software (ROCS) program

Conformers of nutlin 3a and ZINC database drugs were created by OMEGA with the
maximum number of conformers for each drug set to 600 (-maxconfs 600) [22]. Rapid
Overlay of Chemical Structures (ROCS) software was used to measure similarities between
nutlin 3a and drug conformers [23, 24]. The number of random starting points for compound
alignments was set to “-randomstarts 40”. Default parameters of ROCS were changed to
“rank by ColorTanimoto” to emphasize charge distribution. Preliminary analysis of ROCS-
mediated FDA drug comparisons to nutlin 3a showed that the Tanimoto combo score was
strongly dominated by the shape parameter. In the default setting, the ROCS software
program produced Tanimoto shape scores ranging from 0.103 to 0.644 for FDA drug
conformers when the nutlin 3a conformers were queried. On the other hand, for the same
comparisons the color (charge distribution) scores for FDA drug conformers ranged from 0
to 0.350. To create a better balance between Tanimoto shape and Tanimoto color, the default
ROCS matching setting was changed to “rank by ColorTanimoto” to place greater emphasis
on the color parameter. With this change, the Tanimoto shape scores ranged from 0.071 to
0.538 and the Tanimoto color scores ranged from 0.006 to 0.373. Unexpectedly, ROCS
generated repeats of a few drug conformers (see Additional Supporting Information online
for details on repeats).

Docking measurements

Drugs were prepared for docking by obtaining structure data format (sdf) files from the
ZINC database [21]. The software program PyRx (version 0.7) was used to convert the sdf
files to PDBQT files. PDBQT files were used for docking to MDM2 with AutoDoc Vina
(version 1.1). The macromolecule docking target was amino acids 25-109 of MDM?2
(Protein Data Bank #1RV1). Water molecules, heteroatoms (such as metals) and nutlin 2
were removed from 1RV1 prior to docking. The coordinates of the search space for MDM2
were maximized to allow the entire macromolecule to be considered for docking. The search
space coordinates were: Center X: 13.5812 Y: 0.8458 Z: 19.5482, Dimensions (A) X:
44.1592 Y: 34.3006 Z: 28.3009. Two-dimensional images highlighting the compounds and
interacting MDM2 amino acids were created with LIGPLOT (version 4.5.3) [25]. RMSD
values of compounds and solvent excluded areas within MDM2 were calculated by Chimera
software (version 1.4.1) [26].

Results and Discussion

A structural model for nutlin 3a bound to MDM2

Our approach to computationally screen drugs that target MDM2 is based on the idea that
such compounds would exhibit shape and charge distribution similar to nutlin 3a across its
different conformers. To test if this approach was valid, a feasible structural model for nutlin
3a bound to MDMZ2 was required. Since no nutlin 3a structures are available, a model was
developed using the structure of nutlin 2 bound to MDMZ2 [14]. Nutlin 2 (Figure 1A) shares,
spatially, 90% of its heavy atoms with nutlin 3a (Figure 1B), suggesting that both
compounds likely bind to MDM?2 in a similar fashion. The nutlin 3a model was built from
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the crystal structure of nutlin 2 bound to MDM2 (PDB 1RV1-mean resolution = 2.18 £ 1.21
A) (Figure 1C). The nutlin 3a model/MDM2 complex was energy minimized using
WebLabViewer Pro software program (version 4.0). The energy minimized nutlin 3a model
is called the nutlin 3a conformer model (nutlin 3a-CM) (Figure 3D).

A comparison of the structure of nutlin 2 and nutlin 3a-CM revealed that the root mean
square deviation (RMSD) of bound molecules was 0.73 A for shared heavy atoms indicating
that energy minimization did not dramatically alter the nutlin 3a-CM conformation. Given
the low RMSD value, one would expect nutlin 3a-CM to bind to MDM2 with a binding
energy comparable to nutlin 2. Autodock Vina was used to separately dock the two nutlins
to MDM2 (PDB 1RV1). The average binding energies reported (out of 9 dockings) was —6.8
+ 0.7 kcal/mol for nutlin 2 and -7.7 = 0.6 kcal/mol for nutlin 3a-CM. The top-scoring
docked nutlin 2 (from PDB 1RV1) and nutlin 3a-CM conformers generated after docking
indicate that both nutlins bind with three functional groups inserted into the N-terminal p53-
binding hydrophobic pocket of MDM2 (Figure 2). The three functional groups of nutlins
simulate three p53 amino acid side chains that are critical for engagement with MDM2:
Phel9, Trp23, Leu26 [27]. The three functional groups are two singly halogenated-
substituted phenyl rings and an alkyloxy group at position 3 of the methoxy-pheny! ring.
The slightly better binding energy of nutlin 3a-CM is likely due to increased van der Waals
interactions resulting from its bulkier alkoxy group. The docked nutlins closely resemble the
crystal structure showing nutlin 2 bound to MDM2 [14]. The docking software allows ligand
flexibility for optimal fitting in the protein pocket. Nutlin-3a-CM docked without much
perturbation from the original nutlin 3a-CM conformation (RMSD = 0.23 A) (Figure 3A).

Generation of nutlin 3a conformers

Our approach to drug repurposing is to identify small molecule conformers from the drug
database that resemble low energy conformers of nutlin 3a. Low energy conformers of
nutlin 3a were generated by the software program OMEGA [22] which uses a rule-based
algorithm in combination with variants of the Merck force field 94 to produce conformations
[28, 29]. Using default parameters, OMEGA generated 41 conformations of nutlin 3a from
the nutlin 3a sdf file obtained from PubChem (PubChem ID: 11433190).

The ROCS software program was utilized to compare nutlin 3a-CM with 41 OMEGA-
generated nutlin conformers. The Tanimoto shape scores ranged from 0.325 to 0.748 and the
Tanimoto color (charge distribution) scores ranged from 0.278 to 0.472 resulting in a top
Tanimoto combo score of 1.189. Structural alignment of the top scoring nutlin 3a generated
by OMEGA (nutlin 3a-OG) and nutlin 3a-CM gave an RMSD of 2.52 A (Figure 3B). The
high RMSD value occurs because OMEGA rotated the phenyl methoxy ring of nutlin 3a
159° compared to nutlin 3a-CM to reduce steric hindrance between the isopropyloxy group
and the piperizine ring. OMEGA also bent the piperizine ring so that carbon atoms 3, 4 and
5 on the piperizine ring are far from the phenyl methoxy ring. The high RMSD value
obtained reflects these structure differences. ROCS analysis of the other 40 OMEGA-
generated conformers confirmed that these OMEGA-generated conformers were more
dissimilar to nutlin 3a-CM than nutlin 3a-OG (data not shown).

Autodock Vina was used to dock nutlin 3a-OG into MDM2. The average binding energy of
nutlin 3a-OG docked to MDM2 was —7.1 kcal/mol = 0.4 (9 dockings) compared to nutlin
3a-CM with a 7.7 kcal/mol binding energy. The less favorable binding energy is due to the
fact that the binding conformation of nutlin 3a-OG differs from the binding conformation of
nutlin 3a-CM (Figure 4). The bound nutlin 3a-OG isopropyloxy group is directed away from
the hydrophobic pocket instead of into the hydrophobic pocket. This result calls into
question how nutlin 3a is able to produce a conformation predicted to bind into the three
sub-pockets of the hydrophobic cleft of MDM2. Because an experimental structure of nutlin

Chem Biol Drug Des. Author manuscript; available in PMC 2013 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Warner et al.

Page 5

3a bound to MDM2 is unavailable, we must consider the possibility that nutlin 3a binds to
MDM2 in a manner similar to nutlin 3a-OG. Another possibility is that Nutlin 3a-OG may
in fact bind to MDMZ2 analogously to nutlin 2, but Auto Dock Vina is not capable of
simulating the docking process accurately. Regardless of how nutlin 3a binds to MDMZ2’s
hydrophobic cleft, in vitro competition experiments shows that nutlin 3a prevents p53
peptide from binding to MDM2 with an 1C50 of 90 nM [14] indicating that nutlin 3a is an
effective MDM2 inhibitor.

Screening for drugs that can adopt the similar conformations as nutlin 3a

Our approach was to compare conformers of compounds from a database of FDA-approved
drugs to the 41 conformations of nutlin 3a generated from the nutlin 3a sdf file. Drug
conformations that ranked relatively high by shape and color across 41 conformations of
nutlin 3a would be considered good candidates for inhibitions of MDM2. The ZINC drug
database contains molecules that are currently, or at one time were FDA-approved. The drug
list shows some redundancy since it contains isomers as well as variably protonated versions
of the same molecule. There are 1,125 drugs with unique molecular formulas in the ZINC
database and 3,244 drugs when the isomers and alternate protonated forms are included.

The top 15 drugs were ranked by average Tanimoto combo scores, which ranged from 0.722
t0 0.802 (Table 1). For all 3,244 drugs, the range was 0.142 to 0.802 (see Data S1,
Supporting Information). The contribution of shape and color to the top 15 Tanimoto combo
scores are also presented in Table 1. The calculated binding energies from docking of drugs
to MDM2 (average of 100 dockings) are shown as well. The binding energies of the top 15
drugs ranged from —8.456 to —4.724 kcal/mol. The top ranking drug, S-bepridil, had an
average binding energy of —6.6 kcal/mol, whereas the average binding energy of nutlin 3a-
OG was —7.1 kcal/mol. The drug with the best binding energy is nadrolone phenyl
propionate at —7.61 kcal/mol. Calculation of buried surface area of the hydrophobic revealed
that nutlin 3a-CM buried 329 A2 of MDM2. Of the top 15 drugs, the best in terms of
shielding MDM2 from solvent is Nafronyl-d4, which buried 296 A2 of solvent. In general,
one expects the FDA-drugs to bury less MDM2 surface than nutlins because the former are
generally smaller than the latter. To better understand the interactions of the top 15 drugs
ranked by the ROCS program, we performed an analysis of the drug atom to MDM2 atom
interactions that take place after docking.

Data for the number of top 15 drug atoms predicted to bind to MDM2, the number of
hydrogen bonds predicted to bind to MDM2, the number of MDM2 amino acids predicted to
bind to drugs and the percentage of nutlin 3a-CM-binding amino acids that bind to drugs
were collected (Table 2) [25]. The number of drug atoms involved in MDM2 contacts
ranged from 8 to 16. The top hit, S-bepridil has 14 drug atoms that bind to MDM2. This
compares favorably to nutlin 3a-CM, which has 15 drug atoms that bind to MDM2. Four of
the top 15 drugs make hydrogen bond contacts to MDM2 (nutlin 3a-CM has no hydrogen
bond contacts). Nutlin 3a-CM is predicted to contact nine MDM2 amino acids—all without
hydrogen bonds. The number of MDM2 amino acids that bind to the top 15 drugs ranged
from seven to ten. Because these drugs were selected to mimic nutlin 3a CM one might
expect that the nutlin 3a-CM interacting amino acids would overlap with the drug interacting
amino acids. S-bepridil interacted with five amino acids that also interacted with nutlin 3a
CM. It is worth noting that the fifth-ranked drug was R-bepridil—which is predicted to have
16 atoms in contact with 10 amino acids of MDM2. Seven MDM2 amino acids overlap
those that contact nutlin 3a-CM. Of the top 15 drugs, 11 are predicted to interact with the
majority of the same MDM2 residues as nutlin 3a-CM. The MDM2 residues that interact
with nutlin 3a-CM and the top five drugs are Leu54, Gly58, 1le61, Val93, His96, and 1199
(Figure 5). A recent NMR study of the Nutlin 3a-MDM2 complex confirmed that at least
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five of these six residues interact with Nutlin 3a [30]. X-ray crystallography structure
analysis of the p53-MDM2 complex shows that all six MDM2 residues bind to p53 [27].

To further investigate the five highest scoring drugs, we show them computationally docked
to MDM2 (Figure 6). We note that in each case, a minimum of two functional groups of the
drug bind to two of the three hydrophobic subpockets of MDM2. The three MDM?2
subpockets individually bind p53 amino acids Phel9, Trp23 and Leu26 [27]. S-bepridil,
Caramiphen, and R-bepridil have functional groups that bind to all three subpockets of
MDM2. The combination of the potential to bind to three subpockets and their relatively
small sizes suggests they are good candidates for further exploration as MDM2 inhibitors.

The top hit, S-bepridil, marketed under the brand name Vascor, increases the contractile
force of cardiac myofilament [31] by enhancing the responsiveness of the cardiac troponin C
[32]. NMR and X-ray crystal structure analysis of bepridil-troponin C complexes show that
S-bepridil binds to a hydrophobic depression within the N-terminal domain of troponin C
[32, 33]. S-bepridil interacts with 13 hydrophobic residues in troponin C. In our
computational models, S-bepridil interacts with 14 MDM2 residues and R-bepridil interacts
with 16 MDM2 residues. This may make bepridil attractive as a potential inhibitor of
MDM2.

Drug repurposing has had some success. Minoxidil, originally developed to treat
hypertension, is used to combat hair loss. Viagra, designed to treat hypertension, is now
indicated for erectile dysfunction and pulmonary hypertension. Rituxin was initially
indicated for non-Hodgkin’s lymphoma and it is now approved for treatment of chronic
lymphocytic leukemia and rheumatoid arthritis [34]. Raloxifene, originally approved for
osteoporosis, has been repurposed for some breast cancers. It modulates binding of estrogen
to its receptor and leads to a decrease in estrogen-mediated transcription [35].
Bisphosphonates were originally approved to reduce skeletal-related effects of
chemotherapy such as pathologic fractures, spinal cord compression, hypercalcemia, and the
need for bone surgery. There is now mounting evidence that they create a micro-
environment in the bone that is refractory to cancer growth [36]. None of these drug
repurposing examples were discovered with a bioinformatics approach. Rather, clinical side
effects were noted and measured. With the development of more extensive drug structure
and protein structure databases, a computational approach to repurposing drugs should be
feasible. Indeed, a database of 3,665 FDA-approved and investigational drugs and their
known protein targets were used to predict potential new drug-target associations (Keiser et
al., 2009 Nature). Importantly, of the 184 new predicted associations, 30 were
experimentally tested and 23 of these were confirmed. This progress encouraged us to use an
approach that combines bioinformatics and structure analysis to repurpose drugs to target
MDM2.

Our Conformation Computational Selection method introduced here is a new approach to
drug repurposing. This approach is based on knowledge of the high resolution drug-target
structure. OMEGA is used to create putative several drug conformations. Those
conformations are then compared to potential drug conformations from a database (in our
case, we used a FDA-approved drug database). ROCS is used to quantify the drug
similarities in terms of shape and atom type across the different conformations. In our
studies, the top 15 scoring drugs all docked to the p53 binding domain in MDM2.

Chem Biol Drug Des. Author manuscript; available in PMC 2013 October 01.
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Figure 1.

Chemical structures of nutlin 2 and nutlin 3. Nutlin 2 structure was taken from a co-crystal
structure of nutlin 2 with the MDM2 N-terminal binding domain. Nutlin 3a-CM was created
from nutlin 2 structure and energy minimized within 1RV1.
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Figure 2.
Nutlin 2 (blue) and nutlin 3a-CM (CPY) docked to the MDM2 N-terminal domain.
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A B

Figure 3.
Nutlin 3A conformations. A. Comparison of nutlin 3a-CM (CPY) and docked nutlin 3a-CM

(magenta) structures. B. Comparison of nutlin 3a-CM (CPY) and top scoring OMEGA
generated nutlin 3a (magenta).
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Figure 4.
Nutlin 3A-CM (CPY) and docked OMEGA generated nutlin 3a (blue).
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Figure 5.

Predicted Van der Waals interactions between nutlin 3A-CM and MDM2 amino acids.
MDM2 amino acids that interact with nutlin 3a-CM are underlined. Out of the top five
scoring drugs, those predicted to interact with nutlin-associated MDM2 amino acids are
listed next to each underlined amino acid: S-Bep, S-bepridil; Pro, Protirelin; Aza, Azaribine;
Car, Caramiphen; R-Bep, R-bepridil.
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Figure 6.

Top five scoring drugs docked to MDM2 with AutoDock Vina. A. MDM2 with subpockets
labeled where p53 residues engage: Phel9, Trp23, and Leu26. Bordered area magnified in
panels B-F. B. S-bepridil; C. Protirelin; D. Azaribine; E. Caramiphen; F. R-bepridil. Insets
for panels B—F show the drug functional groups predicted to bind to the MDM2 subpockets
that normally interact with Phel9 (green), Trp23 (red), and Leu26 (blue) of p53.
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