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Abstract: The initial discovery phase of protein modulators, which consists of filtering molecular
libraries and in vitro direct binding validation, is central in drug discovery. Thus, virtual screening of
large molecular libraries, together with the evaluation of binding affinity by isothermal calorimetry,
generates an efficient experimental setup. Herein, we applied virtual screening for discovering
small molecule inhibitors of MDM2, a major negative regulator of the tumor suppressor p53, and
thus a promising therapeutic target. A library of 20 million small molecules was screened against
an averaged model derived from multiple structural conformations of MDM2 based on published
structures. Selected molecules originating from the computational filtering were tested in vitro for
their direct binding to MDM2 via isothermal titration calorimetry. Three new molecules, representing
distinct chemical scaffolds, showed binding to MDM2. These were further evaluated by exploring
structure-similar chemical analogues. Two scaffolds were further evaluated by de novo synthesis of
molecules derived from the initial molecules that bound MDM2, one with a central oxoazetidine ac-
etamide and one with benzene sulfonamide. Several molecules derived from these scaffolds increased
wild-type p53 activity in MCF7 cancer cells. These set a basis for further chemical optimization and
the development of new chemical entities as anticancer drugs.

Keywords: MDM2; isothermal calorimetry; drug discovery; virtual screening; de novo synthesis;
protein–protein interaction inhibitors

1. Introduction

Interfering with protein–protein interactions (PPIs) is a sought-for aim in drug discov-
ery [1–3]. Indeed, the large number of PPIs and their relevance to diseases marks them as
promising therapeutic targets [4–6]. The interaction surface of the murine double minute 2
(MDM2) with the tumor suppressor p53 is a well-established drug target [7–10]. The
transcription factor p53 is among the foremost proteins for maintaining balanced cellular
regulation. Following cellular stress signals, activated p53 is key to regulating genes re-
sponsible for cell cycle arrest and apoptosis [11–14]. The central role of p53 in eliminating
cellular defects that otherwise advance tumor formation and cancer denotes it as an im-
perative cellular regulator. Moreover, about half of human cancers are related to inactivity
of p53 due to deletions or mutations in the TP53 gene encoding the protein, leading to
p53 loss of activity [15,16]. However, high occurrences of cancers in which wild-type p53
retains its activity have also been characterized. Such cancers are mainly related to the
interaction of p53 with its negative regulators, among these the E3-ligase MDM2, which
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ubiquitinates p53 and promotes its proteasomal degradation via the ubiquitin–proteasome
system [17–19]. This poses MDM2–p53 PPI as an attractive therapeutic target, due to its
direct linkage with cancer. Indeed, a large number of modulators, particularly in the form
of small organic molecules that bind MDM2 and interfere with its binding to p53, have
been discovered; several have reached clinical trials [9,20–23].

Roughly speaking, the discovery of new compounds capable of binding a defined
epitope on a target protein is based on the filtering of pre-existing molecular libraries.
This can be pursued through in vitro high-throughput screening or virtual screening. The
application of high-throughput screening has resulted in the discovery of a number of
molecules, including the first MDM2 inhibitor Nutlin-3 [24,25]. In addition, the relatively
high body of available structural data of MDM2 inhibitors in complex with MDM2 has
accelerated the discovery of new chemical entities by computational approaches [26–33].
Regardless of the screening approach, due to the hydrophobic characteristic of the MDM2–
p53 interaction surface, most molecules are naturally lipophilic; and a water-exposable
hydrophilic site was shown to be required to maximize binding affinity [34]. Indeed,
seemingly minor variations between some of the most successful compounds such as
Nutlin-1 and Nutlin-3, or WK23 and WW298, confirm that these considerations are essential
for an optimized active molecule [24,35]. Following this rationale and relying on the diverse
structural data, the current work involved in silico screening of small molecules based on
an ensemble of MDM2 structures. The latter were validated for binding to MDM2 and
evaluated for their ability to increase p53 activity in MCF7 cancer cells.

2. Results
2.1. In Silico Screening of a Virtual Small Molecule Library

To filter molecules with the ability to bind MDM2, we performed virtual screening of
a small molecule library against MDM2. Synthetic chemistry, particularly of new chemical
entities, is often a bottleneck in the initial phase of drug discovery. Thus, we profiled a
virtual library based on 20 million commercially available small molecules collected from
chemical catalogs. This step ensured that the filtering process would yield a selected set of
molecules for in vitro characterization. Our in silico screening consisted of several steps. In
the first step, all available MDM2 structures and co-crystal structures were analyzed. These
data yielded the pharmacophore constraints for filtering the molecules. Figure 1A illustrates
the structural model of the MDM2 complex with p53-derived peptide and Nutlin-3. Based
on such a model and together with additional co-complexes, constraints for a representative
pharmacophore were defined (Figure 1B). We then performed a crude filtering step of the
initial molecules, which resulted in a profiled library of ca. 500,000 molecules. This library
was docked onto an MDM2 structure model. An additional aspect in our approach is
that docking was performed against an averaged MDM2 structure, which was calculated
from an ensemble of MDM2 published structures (PDBs 3DAB, 4DIJ, 3LNZ, 1YCR, and
1RV1) [24,36–39]. This ensured that our selected set of molecules, which originated from
docking, would cover a diverse chemical space. Moreover, they would have the potential
to bind the protein in the solution in which it is inherently dynamic and naturally resides
in different conformations. In the last step, the highest-ranked molecules were manually
selected, and a focused set of ca. 130 small molecules was purchased for in vitro validation.
A criterion of selection of the final list of tested compounds was that each one represented
a unique chemical genus. This was to ensure the broadest possible chemical space was
covered. Figure S1 illustrates the in silico screening workflow until the selection of the final
virtual hits.
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Figure 1. Setting pharmacophore constraints. (A) A general overview of MDM2 in a complex with 
p53 peptide (dark grey) and Nutlin-3 (blue). The structures are based on PDBs, 3DAB, 4DIJ, 3LNZ, 
1YCR, and 1RV1. The peptide backbone is shown with only side chains of the p53 peptide that are 
in direct interaction with MDM2. (B) An illustration of pharmacophore constraints that were 
defined based on analysis of the MDM2 structures. The green spheres represent the location and 
orientation of potential acceptors within the bound ligand, orange spheres represent the location 
and direction of the aromatic system, and cyan represents the location of a hydrophobic part. 

2.2. Secondary In Vitro Screening by Isothermal Calorimetry (ITC) 
Preliminary hits originating from computational prediction and filtering likely have 

relatively low binding affinity towards the target protein. It is thus imperative to test the 
direct binding of the selected hits using a robust and sensitive method to minimize both 
false negative and false positive readouts of screening hits. Among the various 
biophysical tools, ITC is a gold-standard technique capable of evaluating the direct 
binding of a molecule to its target protein. ITC is a label-free technique and has the ability 
to measure a relatively broad range of dissociation constant (kd) values and to deliver the 
thermodynamic parameters of the binding entropy (ΔS) and enthalpy (ΔH) [40,41]. The 
main drawbacks of using ITC as a screening tool are the low throughput and the large 
amount of required material. The latter is of immense importance when seeking low 
binding affinities, as the concentration of the molecules in the ITC cell and in the syringe 
should be in the order of ten- and one-hundred-fold the kd, respectively. This necessitates 
a large amount of protein. An additional hurdle is that small drug-like molecules are 
relatively hydrophobic, often reaching a solubility limit of several tens of micromolars in 
water-based buffers. To partially mitigate these limitations, we employed a unique 

Figure 1. Setting pharmacophore constraints. (A) A general overview of MDM2 in a complex with
p53 peptide (dark grey) and Nutlin-3 (blue). The structures are based on PDBs, 3DAB, 4DIJ, 3LNZ,
1YCR, and 1RV1. The peptide backbone is shown with only side chains of the p53 peptide that are in
direct interaction with MDM2. (B) An illustration of pharmacophore constraints that were defined
based on analysis of the MDM2 structures. The green spheres represent the location and orientation
of potential acceptors within the bound ligand, orange spheres represent the location and direction of
the aromatic system, and cyan represents the location of a hydrophobic part.

2.2. Secondary In Vitro Screening by Isothermal Calorimetry (ITC)

Preliminary hits originating from computational prediction and filtering likely have
relatively low binding affinity towards the target protein. It is thus imperative to test
the direct binding of the selected hits using a robust and sensitive method to minimize
both false negative and false positive readouts of screening hits. Among the various
biophysical tools, ITC is a gold-standard technique capable of evaluating the direct binding
of a molecule to its target protein. ITC is a label-free technique and has the ability to
measure a relatively broad range of dissociation constant (kd) values and to deliver the
thermodynamic parameters of the binding entropy (∆S) and enthalpy (∆H) [40,41]. The
main drawbacks of using ITC as a screening tool are the low throughput and the large
amount of required material. The latter is of immense importance when seeking low
binding affinities, as the concentration of the molecules in the ITC cell and in the syringe
should be in the order of ten- and one-hundred-fold the kd, respectively. This necessitates
a large amount of protein. An additional hurdle is that small drug-like molecules are
relatively hydrophobic, often reaching a solubility limit of several tens of micromolars
in water-based buffers. To partially mitigate these limitations, we employed a unique
screening protocol, in which the small molecule is placed in the ITC cell at a concentration
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of 30 µM, and MDM2 is in the syringe at a concentration of 300 µM. Moreover, initial
screening is executed by three consecutive injections, and a binding decision is obtained by
manual inspection or in a semi-automated fashion based on the thermogram magnitude
and pattern [42,43]. The six panels of Figure 2A illustrate the raw data originating from
such screening. The bottom row shows three nonbinding molecules (M4–M6) in which
the differential power (DP) values of the experiment were either relatively low or without
change during the various injections. The top row shows panels in which both the total
magnitude and pattern suggest that binding has occurred. To further validate the screening
results, we measured a full titration curve for each positive hit. This employed a complete
series of injections of MDM2 to each molecule in the ITC cell. Figure 2B shows the titration
curves that were fitted to a single-site binding model. The compounds M1, M2, and M3
yielded affinity values of 2.85, 2.08, and 16.6 µM, respectively. Importantly, the DP values
for M1 and M2 did not yield plateaus, suggesting that the binding was relatively weak.
Figure 2C shows the chemical structure of the three candidates that were identified as
MDM2 binders.
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2.3. Binding Evaluation of Structure-Similar Chemical Analogues

A major challenge of protein–drug interaction screening protocols, and particularly of
preliminary hits of PPI inhibitors, is the relatively high rate of false positive hits. Among the
various approaches to eliminating false readouts, studying available off-the-shelf structure-
similar chemical analogues of the initial hit is efficient and cost-effective. Such derivatives,
which hold a low number of chemical changes compared to the original hit, are expected to
retain, at least to some extent, binding to the target protein, while presenting a range of
binding affinities. However, if the preliminary hit is a singular point within its proximate
chemical space, it may represent an artifact that arises due to an experimental error or
sample impurities. Figure 3A shows the M1 structure-similar analogues that were tested.
The functional groups that differed from the original M1 structure are highlighted in red.
Apart from M1-5 and M1-6, the other analogues retained the (2,6-dimethylphenyl)-2-(2-
oxoazetidin-1-yl)-acetamide, and the additional two benzene groups in the molecule were
sampled. M1-2 to M1-5 did not preserve binding to MDM2. While the M1-6 molecule
did not preserve oxoazetidine, both M1-1 and M1-6 showed low binding affinity towards
MDM2. Figure S2 shows the ITC curves that resulted from titrating MDM2 into the M1
derivatives. Figure 3B shows the M2 analogues that were tested. Here we sampled the
chemical groups on both sides of the central methanesulfonamide. Of note, compounds
containing sulfonamide were recently reported as showing promising activity towards
MDM2 [44]. M2-2 that has a benzene instead of the chlorobenzene, and M2-3 that has an
additional 2-methyl on the indole, retained binding towards MDM2. However, no binding
was detected in any of the other chemical structures that were tested. Figure S3 shows
the ITC curves that originated from the titration of MDM2 to each of the M2 analogues.
Figure 3C shows the M3 analogues that were tested. All three functional groups around
the triazole were sampled. The methoxybenzene group was alternated with various
benzene derivatives, the chlorobenzene group with benzene and fluorobenzene, and the
cyclohexanone group with tetrahydrofuran derivatives. None of the structure-similar
chemical analogues of M3 showed binding towards MDM2. Figure S4 shows the ITC
curves of the explored derivatives. Although the low number of structures sampled limits
the physiochemical understanding of the interaction, the binding of additional chemical
analogues of molecules M1 and M2 to MDM2 strengthens the validity of the initial hit. On
the other hand, as none of the M3 derivatives showed binding to MDM2, it may have been
a screening artifact rather than a specific binding event.

2.4. De Novo Chemical Synthesis of New Molecules

Though de novo synthesis does not comprise comprehensive sampling and optimiza-
tion of molecules, this process, even if limited, is essential to establishing the synthetic route
and validating the activity that previously relied on available chemistry. Moreover, such a
step paves the way for future rigorous chemical optimization, toward improved activity.
As the M3 chemical analogues did not show any binding to MDM2, we further explored de
novo chemical synthesis of only M1 and M2 molecules. To this end, we designed the synthe-
sis of several new derivatives based on the characteristics of the MDM2/p53 interaction site.
This effort included adding hydrophobic groups, adding charged or hydrophilic groups
directed towards the outer solvent, and adding groups capable of fulfilling specific inter-
actions with sidechains lining the binding site. Notably, the addition of the hydrophobic
groups was aimed at increasing shape complementarity towards the MDM2 binding site;
and the addition of the charged or hydrophilic groups was aimed at improving solubility
and stability. Figure 4A shows the de novo-synthesized M1 derivatives with binding to
MDM2. The newly synthesized molecules retained central oxoazetidine acetamide, in
which the original chlorophenyl and the isopropoxyphenyl were substituted with alterna-
tive chemical groups. Molecules M1-7 to M1-11 show binding to MDM2. Figure 4B shows
de novo-synthesized derivatives that did not retain binding. In M1-12, chlorobenzene
was replaced by an indole; in M1-9, trifluoromethoxy in the para position retained its
activity. However, this in contrast to meta in M1-13 with no binding, indicating sensitivity
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in substituting this position. This is congruent to the inactivity of M1-18 and M1-19, for
which no binding was observed with methoxy in the para and meta positions. Moreover,
substitution with the large tert-butyl in M1-14, as well as with the remaining derivatives,
hampered binding of the new compounds to MDM2. Figures S5 and S6 show the ITC
curves of the binding and nonbinding M1 molecules, respectively.
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In a similar approach, we designed de novo-synthesized M2 derivatives. Figure 5A,B
shows the synthesized M2 derivatives. In most cases, alternating the fluorine and chlorine
groups on the indole retained the binding to MDM2. On the other side of the molecule,
the chlorobenzene found in M2 generally did not retain its activity. An exception was
compound M2-18, which harbors a methyl substitution. The substitution of the trichloro
group to trifluoro (M2-16, M2-19, M2-20), with and without an additional substitution,
resulted in a non-active molecule. Moreover, substitution of trichloro to methyl (M2-17) did
not preserve binding to MDM2. This suggests the importance of this position for further
and more precise chemical optimization. Figures S7 and S8 show the corresponding ITC
curves of the binding and nonbinding molecules, respectively.

2.5. Cellular Activity and Viability

In our next step, we embarked on evaluating the cellular activity of selected chemical
structures. To this end, two functional assays were tested and analyzed, activation of p53
and cellular viability. To evaluate p53 activation, we used luciferase reporter gene, which is
a robust method to evaluate p53 activity [45–49]. To this end, we evaluated the effect of
the molecules in MCF7 cells. The latter contained wild-type p53. Cells were transfected
with a plasmid that contained a firefly luciferase gene regulated by a p53 promoter. The
luminescence signal level was then correlated with p53 activity. Figure 5 shows the p53
activity/viability of cells treated with the various compounds relative to cells treated with
DMSO (vehicle of the compounds stock). Given that the direct binding affinity of the
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molecules is on the single micromolar level and that often cellular activity requires a higher
level of concentration, a single dose of 15 µM was evaluated. Compounds M2-10, M2-11,
and M2-12 imparted the highest signal increase, more than 60%, in p53 activity. Important
to note is that additional factors such as cellular penetration and stability may affect the
compound’s activity. In addition, differences in activity between similar molecules are not
significant for selection of a single lead compound. As luminescence values also correlate
to the number of viable cells, in addition to Figure 6, bar plots of the molecules’ effects on
p53 activity and viability are shown in Figure S9. Table 1 summarizes the chemical name,
structure (SMILES), and activity data of the molecules.
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Table 1. Molecule parameters.

Molecule Kd (µM)
p53 Activity/

Viability
Relative to

Non-Treated Cells
SMILES

M1 2.85 1.15 CC(C)Oc1ccc(cc1)[C@@H]2CC(=O)N2[C@H](C(=O)Nc3c(C)cccc3C)c4ccc(Cl)cc4

M2 2.08 1.41 Clc1ccc(cc1)S(=O)(=O)N[C@H](c2c[nH]c3ccccc23)C(Cl)(Cl)Cl

M3 16.6 COc1ccccc1c2nnc(S[C@@H]3CCCCC3=O)n2c4ccc(Cl)cc4

M4 NB Oc1ccccc1C(=O)c2cc(c3nc4ccccc4n3c2)S(=O)(=O)c5ccccc5

M5 NB CCOc1ccc2ccccc2c1C(=O)N3CC(=O)Nc4ccc(C)cc4[C@H]3c5ccc(F)cc5

M6 NB COc1ccccc1[C@@H]2[N@H+](Cc3nc4ccccc4n3C)CCc5c2[nH]c6ccccc56

M1-1 WB O=C(NC1=C(C)C=CC=C1C)C(C2=CC=C(Cl)C=C2)N3C(C4=CC=CO4)CC3=O

M1-2 NB O=C(NC1=C(C)C=CC=C1C)C(C2=CC=C(F)C=C2)N3C(C4=CC=CO4)CC3=O

M1-3 NB O=C(NC1=C(C)C=CC=C1C)C(C2=CC=C(OCO3)C3=C2)N4C(C5=CC=C(OC)C(OC)=C5)CC4=O

M1-4 NB CC1=C(NC(C(C2=CC=C(F)C=C2)N3C(CC3)=O)=O)C(C)=CC=C1

M1-5 NB O=C(C(C1)(C2=CC=C(OC)C=C2)N(C3=CC=C(Cl)C=C3)C1=O)NC4=C(C)C=CC=C4C

M1-6 WB COc1ccc(cc1)N(C(C(=O)Nc1c(C)cccc1C)c1ccc(cc1)Cl)C=O

M1-7 33.5 1.04 CC=1C=CC=C(C)C1NC(=O)C(N2C(CC2=O)C=3C=CC=C(C3)C(F)(F)F)C=4C=CC(Cl)=CC4

M1-8 WB 1.35 CC=1C=CC=C(C)C1NC(=O)C(N2C(CC2=O)C=3C=CC(Cl)=CC3)C=4C=CC(Cl)=CC4

M1-9 WB 1.20 CC(C)OC=1C=CC(=CC1)C2CC(=O)N2C(C(=O)NC=3C(C)=CC=CC3C)C=4C=CC(OC(F)(F)F)=CC4

M1-10 19.5 1.39 CC=1C=CC=C(C)C1NC(=O)C(N2C(CC2=O)C=3C=CSC3)C=4C=CC(Cl)=CC4

M1-11 13.1 1.12 CC1=CC=C(O1)C2CC(=O)N2C(C(=O)NC=3C(C)=CC=CC3C)C=4C=CC(Cl)=CC4

M1-12 NB CC(C)Oc1ccc(cc1)[C@H]2CC(=O)N2[C@@H](C(=O)Nc3c(C)cccc3C)c4ccc5[nH]ccc5c4

M1-13 NB CC(C)OC=1C=CC(=CC1)C2CC(=O)N2C(C(=O)NC=3C(C)=CC=CC3C)C=4C=CC=C(OC(F)(F)F)C4

M1-14 NB CC(C)Oc1ccc(cc1)[C@H]2CC(=O)N2[C@@H](C(=O)Nc3ccc(cc3)C(C)(C)C)c4ccc(Cl)cc4

M1-15 NB CC=1C=CC=C(C)C1NC(=O)C(N2C(CC2=O)C3CCOCC3)C=4C=CC(Cl)=CC4

M1-16 NB CC(C)OC=1C=CC(=CC1)C2CC(=O)N2C(C(=O)NC=3C(C)=CC=CC3C)C=4C=CC(C)=CC4

M1-17 NB CC(C)OC=1C=CC(=CC1)C2CC(=O)N2C(C(=O)NC=3C=CC=C4C=CC=CC34)C=5C=CC(Cl)=CC5

M1-18 NB COC=1C=CC(=CC1)C(N2C(CC2=O)C=3C=CC(OC(C)C)=CC3)C(=O)NC=4C(C)=CC=CC4C

M1-19 NB COC=1C=CC=C(C1)C(N2C(CC2=O)C=3C=CC(OC(C)C)=CC3)C(=O)NC=4C(C)=CC=CC4C

M1-20 NB CC(C)OC=1C=CC(=CC1)C2CC(=O)N2C(C(=O)NC=3C(C)=CC=CC3C)C=4C=CN=CC4

M1-21 NB CC=1C=CC=C(C)C1NC(=O)C(N2C(CC2=O)C(C)(C)C)C=3C=CC(Cl)=CC3

M2-1 NB O=S(C1=CC=CC=C1)(NC(C2=C(C)NC3=C2C=CC=C3)C(Cl)(Cl)Cl)=O

M2-2 WB O=S(C1=CC=CC=C1)(NC(C2=CNC3=C2C=CC=C3)C(Cl)(Cl)Cl)=O

M2-3 49.7 O=S(C1=CC=C(Cl)C=C1)(NC(C2=C(C)NC3=C2C=CC=C3)C(Cl)(Cl)Cl)=O

M2-4 NB O=S(N1C(C2=CNC3=C2C=CC=C3)C4=C(C=CC=C4)C=C1)(C5=CC=C(F)C=C5)=O

M2-5 NB CS(=O)(=O)NCC(c1c[nH]c2c1cccc2)c1ccccc1
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Table 1. Cont.

Molecule Kd (µM)
p53 Activity/

Viability
Relative to

Non-Treated Cells
SMILES

M2-6 NB Fc1ccc(cc1)S(=O)(=O)NCC(c1c[nH]c2c1cccc2)c1ccccc1

M2-7 0.979 1.22 O=S(C1=CC=C(Cl)C=C1)(NC(C2=CNC3=C2C(F)=CC=C3)C(Cl)(Cl)Cl)=O

M2-8 1.58 1.30 O=S(C1=CC=C(Cl)C=C1)(NC(C2=CNC3=C2C=C(F)C=C3)C(Cl)(Cl)Cl)=O

M2-9 WB 1.19 O=S(C1=CC=C(Cl)C=C1)(NC(C2=CNC3=C2C=CC=C3F)C(Cl)(Cl)Cl)=O

M2-10 0.578 1.64 O=S(C1=CC=C(Cl)C=C1)(NC(C2=CNC3=C2C(Cl)=CC=C3)C(Cl)(Cl)Cl)=O

M2-11 0.704 1.64 O=S(C1=CC=C(Cl)C=C1)(NC(C2=CNC3=C2C=CC(Cl)=C3)C(Cl)(Cl)Cl)=O

M2-12 0.844 1.57 O=S(C1=CC=C(Cl)C=C1)(NC(C2=CNC3=C2C=CC(C)=C3)C(Cl)(Cl)Cl)=O

M2-13 0.489 1.08 FC=1C=C(F)C=2C(=CNC2C1)C(NS(=O)(=O)C=3C=CC(Cl)=CC3)C(Cl)(Cl)Cl

M2-14 1.22 1.38 O=S(C1=CC=C(Cl)C=C1)(NC(C2=CNC3=C2C=CC(F)=C3)C(Cl)(Cl)Cl)=O

M2-15 3.16 1.07 COC=1C=C(Cl)C=CC1S(=O)(=O)NC(C2=CNC=3C=CC=CC23)C(Cl)(Cl)Cl

M2-16 NB CCc1cccc2[nH]cc([C@@H](NS(=O)(=O)c3ccc(Cl)cc3)C(F)(F)F)c12

M2-17 NB CC(NS(=O)(=O)C=1C=CC(Cl)=CC1)C2=CNC=3C=C(F)C=CC23

M2-18 1.33 1.37 CC=1C=CC(=CC1)S(=O)(=O)NC(C2=CNC=3C=C(F)C=CC23)C(Cl)(Cl)Cl

M2-19 NB FC(F)(F)C(NS(=O)(=O)C=1C=CC=CC1)C2=CNC=3C=CC=CC23

M2-20 NB COC=1C=CC=C2NC=C(C(NS(=O)(=O)C=3C=CC(Cl)=CC3)C(F)(F)F)C12

M2-21 NB FC=1C=C(Cl)C=2C(=CNC2C1)C(NS(=O)(=O)C=3C=CC(Cl)=CC3)C(Cl)(Cl)Cl

M2-22 NB CNC(=O)C=1C=CC(=CC1)S(=O)(=O)NC(C2=CNC=3C=CC=CC23)C(Cl)(Cl)Cl

M2-23 NB ClC(Cl)(Cl)C(NS(=O)(=O)C=1C=CC(=CC1)C(=O)N2CCOCC2)C3=CNC=4C=CC=CC34

M2-24 NB ClC(Cl)(Cl)C(NS(=O)(=O)C=1C=CC=C(C1)N2C=NN=N2)C3=CNC=4C=CC=CC34

M2-25 NB CCS(=O)(=O)C=1C=CC(=CC1)S(=O)(=O)NC(C2=CNC=3C=CC=CC23)C(Cl)(Cl)Cl

M2-26 NB FC(F)(F)C=1C=CC=C(C1)S(=O)(=O)NC(C2=CNC=3C=CC=CC23)C(Cl)(Cl)Cl

M2-27 NB ClC(Cl)(Cl)C(NS(=O)(=O)C=1C=CC=2OCCCOC2C1)C3=CNC=4C=CC=CC34

M2-28 NB ClC(Cl)(Cl)C(NS(=O)(=O)C=1C=CC(=CC1)S(=O)(=O)N2CCCC2)C3=CNC=4C=CC=CC34

M2-29 NB COC=1C=C(F)C(=CC1OC)S(=O)(=O)NC(C2=CNC=3C=CC=CC23)C(Cl)(Cl)Cl

M2-30 NB COC=1C=CC(=CC1OC)S(=O)(=O)NC(C2=CNC=3C=CC=CC23)C(Cl)(Cl)Cl

M2-31 NB ClC(Cl)(Cl)C(NS(=O)(=O)C=1C=CC=2CCNC(=O)C2C1)C3=CNC=4C=CC=CC34

M2-32 NB CC(=O)C=1C=CC=C(C1)S(=O)(=O)NC(C2=CNC=3C=CC=CC23)C(Cl)(Cl)Cl

M2-33 NB ClC(Cl)(Cl)C(NS(=O)(=O)CC=1C=CC=C2C=CC=NC12)C3=CNC=4C=CC=CC34

M2-34 NB CC(=O)NCC1=CC=C(S1)S(=O)(=O)NC(C2=CNC=3C=CC=CC23)C(Cl)(Cl)Cl

M3-1 NB O=C1C(SC2=NN=C(C3=CC=C(Cl)C=C3)N2C4=CC=CC=C4)CCCC1

M3-2 NB O=C1OCCC1SC2=NN=C(C3=CC=CC=C3)N2C4=CC=C(Cl)C=C4

M3-3 NB O=C1OCCC1SC2=NN=C(C3=CC=CC(OC)=C3)N2C4=CC=C(Cl)C=C4

M3-4 NB O=C1OCCC1SC2=NN=C(C3=CC=CC=C3OC)N2C4=CC=C(Cl)C=C4

M3-5 NB O=C1C(SC2=NN=C(C3=CC=NC=C3)N2C4=CC=C(F)C=C4)CCC1

M3-6 NB COC1=CC=C(C2=NN=C(SCC(N3CCCC3)=O)N2C4=CC=C(Cl)C=C4)C=C1

NB—Non-Binding; WB—Weak/non-significant binding.

3. Discussion

Inhibition of the interaction of p53 with MDM2 exemplifies the growing interest in
the therapeutic potential of modulating PPIs [50,51]. The estimated number of PPIs is ~106.
This, together with their relevance to a range of diseases, poses them as an attractive
therapeutic target. Indeed, the past decade has witnessed the emergence of a plethora of
PPI inhibitors. Among them, a large number of MDM2 inhibitors in the form of small
molecules and cyclopeptides have been developed. However, although various modulators
have reached clinical trials, no candidate has crossed the final line. The high potential
of MDM2 inhibitors as therapeutic agents should prompt the exploration of additional
molecular scaffolds that reveal enhanced inhibitory activity towards MDM2.

The diverse published MDM2 co-structures support the application of in silico screen-
ing that relies on pharmacophore constraints. Herein, based on the analysis of existing
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structures, we screened a virtual library against an averaged ensemble that represents the
range of structures sampled by MDM2. As new chemistry often poses a major bottleneck in
drug discovery, thus, an important aspect of such laboratory-scale screening is that all initial
molecules will be available for following in vitro screening. Indeed, relying on existing
chemistry assures the purchase and immediate evaluation of selected compounds. We
coupled our computational screening that enabled the filtering of a large molecular library
with ITC, as a secondary screening tool. Despite its low throughput, ITC can indicate
direct binding and is considered a robust biophysical tool. Three molecules were identified
as showing preliminary binding to MDM2. We further validated the binding of these
preliminary hits by evaluating a focused set of commercially available structure-similar
chemical analogues. Based on the aforementioned results, we defined two new molecular
scaffolds capable of binding to MDM2. The first has a central oxoazetidine acetamide (M1)
substituted with three groups of phenyl derivatives. The second is based on indole ethyl
sulfonamide (M2). The binding affinity of the molecules is in the micromolar range, and
rigorous chemical optimization is still needed to improve affinity, as well as other pharma-
cokinetic and chemical parameters that are essential for downstream drug development.
The assay showing the cellular activity of the molecules relied on the luciferase enzyme
that is expressed under the direct regulation of p53 protein. In addition to the correlation of
the luminescence levels with the activity of p53, it was also dependent on the number of
living cells expressing luciferase. Therefore, in addition to the p53 activity assay, we also
evaluated cellular viability (Figure S9). For instance, molecules M1-10 and M1-11 had a
similar effect on p53 activity (Figure S9B); however, given that M1-10 imparted a higher
reduction in viability, a slightly higher p53 activity is suggested (Figure 6). Based on this
rational, the most active molecules were M2-10, M2-11, and M2-12, showing an overall
increase of more than 50%. The molecules have a central sulfonamide with a molecular
weight lower than 500 Da. The normalized activity of the three molecules is of a similar
level, and it is not feasible to determine the structure–function difference that is imparted by
each of the derivatives. Moreover, additional factors are often correlated with the different
cellular activity of structure-similar molecules. For instance, the chemical scaffolds of both
M1 and M2 are chiral. The M1 molecule is a diastereomer, and M2 is an enantiomer. Given
that not all stereoisomers are biologically active, efficient protocols for chiral separation or
for pure chemistry synthesis of the active form could also contribute to increased activity.
In addition, cellular activity is a multifactorial process that also depends on cell penetra-
tion, molecular stability, solubility, or chemical alteration of the molecules within the cell.
These factors must be further evaluated as part of the chemical optimization to conclude a
rigorous structure–function analysis. Together, our data validate the direct binding and
biological activity of new chemical entities against MDM2.

4. Materials and Methods
4.1. Chemistry

All molecules were purchased from Enamine Ltd. or Akos GmbH. Chemical synthesis
was performed by custom request from Enamine Ltd. All compounds were purified to
95% purity following synthesis. 1H 1D NMR spectra, LCMS data, and synthetic route are
shown in the supplementary information.

4.2. MDM2 Expression and Purification

The human MDM2 containing residues 5-125, with cleavable N-terminus His tag
followed by GB1 protein and TEV recognition site, was expressed in E. coli BL21. Trans-
formed bacteria grew in LB until OD (600 nm) reached 0.8. Protein expression was induced
with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for an additional 16 h at 25 ◦C.
Cells were harvested, and the pellet was resuspended in a lysis buffer containing 50 mM
NaPi pH 8.0, 300 mM NaCl, and 10 mM imidazole. The cellular lysate was disrupted by
sonication, and the soluble fraction was separated by centrifugation at 4 ◦C for 30 min at
20,133× g. The supernatant was loaded on a 5 mL nickel chelating column. Following
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extensive washing, MDM2 was eluted by a similar buffer with the addition of 300 mM
imidazole. About 15 mL of the eluted protein was placed in a dialysis bag with TEV
enzyme against 1 L of 20 mM Tris pH 8.0, 150 mM NaCl, 1 mM dithiothreitol, and 0.5 mM
EDTA. The cleaved protein was loaded again on the 5 mL nickel chelating column, and the
purified MDM2 was collected in the column flow-through.

4.3. ITC Experiments

ITC experiments were performed on PEAQ-ITC (Malvern, UK), after dialyzing MDM2
against a phosphate buffer containing 50 mM sodium phosphate pH 6.8, 150 mM NaCl,
5% DMSO, and 1 mM TCEP. MDM2 was placed in the syringe and titrated into the small
molecule placed in the ITC cell. Data were analyzed using MicroCal software.

4.4. p53 Activation Assay and Cellular Viability

MCF-7 cells were transfected using Lipofectamine LTX Plus reagent (Invitrogen,
Waltham, MA, USA), with a plasmid containing luciferase gene under the direct regulation
of p53 promoter (Agilent Technologies, Santa clara, CA, USA). The day after transfection,
40,000 cells were plated in a white, opaque 96-well plate. After 6 h, the compounds were
added to the wells to a final concentration of 15 µM for an additional 24 h. The reading of
luciferase activity was executed via the addition of ONE-Glo reagent (Promega E6120) that
includes the luciferin substrate, resulting in a bioluminescent signal. Luminescence val-
ues were read and normalized relative to equal concentrations of DMSO (vehicle)-treated
cells. The results were further normalized based on the cellular viability following the
same treatment protocol. Cellular viability was evaluated by metabolic ATP quantification
with CellTiter-GLO reagent (Promega G7571. Luminescence values were read via Biotek
SynergyH1 plate reader.

4.5. Generating a 3D MDM2 Model for the Docking of Small Molecules

A representative structure based on available MDM2 structures was selected using
the analyze trajectory protocol in Pipeline Pilot software by Dassault systems Biovia. Sub-
sequently, MD simulations and energy minimization were carried out with the program
CHARMM [52] to refine the model and sample potential conformers using MD simulations
with explicit water and counter-ions. Weak harmonic constraints were used to limit back-
bone movements during the entire simulation. On the basis of the results of this analysis,
we generated a single averaged model that was used for molecular docking.

4.6. Filtering Molecules Based on Pharmacophore Constraints

Library profiling was based on analysis of the interaction pattern between known
small molecule binders and MDM2, as well as on the characteristics of the MDM2 putative
binding site. The fitting procedure was initiated by rapidly filtering compounds on the
basis of presumably essential molecular features. This was followed by rigid matching in
the 3D space to a “crude” pharmacophore model consisting of only 3–4 required features,
using the Catalyst program of Dassault systems Biovia. Reference molecules/peptides for
the pharmacophore generation process were taken from the following co-crystal structures
(PDB IDs): 1YCR, 1RV1, 1T4E, 4DIJ, 3JZK, 3LBK, 3LBL, and 3TU1. The process was
repeated for each molecule’s conformer, to filter out molecules that did not satisfy the
pharmacophore requirements. Pharmacophore hypothesis and filtering were done using
the search DB algorithm in the Catalyst program (Dassault Systems Biovia) [53,54]. A list of
the pharmacophoric features that were defined and spatial coordinates is provided in the
supplementary information. Small molecules that fulfilled all the required features within
the geometrical constraints of the pharmacophore model were then ranked by “fitting
value”—a calculated score based on the distance between all features in the model and the
actual position of the chemical groups in the small molecule. This step resulted in reduction
of the library size to approximately 500,000 compounds.
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4.7. Molecular Docking and Final Selection of Molecules

Molecular docking of the profiled library was done using GOLD docking software
by the Cambridge Crystallographic Data Centre (CCDC) with preset genetic algorithm
settings optimized for virtual screening. A postdocking scoring function was applied to
rank each docking pose. Several orthogonal scoring functions that are part of the score-
ligands protocol were used and normalized (see list of scoring functions in SI). A consensus
score that was based on the sum of normalized scores (between 0–1) was used to select a
final list of the top 20,000 molecules. These were clustered into approximately 1000 clusters,
and the top 500 clusters were reviewed manually. A final list of ~130 molecules was selected
for further in vitro evaluation. In addition, a cutoff value was used to filter out compounds
that did not satisfy specific location constraints and also to account for putative ligand
interacting groups in addition to the structure-based complementary ones.

5. Conclusions

The integration of computational predictions with direct binding experiments is an
efficient approach for the discovery of protein modulators and particularly PPI inhibitors.
Computational tools can screen large molecular libraries; however, there are challenges
when dealing with systems such as PPI interfaces. Complementing computational pre-
dictions with biophysical tool such as ITC leads to an efficient screening and validation
engine. Herein, we applied these tools and validated the binding of new molecular scaffolds
with MDM2.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ph15060752/s1, Figure S1: An illustration of our virtual
screening protocol; Figure S2: Binding evaluation of M1 structure-similar molecules; Figure S3:
Binding evaluation of M2 structure-similar molecules; Figure S4: Binding evaluation of M3 structure-
similar molecules; Figure S5: Binding evaluation of de-novo synthesized M1 derivatives; Figure S6: ITC
titration curves of non-binding de-novo synthesized M1 derivatives; Figure S7: Binding evaluation of
de-novo synthesized M2 derivatives; Figure S8: ITC titration curves of non-binding de-novo synthesized
M2 derivatives; Figure S9: Cellular activity and viability; Figure S10. Pharmacophore constraints.

Author Contributions: Conceptualization, I.B. and M.G.; data curation, T.A.; investigation, H.A., I.R.,
L.R., I.S. and T.A.; methodology, H.A., I.S. and I.B.; project administration, I.B. and M.G.; supervision,
M.G.; writing—original draft, H.A. and M.G.; writing—review and editing, I.S., I.B. and M.G. All
authors have read and agreed to the published version of the manuscript.

Funding: The research was supported by the Israeli Innovation Authority grant #55926 and by the
support of the Dahlia Greidinger anti-cancer fund and the Israel Cancer Association.

Institutional Review Board Statement: The MCF7 cells were obtained from Migal research center,
Kyriat Shmona, Israel.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is available upon request from the corresponding authors.

Conflicts of Interest: All authors declare no conflict of interest.

References
1. Donev, R. Protein Interactions as Targets in Drug Discovery; Academic Press: Cambridge, MA, USA, 2020; p. 316.
2. Jubb, H.; Higueruelo, A.P.; Winter, A.; Blundell, T.L. Structural biology and drug discovery for protein–protein interactions.

Trends Pharmacol. Sci. 2012, 33, 241–248. [CrossRef] [PubMed]
3. Fry, D.C. Protein-protein interactions as targets for small molecule drug discovery. Biopolymers 2006, 84, 535–552. [CrossRef]

[PubMed]
4. Vidal, M.; Cusick, M.E.; Barabási, A.-L. Interactome networks and human disease. Cell 2011, 144, 986–998. [CrossRef] [PubMed]
5. Menche, J.; Sharma, A.; Kitsak, M.; Ghiassian, S.D.; Vidal, M.; Loscalzo, J.; Barabási, A.-L. Uncovering disease-disease relationships

through the incomplete interactome. Science 2015, 347, 1257601. [CrossRef]
6. Stumpf, M.P.H.; Thorne, T.; de Silva, E.; Stewart, R.; An, H.J.; Lappe, M.; Wiuf, C. Estimating the size of the human interactome.

Proc. Natl. Acad. Sci. USA 2008, 105, 6959–6964. [CrossRef]

https://www.mdpi.com/article/10.3390/ph15060752/s1
http://doi.org/10.1016/j.tips.2012.03.006
http://www.ncbi.nlm.nih.gov/pubmed/22503442
http://doi.org/10.1002/bip.20608
http://www.ncbi.nlm.nih.gov/pubmed/17009316
http://doi.org/10.1016/j.cell.2011.02.016
http://www.ncbi.nlm.nih.gov/pubmed/21414488
http://doi.org/10.1126/science.1257601
http://doi.org/10.1073/pnas.0708078105


Pharmaceuticals 2022, 15, 752 14 of 15

7. Munisamy, M.; Mukherjee, N.; Thomas, L.; Pham, A.T.; Shakeri, A.; Zhao, Y.; Kolesar, J.; Rao, P.P.N.; Rangnekar, V.M.; Rao,
M. Therapeutic opportunities in cancer therapy: Targeting the p53-MDM2/MDMX interactions. Am. J. Cancer Res. 2021, 11,
5762–5781.

8. Wang, S.; Zhao, Y.; Aguilar, A.; Bernard, D.; Yang, C.-Y. Targeting the MDM2-p53 Protein-Protein Interaction for New Cancer
Therapy: Progress and Challenges. Cold Spring Harb. Perspect. Med. 2017, 7, a026245. [CrossRef]

9. Liu, Y.; Wang, X.; Wang, G.; Yang, Y.; Yuan, Y.; Ouyang, L. The past, present and future of potential small-molecule drugs targeting
p53-MDM2/MDMX for cancer therapy. Eur. J. Med. Chem. 2019, 176, 92–104. [CrossRef]

10. Klein, C.; Vassilev, L.T. Targeting the p53-MDM2 interaction to treat cancer. Br. J. Cancer 2004, 91, 1415–1419. [CrossRef]
11. Vousden, K.H.; Lane, D.P. p53 in health and disease. Nat. Rev. Mol. Cell Biol. 2007, 8, 275–283. [CrossRef]
12. Ozaki, T.; Nakagawara, A. Role of p53 in Cell Death and Human Cancers. Cancers 2011, 3, 994–1013. [CrossRef] [PubMed]
13. Levine, A.J.; Oren, M. The first 30 years of p53: Growing ever more complex. Nat. Rev. Cancer 2009, 9, 749–758. [CrossRef]

[PubMed]
14. Liu, J.; Zhang, C.; Hu, W.; Feng, Z. Tumor suppressor p53 and metabolism. J. Mol. Cell Biol. 2019, 11, 284–292. [CrossRef]

[PubMed]
15. Brosh, R.; Rotter, V. When mutants gain new powers: News from the mutant p53 field. Nat. Rev. Cancer 2009, 9, 701–713.

[CrossRef] [PubMed]
16. Vaughan, C.; Pearsall, I.; Yeudall, A.; Deb, S.P.; Deb, S. p53: Its mutations and their impact on transcription. Subcell. Biochem. 2014,

85, 71–90. [CrossRef]
17. Momand, J.; Zambetti, G.P. Mdm-2: “big brother” of p53. J. Cell. Biochem. 1997, 64, 343–352. [CrossRef]
18. Bond, G.L.; Hu, W.; Levine, A.J. MDM2 is a central node in the p53 pathway: 12 years and counting. Curr. Cancer Drug Targets

2005, 5, 3–8. [CrossRef]
19. Michael, D.; Oren, M. The p53 and Mdm2 families in cancer. Curr. Opin. Genet. Dev. 2002, 12, 53–59. [CrossRef]
20. Beloglazkina, A.; Zyk, N.; Majouga, A.; Beloglazkina, E. Recent Small-Molecule Inhibitors of the p53-MDM2 Protein-Protein

Interaction. Molecules 2020, 25, 1211. [CrossRef]
21. Skalniak, L.; Surmiak, E.; Holak, T.A. A therapeutic patent overview of MDM2/X-targeted therapies (2014–2018). Expert Opin.

Ther. Pat. 2019, 29, 151–170. [CrossRef]
22. Rusiecki, R.; Witkowski, J.; Jaszczewska-Adamczak, J. MDM2-p53 Interaction Inhibitors: The Current State-of-Art and Updated

Patent Review (2010-Present). Recent Pat. Anticancer Drug Discov. 2019, 14, 324–369. [CrossRef] [PubMed]
23. Tisato, V.; Voltan, R.; Gonelli, A.; Secchiero, P.; Zauli, G. MDM2/X inhibitors under clinical evaluation: Perspectives for the

management of hematological malignancies and pediatric cancer. J. Hematol. Oncol. 2017, 10, 133. [CrossRef] [PubMed]
24. Vassilev, L.T.; Vu, B.T.; Graves, B.; Carvajal, D.; Podlaski, F.; Filipovic, Z.; Kong, N.; Kammlott, U.; Lukacs, C.; Klein, C.; et al.

In vivo activation of the p53 pathway by small-molecule antagonists of MDM2. Science 2004, 303, 844–848. [CrossRef] [PubMed]
25. Rew, Y.; Sun, D. Discovery of a small molecule MDM2 inhibitor (AMG 232) for treating cancer. J. Med. Chem. 2014, 57, 6332–6341.

[CrossRef] [PubMed]
26. Dezi, C.; Carotti, A.; Magnani, M.; Baroni, M.; Padova, A.; Cruciani, G.; Macchiarulo, A.; Pellicciari, R. Molecular interaction

fields and 3D-QSAR studies of p53-MDM2 inhibitors suggest additional features of ligand-target interaction. J. Chem. Inf. Model.
2010, 50, 1451–1465. [CrossRef] [PubMed]

27. Bowman, A.L.; Nikolovska-Coleska, Z.; Zhong, H.; Wang, S.; Carlson, H.A. Small molecule inhibitors of the MDM2-p53
interaction discovered by ensemble-based receptor models. J. Am. Chem. Soc. 2007, 129, 12809–12814. [CrossRef]

28. Lu, Y.; Nikolovska-Coleska, Z.; Fang, X.; Gao, W.; Shangary, S.; Qiu, S.; Qin, D.; Wang, S. Discovery of a nanomolar inhibitor of
the human murine double minute 2 (MDM2)-p53 interaction through an integrated, virtual database screening strategy. J. Med.
Chem. 2006, 49, 3759–3762. [CrossRef]

29. Lu, F.; Chi, S.-W.; Kim, D.-H.; Han, K.-H.; Kuntz, I.D.; Guy, R.K. Proteomimetic libraries: Design, synthesis, and evaluation of
p53-MDM2 interaction inhibitors. J. Comb. Chem. 2006, 8, 315–325. [CrossRef]

30. Herold, J.M.; Wigle, T.J.; Norris, J.L.; Lam, R.; Korboukh, V.K.; Gao, C.; Ingerman, L.A.; Kireev, D.B.; Senisterra, G.; Vedadi, M.;
et al. Small-molecule ligands of methyl-lysine binding proteins. J. Med. Chem. 2011, 54, 2504–2511. [CrossRef]

31. Manepalli, S.; Geffert, L.M.; Surratt, C.K.; Madura, J.D. Discovery of novel selective serotonin reuptake inhibitors through
development of a protein-based pharmacophore. J. Chem. Inf. Model. 2011, 51, 2417–2426. [CrossRef]

32. Vu, B.; Wovkulich, P.; Pizzolato, G.; Lovey, A.; Ding, Q.; Jiang, N.; Liu, J.-J.; Zhao, C.; Glenn, K.; Wen, Y.; et al. Discovery of RG7112:
A Small-Molecule MDM2 Inhibitor in Clinical Development. ACS Med. Chem. Lett. 2013, 4, 466–469. [CrossRef] [PubMed]

33. Bernard, D.; Zhao, Y.; Wang, S. AM-8553: A novel MDM2 inhibitor with a promising outlook for potential clinical development.
J. Med. Chem. 2012, 55, 4934–4935. [CrossRef] [PubMed]

34. Srivastava, S.; Beck, B.; Wang, W.; Czarna, A.; Holak, T.A.; Dömling, A. Rapid and efficient hydrophilicity tuning of p53/mdm2
antagonists. J. Comb. Chem. 2009, 11, 631–639. [CrossRef] [PubMed]

35. Popowicz, G.M.; Czarna, A.; Wolf, S.; Wang, K.; Wang, W.; Dömling, A.; Holak, T.A. Structures of low molecular weight inhibitors
bound to MDMX and MDM2 reveal new approaches for p53-MDMX/MDM2 antagonist drug discovery. Cell Cycle 2010, 9,
1104–1111. [CrossRef] [PubMed]

36. Popowicz, G.M.; Czarna, A.; Holak, T.A. Structure of the human Mdmx protein bound to the p53 tumor suppressor transactivation
domain. Cell Cycle 2008, 7, 2441–2443. [CrossRef]

http://doi.org/10.1101/cshperspect.a026245
http://doi.org/10.1016/j.ejmech.2019.05.018
http://doi.org/10.1038/sj.bjc.6602164
http://doi.org/10.1038/nrm2147
http://doi.org/10.3390/cancers3010994
http://www.ncbi.nlm.nih.gov/pubmed/24212651
http://doi.org/10.1038/nrc2723
http://www.ncbi.nlm.nih.gov/pubmed/19776744
http://doi.org/10.1093/jmcb/mjy070
http://www.ncbi.nlm.nih.gov/pubmed/30500901
http://doi.org/10.1038/nrc2693
http://www.ncbi.nlm.nih.gov/pubmed/19693097
http://doi.org/10.1007/978-94-017-9211-0_4
http://doi.org/10.1002/(SICI)1097-4644(19970301)64:3&lt;343::AID-JCB1&gt;3.0.CO;2-V
http://doi.org/10.2174/1568009053332627
http://doi.org/10.1016/S0959-437X(01)00264-7
http://doi.org/10.3390/molecules25051211
http://doi.org/10.1080/13543776.2019.1582645
http://doi.org/10.2174/1574892814666191022163540
http://www.ncbi.nlm.nih.gov/pubmed/31642413
http://doi.org/10.1186/s13045-017-0500-5
http://www.ncbi.nlm.nih.gov/pubmed/28673313
http://doi.org/10.1126/science.1092472
http://www.ncbi.nlm.nih.gov/pubmed/14704432
http://doi.org/10.1021/jm500627s
http://www.ncbi.nlm.nih.gov/pubmed/24967612
http://doi.org/10.1021/ci100113p
http://www.ncbi.nlm.nih.gov/pubmed/20726601
http://doi.org/10.1021/ja073687x
http://doi.org/10.1021/jm060023+
http://doi.org/10.1021/cc050142v
http://doi.org/10.1021/jm200045v
http://doi.org/10.1021/ci200280m
http://doi.org/10.1021/ml4000657
http://www.ncbi.nlm.nih.gov/pubmed/24900694
http://doi.org/10.1021/jm3007068
http://www.ncbi.nlm.nih.gov/pubmed/22624960
http://doi.org/10.1021/cc9000218
http://www.ncbi.nlm.nih.gov/pubmed/19548636
http://doi.org/10.4161/cc.9.6.10956
http://www.ncbi.nlm.nih.gov/pubmed/20237429
http://doi.org/10.4161/cc.6365


Pharmaceuticals 2022, 15, 752 15 of 15

37. Furet, P.; Chene, P.; De Pover, A.; Valat, T.S.; Lisztwan, J.H.; Kallen, J.; Masuya, K. The central valine concept provides an entry in
a new class of non peptide inhibitors of the p53-MDM2 interaction. Bioorganic Med. Chem. Lett. 2012, 22, 3498–3502. [CrossRef]

38. Kussie, P.H.; Gorina, S.; Marechal, V.; Elenbaas, B.; Moreau, J.; Levine, A.J.; Pavletich, N.P. Structure of the MDM2 oncoprotein
bound to the p53 tumor suppressor transactivation domain. Science 1996, 274, 948–953. [CrossRef]

39. Li, C.; Pazgier, M.; Li, C.; Yuan, W.; Liu, M.; Wei, G.; Lu, W.Y.; Lu, W. Systematic mutational analysis of peptide inhibition of the
p53-MDM2/MDMX interactions. J. Mol. Biol. 2010, 398, 200–213. [CrossRef]

40. Paketuryte, V.; Linkuviene, V.; Matulis, D. Repeatability of enthalpies and Gibbs energies of a protein-ligand binding reaction
measured by ITC. Biophys. J. 2018, 114, 31a. [CrossRef]

41. Su, H.; Xu, Y. Application of ITC-Based Characterization of Thermodynamic and Kinetic Association of Ligands With Proteins in
Drug Design. Front. Pharmacol. 2018, 9, 1133. [CrossRef]

42. Gal, M.; Bloch, I.; Shechter, N.; Romanenko, O.; Shir, O.M. Efficient Isothermal Titration Calorimetry Technique Identifies Direct
Interaction of Small Molecule Inhibitors with the Target Protein. Comb. Chem. High Throughput Screen. 2016, 19, 4–13. [CrossRef]
[PubMed]

43. Ratzon, E.; Bloch, I.; Nicola, M.; Cohen, E.; Ruimi, N.; Dotan, N.; Landau, M.; Gal, M. A small molecule inhibitor of Bruton’s
tyrosine kinase involved in B-cell signaling. ACS Omega 2017, 2, 4398–4410. [CrossRef]

44. Bazanov, D.R.; Pervushin, N.V.; Savin, E.V.; Tsymliakov, M.D.; Maksutova, A.I.; Sosonyuk, S.E.; Kopeina, G.S.; Lozinskaya, N.A.
Sulfonamide derivatives of cis-imidazolines as potent p53-MDM2/MDMX protein-protein interaction inhibitors. Med. Chem. Res.
2021, 30, 2216–2227. [CrossRef]

45. Cybulsky, A.V.; Takano, T.; Guillemette, J.; Papillon, J.; Volpini, R.A.; Di Battista, J.A. The Ste20-like kinase SLK promotes p53
transactivation and apoptosis. Am. J. Physiol. Renal. Physiol. 2009, 297, F971–F980. [CrossRef]

46. Siebring-van Olst, E.; Vermeulen, C.; de Menezes, R.X.; Howell, M.; Smit, E.F.; van Beusechem, V.W. Affordable luciferase reporter
assay for cell-based high-throughput screening. J. Biomol. Screen. 2013, 18, 453–461. [CrossRef]

47. Peng, Y.; Li, C.; Chen, L.; Sebti, S.; Chen, J. Rescue of mutant p53 transcription function by ellipticine. Oncogene 2003, 22, 4478–4487.
[CrossRef] [PubMed]

48. Chen, F.; Wang, W.; El-Deiry, W.S. Current strategies to target p53 in cancer. Biochem. Pharm. 2010, 80, 724–730. [CrossRef]
49. Galatin, P.S.; Abraham, D.J. A nonpeptidic sulfonamide inhibits the p53-mdm2 interaction and activates p53-dependent transcrip-

tion in mdm2-overexpressing cells. J. Med. Chem. 2004, 47, 4163–4165. [CrossRef]
50. Shin, W.H.; Kumazawa, K.; Imai, K.; Hirokawa, T.; Kihara, D. Current Challenges and Opportunities in Designing Protein–Protein

Interaction Targeted Drugs. Bioinform. Chem. 2020, 13, 11–25. [CrossRef]
51. Rapposelli, S.; Gaudio, E.; Bertozzi, F.; Gul, S. Editorial: Protein-Protein Interactions: Drug Discovery for the Future. Front. Chem.

2021, 9, 811190. [CrossRef]
52. Brooks, B.R.; Brooks, C.L., 3rd; Mackerell, A.D., Jr.; Nilsson, L.; Petrella, R.J.; Roux, B.; Won, Y.; Archontis, G.; Bartels, C.; Boresch,

S.; et al. CHARMM: The biomolecular simulation program. J. Comput. Chem. 2009, 30, 1545–1614. [CrossRef] [PubMed]
53. Smellie, A.; Kahn, S.D.; Teig, S.L. Analysis of Conformational Coverage. 1. Validation and Estimation of Coverage. J. Chem. Inf.

Comput. Sci. 1995, 35, 285–294. [CrossRef]
54. Verdonk, M.L.; Chessari, G.; Cole, J.C.; Hartshorn, M.J.; Murray, C.W.; Nissink, J.W.M.; Taylor, R.D.; Taylor, R. Modeling water

molecules in protein-ligand docking using GOLD. J. Med. Chem. 2005, 48, 6504–6515. [CrossRef] [PubMed]

http://doi.org/10.1016/j.bmcl.2012.03.083
http://doi.org/10.1126/science.274.5289.948
http://doi.org/10.1016/j.jmb.2010.03.005
http://doi.org/10.1016/j.bpj.2017.11.217
http://doi.org/10.3389/fphar.2018.01133
http://doi.org/10.2174/1386207319666151203001529
http://www.ncbi.nlm.nih.gov/pubmed/26632443
http://doi.org/10.1021/acsomega.7b00576
http://doi.org/10.1007/s00044-021-02802-w
http://doi.org/10.1152/ajprenal.00294.2009
http://doi.org/10.1177/1087057112465184
http://doi.org/10.1038/sj.onc.1206777
http://www.ncbi.nlm.nih.gov/pubmed/12881704
http://doi.org/10.1016/j.bcp.2010.04.031
http://doi.org/10.1021/jm034182u
http://doi.org/10.2147/AABC.S235542
http://doi.org/10.3389/fchem.2021.811190
http://doi.org/10.1002/jcc.21287
http://www.ncbi.nlm.nih.gov/pubmed/19444816
http://doi.org/10.1021/ci00024a018
http://doi.org/10.1021/jm050543p
http://www.ncbi.nlm.nih.gov/pubmed/16190776

	Introduction 
	Results 
	In Silico Screening of a Virtual Small Molecule Library 
	Secondary In Vitro Screening by Isothermal Calorimetry (ITC) 
	Binding Evaluation of Structure-Similar Chemical Analogues 
	De Novo Chemical Synthesis of New Molecules 
	Cellular Activity and Viability 

	Discussion 
	Materials and Methods 
	Chemistry 
	MDM2 Expression and Purification 
	ITC Experiments 
	p53 Activation Assay and Cellular Viability 
	Generating a 3D MDM2 Model for the Docking of Small Molecules 
	Filtering Molecules Based on Pharmacophore Constraints 
	Molecular Docking and Final Selection of Molecules 

	Conclusions 
	References

