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Abstract: Potent, specific, non-peptide small-molecule inhibitors of
the MDM2-p53 interaction were successfully designed. The most
potent inhibitor (MI-63) has aKi value of 3 nM binding to MDM2 and
greater than 10 000-fold selectivity over Bcl-2/Bcl-xL proteins. MI-63
is highly effective in activation of p53 function and in inhibition of
cell growth in cancer cells with wild-type p53 status. MI-63 has
excellent specificity over cancer cells with deleted p53 and shows a
minimal toxicity to normal cells.

The tumor suppressor p53 plays a central role in the regulation
of cell cycle, apoptosis, and DNA repair and is an attractive
molecular target for cancer therapy.1-3 Since p53 effectively
suppresses oncogenesis, it is not surprising that in approximately
50% of all human cancers its function has been nullified by
deletions or mutations in the DNA-binding domain of p53.4 In
the remaining 50% of human cancers, p53 retains its wild-type
form, but its activity is effectively inhibited by the MDM2
oncoprotein interacting directly with p53.5 Reactivation of the
p53 function by disruption of the MDM2-p53 interaction using
a non-peptide small-molecule inhibitor is now recognized as a
new and promising strategy for anticancer drug design.6-11

The MDM2-p53 interaction involves a short helix formed
by residues 13-29 of p53 and a hydrophobic cleft in MDM2.12

Peptide-based inhibitors designed on the basis of the sequence
of the p53 domain interacting with MDM2 have achieved very
high binding affinities to MDM2.13 Despite intense research
efforts over the past decade in academia and the pharmaceutical
industry, very few potent, non-peptide small-molecule MDM2
inhibitors have been reported until very recently.6-11 This
highlights the challenge associated with the design of non-
peptide small-molecule inhibitors to target the MDM2-p53
interaction.

We have recently reported our structure-based de novo design
of spiro-oxindoles as a class of potent, non-peptide small-
molecule inhibitors of the MDM2-p53 interaction.9 We showed
that the most potent inhibitor1 (Figure 1) has aKi value of 86

nM binding to the recombinant human MDM2 protein in our
fluorescence-polarization-based (FP-based) binding assay.9 Com-
pound1 is effective in inhibition of cell growth in cancer cells
with wild-type p53 and has selectivity over cancer cells with
deleted p53 and a minimal toxicity to normal cells.9 Compound
1 thus represents a promising lead compound for further
optimization. Herein, we wish to report our further structure-
based optimization for this class of compounds as inhibitors of
the MDM2-p53 interaction.

X-ray crystallography revealed that the interaction between
p53 and MDM2 involves primarily three hydrophobic residues
(Phe19, Trp23, and Leu26) from a shortR-helix in p53 and a
small but deep hydrophobic pocket in MDM2 (Figure 2A).12

Those recently reported potent non-peptide inhibitors of the
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Figure 1. Recently reported potent non-peptide inhibitors of the
MDM2-p53 interaction.

Figure 2. Structure-based design of potent small-molecule inhibitors
to mimic Phe19, Trp23, Leu26, and Leu22 residues in p53. (A) X-ray
structure of the p53-MDM2 complex shows that in addition to Phe19,
Trp23, and Leu26, Leu22 in p53 was also shown to play a role for the
interaction between p53 and MDM2. MDM2 binding site is color-coded
according to the cavity depth (buried regions are coded in yellow, and
solvent-exposed regions are coded in blue), and the side chains of four
key residues in p53 are depicted purple in stick model. (B, C) Predicted
binding models of1 and4 complexed with MDM2 using the GOLD
program. For both compounds, carbons are in white, nitrogens in blue,
chloride in green, and oxygens in red. Hydrogen bonds are depicted
with a dashed yellow line. (D) Superposition of compound4 to the
p53 peptide conformation in the crystal structure of p53 peptide in
complex with MDM2. Four residues, Phe19, Leu22, Trp23, and Leu26,
in p53 are colored in purple. For compound2, the same colors are
used to color-code atoms as in panel C.
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MDM2-p53 interaction, including the spiro-oxindole (1),9

Nutlin-3 (2),8 and the benzodiazepinedione310 (Figure 1), are
all designed to mimic the Phe19, Trp23, and Leu26 residues in
p53 and their interactions with MDM2.

Although those non-peptide inhibitors achieve high binding
affinities to MDM2, they are still significantly less potent than
the most potent peptide-based inhibitors. Compound1, for
example, is 100 times less potent than the most potent peptide-
based inhibitor in our binding assay.9 This suggests that there
may be additional interaction between MDM2 and those peptide-
based inhibitors13 that is not captured by these non-peptide
inhibitors. Analysis of the X-ray structure12 of the MDM2-
p53 complex showed that in addition to the Phe19, Trp23, and
Leu26 residues in p53, a fourth residue, Leu22, also appears to
play an important role in the overall interaction between p53
and MDM2 (Figure 2A), a suggestion that finds support in
results from mutation analysis14 and alanine scanning of p53
peptides.15 Since compound1 was designed to mimic Phe19,
Trp23, and Leu26 residues in p53, we reasoned that further
optimization of compound1 to capture the additional interaction
between Leu22 in p53 and MDM2 should yield new inhibitors
with higher affinity.

To test this idea, we superimposed the modeled structure9 of
compound1 bound to MDM2 on the crystal structure12 of the
MDM2-p53 complex and showed that the 5′-carbonyl carbon
of compound1 is within 2 Å of thebackbone carbonyl carbon
of Leu22 in p53. This suggests that an appropriate group could
be attached to this site in compound1 to mimic Leu22 in p53.
Unlike Phe19, Trp23, and Leu26, Leu22 is not buried deeply
inside the binding pocket in MDM2 and is in fact partially
exposed to solvent in the crystal structure.12 This provides an
opportunity to deploy a chemical group containing some polar
moieties at this position not only to mimic the hydrophobic
interaction of Leu22 in p53 with MDM2 but also to improve
physiochemical properties of the resulting compounds such as
aqueous solubility.

On the basis of these considerations, we have designed
compound4 (Figure 3), in which theN,N-dimethylamine in1
is replaced by a 2-morpholin-4-yl-ethylamine group, a chemical
group that has been extensively used in drug design. The binding
model predicted by the GOLD program16 for compound4
(Figure 2C,D) shows that the carbon atoms in the morpholine
ring, together with the two carbon linker between the morpholine
ring and the 5′-carbonyl group in compound4 closely mimic
Leu22 in p53 in its interaction with MDM2. In addition, the
oxygen atom in the morpholine ring is in close proximity to
the positively charged amine group in Lys90 in MDM2,
suggesting the possibility of hydrogen bonding. Indeed, the
positively charged amino group in Lys90 in MDM2 was shown
to have a strong charge-charge interaction with the negatively

charged carboxylic group of the Glu17 in p53 in the crystal
structure.12 Hence, compound4 not only mimics the four
hydrophobic residues (Phe19, Leu22, Trp23, Leu26) in p53
(Figure 2D) for their interaction with MDM2 but also may
capture the interaction between Glu17 in p53 and Lys90 in
MDM2. Indeed, the GOLD program predicted that compound
4 binds more tightly to MDM2 than compound1 based upon
the predicted binding models for these two compounds.

Compound4 was synthesized stereospecifically via a route
(Scheme 1) in which the key step is an asymmetric 1,3-dipolar
cycloaddition reaction.9,17Compound4 was determined to bind
to MDM2 with a Ki of 13 nM in our FP-based binding assay
(Figure 4). Consistent with the modeling prediction, compound
4 is 6 times more potent than1, providing support for our design
strategy.

Modeling suggests that the 4′-(m-chlorophenyl) ring in
compounds1 and4 occupies a hydrophobic pocket in MDM2
(Figure 2B,C) and mimics Phe19 in p53 (Figure 2A,D). Fluorine
substitution on a phenyl ring has been used frequently as an
effective strategy to increase the metabolic stability of drug
molecules, and we have sought to investigate the effect on
binding to MDM2 of a fluoro substituent on the 4′-(m-
chlorophenyl) in1. Compounds5, 6, and7 (Figure 3), in which
the fluoro substituent is, respectively, at the 2, 4, or 5 position
of the 4′-(m-chlorophenyl) ring, were synthesized using our
published method9,17 and tested for their binding affinities to
MDM2. As can be seen from Figure 4, a fluorine substitution
at C4 (compound6) results in a 2-fold reduction in binding
affinity to MDM2, but substitution at C2 (compound5) or C5
(compound7) improves the binding affinity of the resulting
compounds by a factor of 2. With compound4 as the template,

Figure 3. Designed new inhibitors of the MDM2-p53 interaction.

Scheme 1.Synthesis of compounds4, 8, and10a

a Reagents and conditions: (a) 4 Å molecule sieves, toluene; (b)
2-morpholin-4-yl-ethylamine/THF(or 1-(2-aminoethyl)-piperidine/THF), RT;
(c) Pb(OAc)4, CH2Cl2-MeOH (1:1), 0°C.

Figure 4. Competitive binding curves of small-molecule inhibitors to
recombinant human MDM2 protein as determined using a fluorescence-
polarization-based binding assay.
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compound8, with the 2-morpholin-4-yl-ethylamine group, was
designed and synthesized. Compound8 was determined to bind
to MDM2 with a Ki value of 3 nM (Figure 4).

Compound8 contains four chiral centers and modeling
predicts that the binding of8 to MDM2 is stereospecific. To
test this prediction, we have synthesized compound9 (Figure
3), an enantiomer of8, and determined that9 has aKi of 4.0
µM binding to MDM2 (Figure 4). Hence,9 is 1000-times less
potent than8, confirming stereospecific binding of8 to MDM2.

To investigate the importance of the oxygen atom in the
morpholine ring in compound8 for binding to MDM2, we have
designed and synthesized compound10, in which the oxygen
atom was replaced by a carbon atom. Compound10 has aKi

value of 39 nM, 13-times less potent than compound8,
confirming the significant contribution of this oxygen atom for
binding to MDM2.

Nutlin-3 was probably the most potent, cell-permeable non-
peptide inhibitor of the MDM2-p53 interaction reported
to date.8 It was determined that Nutlin-3 has aKi value of
36 nM binding to MDM2 in our binding assay (Figure 4).
Hence, compound8 is 12 times more potent than Nutlin-3
and 2000-times more potent than the natural p53 peptide (Figure
4).

These inhibitors were designed to mimic the shortR-helix in
p53 and to compete with p53 for interaction with MDM2. This
kind of interaction, involving a surface pocket in one protein
and a shortR-helix in its binding partner is also observed in
the interactions of the anti-apoptotic proteins Bcl-2/Bcl-xL with
the pro-apoptotic Bcl-2 members such as Bid, Bad, Bak, and
Bax proteins.18 Using our established and sensitive FP-based
assays for Bcl-2 and Bcl-xL proteins (Supporting Information),
we have investigated whether8 binds to these two proteins. It
was found that8 does not show a significant binding to either
Bcl-2 or to Bcl-xL protein at concentrations as high as 50µM,
revealing a more than 10 000-fold specificity for MDM2 protein
over Bcl-2/Bcl-xL proteins.

Potent, specific, and cell-permeable small-molecule inhibitors
of the MDM2-p53 interaction are predicted to inhibit cell
growth effectively in cancer cells with wild-type p53.7-9

Furthermore such an inhibitor should have a minimal activity
in cancer cells with mutated or deleted p53. Using Nutlin-3 as
a positive control, we have evaluated4 and8 for their ability
to inhibit cell growth in LNCaP prostate cancer cells with wild-
type p53.19 Compounds4 and 8 and Nutlin-3 are indeed
effective in inhibition of cell growth and achieve IC50 values
of 800, 280, and 1500 nM, respectively, in inhibition of
cell growth in LNCaP cells (Figure 5). Consistent with its higher
binding affinity to MDM2, 8 is 3-times more potent than4
and 5-times more potent than Nutlin-3 in the cell growth assay.
To test the cellular specificity of8, we have evaluated it in
human prostate cancer PC-3 cells with deleted p5319 and found
that it has an IC50 value of 18µM, thus displaying an excellent

cellular specificity (Supporting Information). To evaluate its
therapeutic potential further, we have tested8 in normal prostate
epithelial cells and determined that it has minimal toxicity to
normal prostate epithelial cells at concentrations as high as 5
µM.

A potent small-molecule inhibitor of the MDM2-p53
interaction would be expected to activate p53, resulting in an
increase in the levels of p53 in cells with wild-type p53 but not
in cells with mutated or deleted p53. In addition, activation of
p53 should lead to induction of p21 cyclin-dependent kinase
inhibitor 1 (p21cip1/waf) andMDM2, two p53 targeted genes, and
result in an increase in the levels of p21cip1/waf and MDM2
proteins.8 To test these predictions, we have examined the levels
of p53, MDM2, and p21cip1/waf proteins by Western blotting
analysis in LNCaP and PC-3 cancer cells when treated with8
and9. Consistent with predictions, compound8 causes a dose-
dependent increase in the levels of p53, MDM2, and p21cip1/waf

proteins in LNCaP cells (Figure 6), indicating a strong activation
of p53. In direct comparison,9 with a weak binding affinity to
MDM2 has a minimal effect at concentrations as high as 10
µM. Since MDM2 protein is an E3 ubiquitin ligase and is known
to effectively degrade p53 protein upon binding,5 the very high
levels of p53 and MDM2 protein in LNCaP cells treated with
8 suggest that MDM2 protein is unable to degrade p53 protein
when blocked by8. Furthermore, both8 and9 do not increase
the levels of p53, MDM2, and p21cip1/waf proteins in PC-3 cells
with deleted p53 status (Figure 6), indicative of the lack of p53
activation.

In summary, we have successfully designed a class of high-
affinity, specific, cell-permeable, non-peptide small-molecule
inhibitors of the MDM2-p53 interaction using structure-based
design strategy. The most potent inhibitor (8), which was named
MI-63 (MDM2 inhibitor 63), has aKi value of 3 nM binding to
MDM2 and is more than 2000-times more potent than the
natural p53 peptide (residues 13-29). MI-63 displays a high
stereospecificity and is very selective in blocking the MDM2-
p53 interaction rather than the Bcl-2(Bcl-xL)-Bid interaction.
MI-63 is highly effective in activation of p53 function and in
inhibition of cell growth in LNCaP prostate cancer cells with
wild-type p53. In addition, MI-63 shows an excellent selectivity
over PC-3 prostate cancer cells with deleted p53 and has
minimal toxicity to normal cells. In view of all these observa-
tions, MI-63 can be regarded as a specific, promising, non-
peptide small-molecule inhibitor of the MDM2-p53 interaction.
This present study provides a clear example that structure-based
strategy can be successfully employed in the design of potent,
specific, drug-like, non-peptide small-molecule inhibitors to
target protein-protein interactions.
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Figure 5. Inhibition of cell growth as determined by WST assay in
prostate cancer LNCaP cells with wild-type p53.

Figure 6. Western blotting analysis of p53, MDM2, and p21cip1/waf1

proteins in LNCaP and PC-3 prostate cancer cells when treated with
compounds8 and9 for 24 hours.
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Supporting Information Available: An experimental section
including the information on the synthesis and chemical data for
compounds4-10, molecular modeling methods and results for8,
the experimental procedure for the fluorescence polarization-based
binding assay, and details on the cellular assays and results. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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