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Abstract
MDM2 inhibits p53 transcriptional activity, favors its
nuclear export, and stimulates its degradation. Inhibition
of the p53-MDM2 interaction with synthetic molecules
should therefore lead to both the nuclear accumulation
and the activation of p53 followed by the death of the
tumor cells from apoptosis. Inhibitors of the p53-MDM2
interaction might be attractive new anticancer agents
that could be used to activate wild-type p53 in tumors.
This review describes our current knowledge on the
properties of the existing p53-MDM2 antagonists.
Because the discovery of modulators of protein-protein
interactions is an emerging field in drug discovery, the
strategy used for designing inhibitors of the p53-MDM2
interaction could serve as an example for other protein
interfaces.

Introduction
The p53 protein has the structure of a transcription factor
and is therefore made up of several domains. A transactivation
domain and a proline-rich domain are found at its NH2
terminus. A DNA-binding domain is in the middle of the
protein. Finally, a tetramerization domain and a regulatory
region are present at its COOH terminus. This structure allows
the tetrameric p53 protein, on binding to DNA, to regulate the
expression of several genes with different biological functions,
such as cell cycle regulation, apoptosis, DNA repair, and
differentiation (1). The central role of p53 in the cell suggests
that the loss of p53 function may have dramatic consequences.
This is demonstrated by the study of p53 gene knockout mice
(2). Mice homozygous for inactivated p53 allele develop
normally but are highly sensitive to tumors. By 6 months of
age, 74% of the animals develop tumors, and within 10 months,
all of them are dead. The importance of p53 in cancer is
supported by the fact that the p53 gene in human tumors is
deleted or mutated in more than 50% of human cancers (3).
The loss of p53 is not the only way of inactivating p53 in
tumors. This can also be the consequence of an overexpression
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of the MDM21 protein. p53 and MDM2 form an autoregulatory
feedback loop (4, 5). p53 stimulates the expression of the
MDM2 protein, which in turn inhibits p53. MDM2 acts
negatively on p53 in at least three different ways (Fig. 1A).
Firstly, by binding to its transactivation domain, it inhibits its
transcriptional activity (6). Secondly, MDM2, which acts as an
ubiquitin ligase, promotes p53 degradation (7, 8). Thirdly, on
binding to p53, MDM2 favors the export of p53 because it
contains a nuclear export signal (9). The analysis of tumor
samples shows that the MDM2 gene is amplified in about 7% of
these tissues (10) and various reports reveal that the MDM2
protein is overexpressed in different types of tumors (11, 12). It
is very likely that the p53 pathway is not active in these tumors,
because the overexpressed MDM2 protein constantly inhibits
the p53 protein. Agents preventing this MDM2-mediated
inactivation of p53 should permit the activation of p53 and as
a consequence show anticancer activity.
Several strategies to activate the p53 pathway in tumors via
inhibition of the MDM2 protein are under investigation
(Fig. 1B). The first one is to decrease the cellular concentration
of MDM2 with antisense oligodeoxynucleotides (13). A second
possibility is to block the MDM2-mediated ubiquitination of
p53 (14). The third strategy is to use mimics of p14ARF,
a negative regulator of MDM2 (15). Finally, the fourth
possibility is to prevent the interaction between p53 and
MDM2 with molecules that bind at the interface between these
two proteins. This latter drug discovery strategy will be the
topic of this review.

Biochemical and Structural Properties of the
p53-MDM2 Complex
The regions involved in the interaction between p53 and
MDM2 were first identified in a yeast two-hybrid screen (16) and
in immunoprecipitation experiments (17). The MDM2-binding
domain on p53 was localized between residues 1 and 41 (16) or
1 and 52 (17) and the p53-binding domain on MDM2 between
residues 1 and 118 (16) or 19 and 102 (17). Subsequently, sitedirected experiments have demonstrated the importance of
p53 residues Leu14, Phe19, Leu22, and Trp23 (18), and a minimal
MDM2-binding site on the p53 protein was mapped with
p53-derived peptides between residues 18 and 23 (19).
The strength of the interaction between p53 peptides and
MDM2 fragments has been determined by several methods.

1

The abbreviations used are MDM2, human gene and oncogene; MDM2, human
protein and isoform; mdm2, mouse gene; Mdm2, mouse protein.
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FIGURE 1. Regulation of p53 by MDM2. A. MDM2 regulates p53 in
three different ways. On binding to p53 transactivation domain, it inhibits
its transcriptional activity (1), promotes p53 degradation (2), and favors
the export of p53 from the nucleus (3). Therefore, in the presence of
MDM2, the p53 protein is inactivated and does not stimulate the
expression of genes involved in apoptosis, cell cycle arrest, or DNA
repair. In some tumors where MDM2 is overexpressed, p53 is constantly
inhibited and tumor growth is favored. The inactivation of MDM2 in these
tumors should activate the p53 pathway and as a possible consequence
should activate apoptosis. B. Several strategies can be used target to
MDM2 in tumors. Antisense oligonucleotides should decrease the cellular
levels of MDM2 (Strategy 1). Compounds that inhibit the ubiquitin ligase
activity of MDM2 could prevent p53 degradation (Strategy 2). p14ARF
acts by blocking MDM2-dependent degradation and transcriptional
silencing of p53. p14ARF mimics should therefore activate the p53
pathway (Strategy 3 ). Inhibitors of the p53-MDM2 interaction should
release p53 from MDM2 and as a consequence should activate p53 tumor
suppressor activity (Strategy 4).

Isothermal titration calorimetry at 35jC gives a apparent
dissociation constant (K d) of 600 and 420 nM for p5315 – 29 and
p531 – 57, respectively, on binding to MDM21 – 118 (20). Similar
results were obtained with MDM22 – 125 and p5315 – 29 at 15jC
(21). Fluorescence anisotropy measurements at 25jC with
Oregon Green p531 – 35 and p531 – 29 and with MDM21 – 126 give
a K d of about 700 nM, but the shorter peptides, p5317 – 26
or p5318 – 26, have a higher affinity (K d = 60 nM; 22; see
also Ref. 21). Measurements with the same technique but with
fluorescein-labeled p531 – 39 and MDM217 – 125 give a K d (4jC)
value of 70 nM (23).
The regions corresponding to residues 13 – 119 of Xenopus
laevis MDM2 and residues 17 – 125 of MDM2 have been
crystallized in complex with p5315 – 29 and their structures were
determined by X-ray crystallography at 2.3 and 2.6 Å resolution,
respectively (20). The crystallized protein fragments (79%
primary sequence similarity) have a similar structure. A large

cleft about 25 Å long and 10 Å wide is present at the surface of
the MDM2 protein. The sides of the cleft are formed by two
helices, and h-strands are present at its ends. Two antiparallel
smaller helices form the bottom of the cleft (Fig. 2A). The
same general structure of 15N-enriched MDM21 – 118 is
observed by 15N-heteronuclear single-quantum coherence
nuclear magnetic resonance (NMR) spectroscopy (24).
Transfer nuclear Overhauser enhancement studies of p53derived peptides show that these fragments do not have a stably
folded structure in solution (25, 26) or form two type III h-turns
(27). These measurements indicate that the peptide probably
adopts the helical conformation observed in X-ray crystallography only when bound to MDM2. The structural organization
of the p53 peptide on binding should therefore induce a
negative entropic effect. The enthalpy and entropy values for
p531 – 35 binding to MDM21 – 126 were estimated at 16.4 and
40.4 cal/mol, respectively (22), confirming an entropy loss on
association. p5315 – 29 binds into the cleft present at the surface
of MDM2 (Fig. 2B). The analysis of the angle of rotation
around the N-Ca bond (u angle) and the Ca-CV bond (w angle)
indicates that residues 19 – 25 form an a-helix and that residues
17, 18, and 26 – 29 take a more extended conformation. The
conformation of the bound peptide is stabilized by various Hbonds: Thr18 and Leu22, Phe19 and Trp23, and Ser20 and Lys24
form intramolecular H-bonds via their backbone CO and NH;
Leu22 makes a 310 helix type of H-bond with Leu25; and Thr18
makes a H-bond via its backbone NH with the backbone CO of
Asp21 and via its hydroxyl group with the carboxylic function
of Asp21. These two H-bonds could contribute to the stability of
the a-helix as has been demonstrated in other proteins (28).
Computational alanine scanning applied to the p53-MDM2
interaction (29) shows that the mutation Thr18Ala does not
affect the binding free energy. Because Thr18 is very important
for p53 binding (21), the presence of alanine, a helix former
(30), may compensate for the loss of the two H-bonds in
Thr18Ala. A recent NMR study of MDM2 reveals that another
region of this protein, between residues 16 and 24, is important
for the interaction (31). These residues form a lid that closes
over the p53-binding site. This lid competes with p53 for the
p53-binding site. The binding of p53 to MDM2 should induce
conformational changes because it leads to a displacement of
the lid. Conformational changes within the MDM2 protein on
p53 binding have been observed by NMR (21, 24).
The two large hydrophobic amino acids p53 Phe19 and
Trp23 are located face to face on the same side of the helix,
and together with p53 Leu26 (Fig. 2B), they point toward the
MDM2 protein, where they are surrounded by several
hydrophobic residues (Leu54, Leu57, Ile61, Met62, Tyr67,Val75,
Val75, Val93, Phe86, Ile99, Phe91, and Ile103) from the MDM2
protein. p5315 – 29 makes H-bonds between the backbone amide
of Phe19 and the Oq of MDM2 Gln72, between the Nq of Trp23
and the backbone carbonyl of MDM2 Leu54, and between the
backbone carbonyl of Asn29 and the hydroxyl of MDM2
Tyr100. The interaction between p53 and MDM2 is essentially
hydrophobic, and 70% of the atoms at the interface are
nonpolar. The calculated accessible surface area buried at
the interface on MDM225 – 109 and p5317 – 29 is about 660 and
809 Å2, respectively. The gap volume (32) between both
proteins is 892 Å3 and the gap volume index (ratio between the
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Leu26) contribute to a large extent to the interaction and
consequently to the binding energy of the p53 peptides (29).
The inhibitors of the p53-MDM2 interaction will have to contain
mimics of these amino acids. Two of the three H-bonds (via p53
Phe19 and p53 Trp23) made by the p53 peptide are important for
the interaction with MDM2. At least the most buried of these
bonds (between p53 Trp23 and MDM2 Leu54) will have to be
preserved to ensure sufficient affinity of the inhibitors. The
interface between both proteins is rather small, suggesting that it
might be possible to design inhibitors of relatively small size.
This is important because molecules with molecular weights
higher than 500 Da usually have a lower oral bioavailability. The
interface is twisted. The less flat the interface between two
partners, the greater the tendency of one of the two partners to be
buried (here p53). The burial of an inhibitor is usually linked to
its partial desolvation leading to a favorable entropic contribution in the binding energy. The p53-MDM2 interface is
hydrophobic; therefore, inhibitors of the p53-MDM2 interaction
will contain lipophilic substitutions. The presence of lipophilic
groups usually improves the binding energy because of the
favorable contribution of entropy. However, highly lipophilic
inhibitors may show a decrease in bioavailability.

Inhibitors of the p53-MDM2 Interaction

FIGURE 2. Structure of the p53-MDM2 complex. The structure of
the p53-MDM2 complex was determined by X-ray crystallography at
a resolution of 2.6 Å (20). A. Schematic representation of the secondary
structure elements constituting MDM225 – 109 (cylinders, a-helices;
arrows, h-strands). The backbone of p5317 – 29 is represented. The NH2
(N ) and COOH (C ) termini of the p53 peptide are indicated. B. The
surface of MDM225 – 109 and the backbone of p5317 – 29 are represented.
The lateral chains of the three p53 residues (Phe-19 , Trp-23 , and
Leu-26 ) are shown.

gap volume and the interface accessible surface area; 33) is
0.61 Å. This low value for the gap index shows that the two
interacting interfaces are very complementary. Indeed, there is
no bridging water molecule between both proteins (26, 34).
The planarity (root mean square deviation of all interface atoms
from the least-squares plane through the atoms; 33) of the
MDM2 interface is 3.1, revealing that it is not flat but rather
twisted.
This structural analysis reveals many factors important for
the drug discovery process. Only one of the two partners
(MDM2) has a structurally well-defined binding site. The
inhibitors should therefore aim to mimic the other partner ( p53).
One of the two interfaces ( p53) is formed by only one segment
of contiguous amino acids, allowing the design of peptidic
inhibitors ( p53 mimics). Three p53 residues (Phe19, Trp23, and

Thus far, no potent synthetic low molecular weight
compound inhibitor of the p53-MDM2 interaction is available.
Only chalcone derivatives (Fig. 3A; 24) and some polycyclic
compounds (Fig. 3B; 35) have been described. The potency of
these molecules is low and they cannot be considered as drug
candidates. A fungal (Fusarium) metabolite, chlorofusin
(Fig. 3C), has been described as an inhibitor of the p53MDM2 interaction (36). This compound has an IC50 of about
5 AM in an ELISA and in surface plasmon resonance. Recent
evidences show that chlorofusin binds at the NH2 terminus of
MDM2 (37), but the exact binding mode of this compound
is not determined. This natural compound could bind at the
interface between p53 and MDM2 or could affect the
interaction via an allosteric effect.
Most of the data about the inhibition of the p53-MDM2
interaction have been obtained with peptides. Initial work has
shown that p53-derived peptides inhibit the p53-MDM2
interaction (16, 19), suggesting that peptides could be used as
tool compounds to study this interaction. The potency of the
p53-derived peptides was low and their optimization was
needed. The display of peptide libraries on phages was first
used (34) and a 12-mer phage-derived peptide (peptide 2;
Table 1) 29 times more potent in vitro than the corresponding
wild-type peptide was obtained (peptide 1; Table 1; 38).
Truncations of peptides 2 – 8 residues led to peptide 3 with an
IC50 value of about 9 AM (Table 1; 38), revealing that a minimal
length of eight amino acids is required to keep an activity in the
micromolar range. The three important amino acids
corresponding to Phe19, Trp23, and Leu26 are present in peptide
3 as expected from the structural analysis. The phage display
experiments also show that a tyrosine is strongly favored at
position 22 in the phage-derived peptide (34). The hydroxyl
group of Tyr22 can form a H-bond with the carboxylate of
p53 Glu 17, enhancing the helicity of the peptide (its
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FIGURE 3. Natural and synthetic inhibitors of the p53-MDM2 interaction. A. Chalcone derivative (compound B-1; 24). B. Polycyclic compound
(compound syc-7; 35). C. chlorofusin (36).

preorganization) and therefore its potency (see Ref. 29 for a
discussion). In addition, the side chain of Tyr22 can generate
more van der Waals interactions with the aliphatic part of
MDM2 Val93 and K94.
The p53 peptides take a helical structure when bound to
MDM2 but adopt several conformations in solution (25, 26),
leading to a negative contribution of entropy in the binding
energy. To minimize this effect and thus to enhance the affinity
of the peptides, nonnatural amino acids were introduced to
preorganize the peptides in solution (39, 40). The presence of
four a-aminoisobutyric acids (Aib), which promote a helical
conformation (41), at positions 20, 22, 25, and 27 leads to
peptide 4 with an IC50 of 5.2 AM (Table 1). Circular dichroism
and 1H NMR measurements confirm an increased preference of
peptide 4 for helical structures (40). Similarly, the presence of
one Aib at position 21 and one 1-aminocyclopropanecarboxylic
acid (Ac3c, a nonnatural amino acid that stabilizes 310

helices; 42) at position 25 leads to a 4-fold increase in potency
(peptide 5; Table 1; 39). NMR studies confirm a higher
preorganization of peptide 5. Because peptides 4 and 5 are still
flexible in solution, their cyclization could further enhance their
preorganization and therefore their potency.
Taking advantage of the structural information, two
complementary strategies have been adopted to improve the
affinity of peptide 5. The first one was to replace Tyr22 with a
phosphonomethylphenylalanine (Pmp; peptide 6; Table 1; 39).
The structure of the p53-MDM2 complex shows a spatial
proximity between the hydroxyl group of p53 Tyr22 and the
amine group of MDM2 Lys94 (Fig. 4). The replacement of p53
Tyr22 by Pmp could induce the formation of a salt bridge with
the amino group of MDM2 Lys94, therefore enhancing the
binding affinity. This single amino acid replacement led to
f7-fold increase in potency. The second strategy takes
advantage of the fact that the natural peptide does not occupy

Table 1. Peptidic Inhibitors of the p53-MDM2 Interaction
Peptides

Sequence

IC50 (AM)

1
2
3
4
5
6
7

Ac-Gln-Glu-Thr-Phe19-Ser-Asp-Leu-Trp23-Lys-Leu-Leu26-Pro-NH2
Ac-Met-Pro-Arg-Phe19-Met-Asp-Tyr-Trp23-Glu-Gly-Leu26-Asn-NH2
Ac-Phe19-Met-Asp-Tyr-Trp23-Glu-Gly-Leu26-Asn-NH2
Ac-Glu-Thr-Phe19-Aib-Asp-Aib-Trp23-Lys-Aib-Leu26-Aib-Glu-NH2
Ac-Phe19-Met-Aib-Tyr-Trp23-Glu-Ac3c-Leu26-Asn-NH2
Ac-Phe19-Met-Aib-Pmp-Trp23-Glu-Ac3c-Leu26-Asn-NH2
Ac-Phe19-Met-Aib-Pmp-6ClTrp23-Glu-Ac3c-Leu26-Asn-NH2

8.7
0.3
8.9
5.2
2.2
0.3
0.005

Note: The IC50 values of the different peptides have been determined in vitro with the MDM2-p53 peptide inhibition ELISA (34).
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FIGURE 4. Strategies to improve the affinity of the p53 peptides. A. A tyrosine residue was introduced at position 22 in the original structure of the
p53-MDM2 complex (20), and the location of this new lateral chain was manually adjusted to avoid sterical clashes. The residues in the close environment
(6 Å) of Tyr22 are represented. His73 , Val93 , and Lys94 are from MDM2 and Glu17 is from p53. B. Small cavity in the p53-binding site. The surface of the
MDM2 protein is in gray and the small cavity is in dark gray . p53 Trp23 is represented.

a small hydrophobic cavity (formed by residues Leu57, Phe86,
Ile99, and Ile103) present in the cleft (Fig. 4). This cavity, which
is also detected with the PROFEC program (29), is in front of
CD2 (referred to below as position 6) of p53 Trp23. Because an
increase in the number of hydrophobic contacts usually
enhances affinity, Trp23 was substituted at position 6 with
various hydrophobic groups (39). The best result was achieved
with a chlorine [6-chloro-tryptophan (6ClTrp); peptide 7;
Table 1]. The computational methyl-to-hydrogen scanning
mutagenesis of the phenyl ring of p53 Trp23 also predicts a
gain in binding energy when a methyl group is present at
position 6 (29). Altogether, the introduction of a Pmp at
position 22 and a 6ClTrp at position 23 leads to an f440-fold
increase in the potency.
The IC50 values of different peptidic inhibitors have
recently been analyzed using hydropathic interactions software
(43). This study shows that the three terminal atoms of
the phenyl ring of Phe19, the phenyl ring and the indole
nitrogen of Trp23, and the isopropyl group of Leu26 are the key
pharmacophores.

Biological Effect of the Peptidic Inhibitors
In Vitro Validation
Because the potency of the nonpeptidic compounds
available today is low, only the peptidic inhibitors were used
to study the effect of inhibition of the p53-MDM2 interaction in
tumor cells. Different strategies have been used to introduce the
p53 peptides in cells. Peptide 2 has been inserted into the
Escherichia coli thioredoxin protein (referred to below as TIP
peptide; 44) or fused to the glutathione S-transferase protein
(referred to below as GST; 45). Peptide 7 has been used without
further modification (46, 47).
Immunoprecipitation experiments show that the GST
peptide binds to the MDM2 protein in tumor cells preventing
its interaction with p53 (45). This leads to a redistribution of the

cellular p53 protein, which is found predominantly in the
nucleus in the presence of the GST peptide (45). The peptides
also induce the accumulation of p53 (44 – 47). This effect is
expected because the inhibition of the p53-MDM2 interaction
prevents the MDM2-mediated degradation of p53. The
accumulation of p53 leads to its transcriptional activation
(44 – 47). The peptide-mediated activation of p53 affects the
proliferation of tumor cell lines. The TIP peptide induces a
decrease in the number of S-phase bromodeoxyuridine-positive
T22 cells, suggesting a cell cycle arrest (44). The GST peptide
decreases colony formation in a colony-forming assay, induces
an increase in the number of cells with sub-G1 and G0-G1
contents of DNA as measured by fluorescence-activated cell
sorting, and finally stimulates cell death from apoptosis as
determined in a terminal deoxynucleotidyl transferase-mediated
nick end labeling (TUNEL) assay (45). Peptide 7 induces a cell
cycle arrest in the colon carcinoma HCT116 cell line and
apoptosis in SJSA-1 and JAR (choriocarcinoma) cells (47). The
peptide 7 – mediated apoptosis in the SJSA-1 occurs via the
activation of caspase-3 (46). Apoptosis seems to be preferentially in tumor cells that overexpress the MDM2 protein (47).
The effect of peptide 7 was also analyzed on nontumor cells
(47). The effect of peptide 7 in two nontumor cell lines, NHDF
710 (normal human dermal fibroblasts) and HMEC 2595
(human mammary epithelial cells), was compared in a
proliferation assay with its effect in SJSA-1 cells. Peptide 7,
which activates p53 in the three cell lines, has a greater effect
on the proliferation of SJSA-1 cells than on that of the two
nontumor cell lines.
In Vivo Validation
Harbour et al. (48) have linked the Tat transduction
sequence to p5316 – 27 (referred to below as Tat peptide) and
used the resulting transducible peptide both in vitro and in vivo.
In vitro, the Tat peptide induces apoptosis as shown in a
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TUNEL assay. This effect is tumor cell specific because the
Tat peptide was not toxic to nontumor cells. Moreover, a
mutated form of the Tat peptide, which contains the mutation
Trp23Ala, did not induce cell death in tumor cells. The Tat
peptide was next used in New Zealand White rabbits bearing
intraocular retinoblastoma. Two injections of the peptide
(200 AM) were realized over 3 days into the interior chamber.
The tumors started to dissolve 24 h after the injection of the
Tat peptide, and at the end of the treatment, a reduction of
about 76% of the total mass of the tumor was observed. The
tumor cells were positive in TUNEL staining, suggesting an
induction of apoptosis. In contrast, no effect was observed in
tumors treated with the mutated Tat peptide. The Tat peptide
induced damages only to the tumor and not to the surrounding
ocular tissues (lens, cornea, retina, etc.). These in vivo
experiments are very encouraging, because they suggest that
inhibitors of the p53-MDM2 have an anticancer activity
in vivo.

p53 and MDM2 Family Members
In the last years, p53-related genes (p63 and p73) and a
mdm2-related gene (mdmx) have been identified (49 – 51).
These proteins share many properties with p53 or MDM2, but

they also have distinct cellular functions (52, 53). p53 has an
overall primary sequence similarity of 69% and 62% with p73
and p63, respectively, and MDM2 of 37% with mdmx. This
homology suggests that p53 and MDM2 can associate with
other members of the p53 and MDM2 families. Indeed, it has
been established that mdmx binds to p53 (49). The good
sequence conservation (58% identity) between MDM2 and
mdmx within their p53-binding region enables a molecular
model of the mdmx protein to be established based on the
structure of MDM2 (Fig. 5). The two structures are very similar,
and it is not surprising that inhibitors of the p53-MDM2
interaction also disrupt the p53-mdmx interaction (54). Small
structural differences exist between MDM2 and mdmx,
suggesting that it might be possible to design compounds,
which more specifically inhibit one of the two interactions (54).
p73 and p63 associate with MDM2 (55, 56) as expected from
their strong homology with p53. Measurements carried out in a
homogeneous time-resolved fluorescence assay show that the
p731 – 30 and p537 – 42 peptides inhibit the p53-MDM21 – 188
interaction in similar fashion: IC50 = 690 and 1000 nM
respectively (room temperature; 57). Similar results were obtained by isothermal calorimetry (21). However, experiments
with fluorescein-labeled peptides give a K d (4jC) value of
430 nM for the interaction between p731 – 37 and MDM217 – 125,

FIGURE 5.

Molecular model of
mdmx. A molecular model of human
mdmx7 – 107 was established from the
structure of MDM225 – 109 (PDB code:
1YCR; 20). The conformation of the
lateral chain of the amino acids from
the p53-binding site has been manually
adjusted to allow the presence of
p5317 – 29. The polypeptidic chains of
MDM225 – 109 and mdmx7 – 107 are represented in white. The nonconserved
amino acids between mdmx and
MDM2 are represented. The three
residues (Phe19, Trp23, and Leu26)
from p5317 – 29 are shown.
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which is rather different from the K d value of 70 nM obtained
with p531 – 39 (23). p73 and p63 also interact with mdmx
(49, 55). Altogether, these data suggest that inhibitors of the
p53-MDM2 interaction should also affect complexes formed by
the other p53 and MDM2 family members. Recent data
obtained with the Tat peptide indicate that it might well be the
case (48). This peptide induces the accumulation of p73 in a
cell line that expresses a mutated form of p53.

Conclusion
p53 is altered in many human cancers, and new reports are
published every month showing that it plays a central role in the
tumor cell. This makes p53 one of the most attractive targets for
cancer therapy. However, after many years of intense research,
very few drugs targeting p53 have been identified (58). Among
the different strategies evaluated by pharmaceutical companies,
the design of modulators of the p53-MDM2 interaction is very
often explored. Three reasons can explain this interest. First, the
regulation of p53 by MDM2 is well characterized at the
biological level. MDM2 negatively controls p53, and the cell
naturally inhibits the p53-MDM2 interaction to activate p53
under stress conditions. Therefore, agents that prevent this
interaction should stimulate p53 activity in tumor cells. Second,
the structure of the p53-MDM2 complex has been known for
many years (20). This information is an invaluable help to
determine the drugability of the p53-MDM2 interface and to
guide the drug discovery process. Third, a clear pharmacophore
model has been established with the help of site-directed mutagenesis experiments and with the results obtained with the
peptidic inhibitors. More recently, it has been shown that the
peptidic inhibitors could activate the p53 pathway both in vitro
and in vivo and that apoptosis could be induced in tumor cells
overexpressing MDM2. Therefore, we know today that the
inhibitors of the p53-MDM2 interaction have a potential as new
anticancer agents, but no drug-like molecules have been identified. The best nonpeptidic compounds described in the literature
have a weak activity in biochemical assays and the peptides, even
if they are more potent, are by no mean druggable molecules.
Why has it not been possible to identify better inhibitors thus
far? It is difficult to know precisely the strategies used by the
pharmaceutical companies to identify inhibitors of the p53MDM2 interaction, but random screens have certainly been
carried out. In this approach, the compound libraries are screened
in in vitro assays to identify active compounds. The disclosed
results show, thus far, that this approach has not really been
successful. One of the reasons for this failure might be the good
complementarity of the p53-MDM2 interface. To show a reasonable activity, a compound should fill the Phe19, Trp23, and Leu26
subpockets present at the surface of MDM2, keeping some of the
hydrogen bonds present in the p53-MDM2 complex. The
probability of finding such a compound in the screened libraries
might be very low. Moreover, minor modifications of the
pharmacophores reduce drastically the potency of the inhibitors
(39). Therefore, even if a compound can fill the three subpockets,
the presence of a substitution at the wrong position could decrease
its potency to a large extent. It might therefore be very difficult to
identify potent inhibitors of the p53-MDM2 interaction in
random screens and different approaches should be tried.

Two strategies can be envisaged. The first one is the
de novo synthesis of inhibitors. This approach uses the
structural and the biochemical information available. It
consists in filling in a stepwise fashion the different
subpockets present at the surface of the MDM2 protein.
For example, filling the subpocket corresponding to p53
Trp23 could be an interesting starting point. The results
obtained with the peptides show that p53 Trp23 contributes to
a large extent to the binding energy. Mimics of p53 Trp23
that keep the very important hydrogen bond made with
MDM2 Leu54 could therefore be used first and substitutions
filling the two other subpockets could subsequently be added.
This stepwise design also allows optimization of the linkers
used to attach the mimics of p53 Phe19, Trp23, and Leu26.
These linkers should bring the different mimics into the
position where they fit the best in the MDM2 subpockets,
and in addition, they should be sufficiently rigid to avoid
large negative entropic changes on binding. The second
strategy to identify inhibitors of the p53-MDM2 interaction is
again to screen the compound libraries. However, these
libraries, in contrast to the ones used in classical random
screens, should be made up of very small molecules. This
should help to identify compounds that bind into the different
subpockets present at the surface of the MDM2 protein.
These molecules should show independently a weak affinity
for MDM2, but when brought together with the proper
linkers, they should lead to more potent compounds. NMR
could be used to identify these weak binding compounds
(59). This second strategy has the advantage over the first
one in that it may permit to identify in a short time mimics
of p53 Phe19, Trp23, and Leu26. This approach will only be
successful if the screened libraries contain the correct compounds, and as for the de novo approach if linkers bringing
together the binding compounds in the correct orientation in
the final molecule are identified.
In summary, today, we still can say that targeting the p53MDM2 interface is an attractive drug discovery approach to
activate p53 in tumors. However, if no promising inhibitors are
identified within the next few years, it can be foreseen that the
drug discovery activities in this area will be questioned.

References
1. Vousden, K. H. and Lu, X. Live or let die: the cell’s response to p53. Nat. Rev.
Cancer, 2: 594 – 604, 2002.
2. Donehower, L. A., Harvey, M., Slagle, B. L., McArthur, M. J.,
Montgomery, C. A., Butel, J. S., and Bradley, A. Mice deficient for p53 are
developmentally normal but susceptible to spontaneous tumors. Nature, 2:
215 – 221, 1992.
3. Soussi, T., Dehouche, K., and Beroud, C. p53 website and analysis of p53
gene mutations in human cancer: forging a link between epidemiology and
carcinogenesis. Hum. Mutat., 2: 105 – 213, 2000.
4. Picksley, S. M. and Lane, D. P. The p53-mdm2 autoregulatory feedback
loop: a paradigm for the regulation of growth control by p53. Bioessays, 2:
689 – 690, 1993.
5. Wu, X., Bayle, J. H., Olson, D., and Levine, A. J. The p53-mdm-2
autoregulatory feedback loop. Genes Dev., 2: 1126 – 1132, 1993.
6. Momand, J., Zambetti, G. P., Olson, D. C., George, D., and Levine, A. J. The
mdm-2 oncogene product forms a complex with the p53 protein and inhibits
p53-mediated transactivation. Cell, 2: 1237 – 1245, 1992.
7. Honda, R. and Yasuda, H. Activity of MDM2, a ubiquitin ligase, toward p53
or itself is dependent on the RING finger domain of the ligase. Oncogene, 2:
1473 – 1476, 2000.

Downloaded from mcr.aacrjournals.org on December 8, 2021. © 2004 American Association for Cancer
Research.

Molecular Cancer Research

8. Fang, S., Jensen, J. P., Ludwig, R. L., Vousden, K. H., and Weissman, A. M.
Mdm2 is a RING finger-dependent ubiquitin protein ligase for itself and p53.
J. Biol. Chem., 2: 8945 – 8951, 2000.
9. Roth, J., Dobbelstein, M., Freedman, D. A., Shenk, T., and Levine, A. J.
Nucleo-cytoplasmic shuttling of the hdm2 oncoprotein regulates the levels of the
p53 protein via a pathway used by the human immunodeficiency virus rev
protein. EMBO J., 2: 554 – 564, 1998.
10. Momand, J., Jung, D., Wilczynski, S., and Niland, J. The MDM2 gene
amplification database. Nucleic Acids Res., 2: 3453 – 3459, 1998.
11. Eymin, B., Gazzeri, S., Brambilla, C., and Brambilla, E. Mdm2 overexpression and p14ARF inactivation are two mutually exclusive events in primary
human lung tumors. Oncogene, 2: 2750 – 2761, 2002.
12. Polsky, D., Bastian, B. C., Hazan, C., Melzer, K., Pack, J., Houghton, A.,
Busam, K., Cordon-Cardo, C., and Osam, I. hdm2 protein overexpression, but not
amplification, is related to tumorigenesis of cutaneous melanoma. Cancer Res.,
2: 7642 – 7646, 2001.
13. Wang, H., Zeng, X., Oliver, P., Le, L. P., Chen, J., Chen, L., Zhou, W.,
Agrawal, S., and Zhang, R. MDM2 oncogene as a target for cancer therapy: an
antisense approach. Int. J. Oncol., 2: 653 – 660, 1999.
14. Lai, Z., Yang, T., Kin, Y. B., Sielecki, T. M., Diamond, M. A., Strack, P.,
Rolfe, M., Caligiuri, M., Benfield, P. A., Auger, K. R., and Copeland, R. A.
Differentiation of hdm2-mediated p53 ubiquitination and hdm2 autoubiquitination activity by small molecular weight inhibitors. Proc. Natl. Acad. Sci. USA,
2: 14734 – 14739, 2002.

30. Chou, P. Y. and Fasman, G. D. Empirical predictions of protein
conformation. Annu. Rev. Biochem., 2: 251 – 276, 1978.
31. McCoy, M. A., Gesell, J. J., Senior, M. M., and Wyss, D. F. Flexible lid to
the p53-binding domain of human mdm2: implications for p53 regulation. Proc.
Natl. Acad. Sci. USA, 2: 1645 – 1648, 2003.
32. Laskowski, R. A. SURFNET: a program for visualizing molecular surfaces,
cavities and intramolecular interactions. J. Mol. Graph., 2: 323 – 330, 1995.
33. Jones, S. and Thornton, J. M. Principles of protein-protein interactions. Proc.
Natl. Acad. Sci. USA, 2: 13 – 20, 1996.
34. Bottger, V., Bottger, A., Howard, S. F., Picksley, S. M., Chene, P.,
Garcia-Echeverria, C., Hochkeppel, H. K., and Lane, D. P. Identification of
novel mdm2 binding peptides by phage display. Oncogene, 2: 2141 – 2147,
1996.
35. Zhao, J., Wang, M., Chen, J., Luo, A., Wang, X., Wu, M., Yin, D., and
Liu, Z. The initial evaluation of non-peptidic small-molecule HDM2
inhibitors based on p53-HDM2 complex structure. Cancer Lett., 2: 69 – 77,
2002.
36. Duncan, S. J., Gruschow, S., Williams, D. H., McNicholas, C., Purewal, R.,
Hajek, M., Gerlitz, M., Martin, S., Wrigley, S. K., and Moore, M. Isolation and
structure elucidation of chlorofusin, a novel p53-mdm2 antagonist from a
Fusarium sp. J. Am. Chem. Soc., 2: 554 – 560, 2001.
37. Duncan, S. J., Cooper, M. A., and Williams, D. H. Binding of an inhibitor of
the p53/mdm2 interaction to mdm2. Chem. Commun., 316 – 317, 2003.

15. Midgley, C. A., Desterro, J. M., Saville, M. K., Howard, S., Sparks, A., Hay,
R. T., and Lane, D. P. An N-terminal p14ARF peptide blocks mdm2-dependent
ubiquitination in vitro and can activate p53 in vivo . Oncogene, 2: 2312 – 2323,
2000.

38. Bottger, A., Bottger, V., Garcia-Echeverria, C., Chene, P., Hochkeppel,
H. K., Sampson, W., Ang, K., Howard, S. F., Picksley, S. M., and Lane, D. P.
Molecular characterization of the hdm2-p53 interaction. J. Mol. Biol., 2: 744 –
756, 1997.

16. Oliner, J. D., Pietenpol, J. A., Thiagalingam, S., Gyuris, J., Kinzler, K. W.,
and Vogelstein, B. Oncoprotein mdm2 conceals the activation domain of tumor
suppressor p53. Nature, 2: 857 – 860, 1993.

39. Garcia-Echeverria, C., Chene, P., Blommers, M. J., and Furet, P. Discovery of
potent antagonists of the interaction between human double minute 2 and tumor
suppressor p53. J. Med. Chem., 2: 3205 – 3208, 2000.

17. Chen, J., Marechal, V., and Levine, A. J. Mapping of the p53 and mdm-2
interaction domains. Mol. Cell. Biol., 2: 4107 – 4114, 1993.

40. Banerjee, R., Basu, G., Chene, P., and Roy, S. Aib-based peptide
backbone as scaffolds for helical peptide mimics. J. Peptide Res., 2: 88 – 94,
2002.

18. Lin, J., Chen, J., Elenbaas, B., and Levine, A. J. Several hydrophobic amino
acids in the p53 amino-terminal domain are required for transcriptional activation,
binding to mdm-2 and the adenovirus 5 E1B 55-kD protein. Genes Dev., 2:
1235 – 1246, 1994.
19. Picksley, S. M., Vojtesek, B., Sparks, A., and Lane, D. P. Immunochemical analysis of the interaction of p53 with mdm2—fine mapping of the
mdm2 binding site on p53 using synthetic peptides. Oncogene, 2: 2523 –
2529, 1994.
20. Kussie, P. H., Gorina, S., Marechal, V., Elenbaas, B., Moreau, J., Levine,
A. J., and Pavletich, N. P. Structure of the mdm2 oncoprotein bound to the p53
tumor suppressor transactivation domain. Science, 2: 948 – 953, 1996.

41. Marshall, G. R., Hodgkin, E. E., Langs, D. A., Smith, G. D., Zabrocki, J.,
and Leplawy, M. T. Factors governing helical preference of peptides
containing multiple a,a-dialkyl amino acids. Proc. Natl. Acad. Sci. USA, 2:
487 – 491, 1990.
42. Benedetti, E., di Blasio, B., Pavone, V., Pedone, C., Santini, A., Crisma, M.,
Valle, G., and Toniolo, G. Structural versatility of peptides from Ca,adialkylated glycines: linear Ac3c homooligopeptides. Biopolymers, 2: 175 –
184, 1989.
43. Galatin, P. S. and Abraham, D. J. QSAR: hydropathic analysis of inhibitors
of the p53-mdm2 interaction. Proteins, 2: 169 – 175, 2001.

21. Schon, O., Friedler, A., Bycroft, M., Freund, S. M. V., and Fersht, A. R.
Molecular mechanism of the interaction between mdm2 and p53. J. Mol. Biol.,
2: 491 – 501, 2002.

44. Bottger, A., Bottger, V., Sparks, A., Liu, W. L., Howard, S. F., and Lane, D. P.
Design of a synthetic Mdm2-binding mini protein that activates the p53 response
in vivo. Curr. Biol., 2: 860 – 869, 1997.

22. Lai, Z., Auger, K. R., Manubay, C. M., and Copeland, R. A. Thermodynamics of p53 binding to hdm2(1 – 126): effects of phosphorylation and p53
peptide length. Arch. Biochem. Biophys., 2: 278 – 284, 2000.

45. Wasylyk, C., Salvi, R., Argentini, M., Dureuil, C., Delumeau, I., Abecassis,
J., Debussche, L., and Wasylyk, B. p53 mediated death of cells overexpressing
MDM2 by an inhibitor of MDM2 interaction with p53. Oncogene, 2: 1921 –
1934, 1999.

23. Sakaguchi, K., Saito, S., Higashimoto, Y., Roy, S., Anderson, C. W., and
Appella, E. Damage-mediated phosphorylation of human p53 threonine 18
through a cascade mediated by a casein 1-like kinase. Effect on mdm2 binding.
J. Biol. Chem., 2: 9278 – 9283, 2000.
24. Stoll, R., Renner, C., Hansen, S., Palme, S., Klein, C., Belling, A.,
Zeslawski, W., Kamionka, M., Rehm, T., Muhlhahn, P., Schumacher, R.,
Hesse, F., Kaluza, B., Voelter, W., Engh, R. A., and Holak, T. A. Chalcone
derivatives antagonize interactions between the human oncoprotein MDM2 and
p53. Biochemistry, 2: 336 – 344, 2001.
25. Blommers, M. J. J., Fendrich, G., Garcia-Echeverria, C., and Chene, P. On
the interaction between p53 and mdm2: transfer NOE study of p53-derived
peptide ligated to mdm2. J. Am. Chem. Soc., 2: 3425 – 3426, 1997.
26. Uesugi, M. and Verdine, G. L. The a-helical FXXFF motif in p53: TAF
interaction and discrimination by mdm2. Proc. Natl. Acad. Sci. USA, 2: 14801 –
14806, 1999.
27. Botuyan, M. V. E., Momand, J., and Chen, Y. Solution conformation of
an essential region of the p53 transactivation domain. Fold Des., 2: 331 – 342,
1997.
28. Serrano, L. and Fersht, A. R. Capping and a-helix stability. Nature, 2:
296 – 299, 1989.
29. Massova, I. and Kollman, P. A. Computational alanine scanning to probe
protein-protein interactions: a novel approach to evaluate binding free energies.
J. Am. Chem. Soc., 2: 8133 – 8143, 1999.

46. Chene, P., Fuchs, J., Bohn, J., Garcia-Echeverria, C., Furet, P., and Fabbro,
D. A small synthetic peptide, which inhibits the p53-hdm2 interaction, stimulates
the p53 pathway in tumor cell lines. J. Mol. Biol., 2: 245 – 253, 2000.
47. Chene, P., Fuchs, J., Carena, I., P., F., and Garcia Echeverria, C. Study of the
cytotoxic effect of a peptidic inhibitor of the p53-hdm2 interaction in tumor cells.
FEBS Lett., 2: 293 – 297, 2002.
48. Harbour, J. W., Worley, L., Ma, D., and Cohen, M. Transducible peptide
therapy for uveal melanoma and retinoblastoma. Arch. Ophthalmol., 2: 1341 –
1346, 2002.
49. Shvarts, A., Steegenga, W. T., Riteco, N., Van Laar, T., Dekker, P.,
Bazuine, M., Van Ham, R. C. A., Van der Houven van Oordt, W., Hateboer, G.,
Van der Eb, A. J., and Jochemsen, A. G. Mdmx: a novel p53-binding protein with
some functional properties of mdm2. EMBO J., 2: 5349 – 5357, 1996.
50. Kaghad, M., Bonnet, H., Yang, A., Creancier, L., Biscan, J. C., Valent, A.,
Minty, A., Chalon, P., Lelias, J. M., Dumont, X., Ferrara, P., McKeon, F., and
Caput, D. Monoallelically expressed gene related to p53 at 1p36, a region
frequently deleted in neuroblastoma and other human cancers. Cell, 2: 809 – 819,
1997.
51. Yang, A., Kaghad, M., Wang, Y., Gilleett, E., Fleming, M. D., Dotsch, V.,
Andrews, N. C., Caput, D., and McKeon, F. p63, a p53 homologue at 3q27-29,
encodes multiple products with transactivating, death-inducing, and dominantnegative activities. Mol. Cell, 2: 305 – 316, 1998.

Downloaded from mcr.aacrjournals.org on December 8, 2021. © 2004 American Association for Cancer
Research.

27

28

Inhibition of p53-MDM2 Interaction

52. Michael, D. and Oren, M. The p53 and mdm2 families. Curr. Opin. Mol.
Cell. Biol., 2: 53 – 59, 2002.

56. Kadakia, M., Slader, C., and Berberich, S. J. Regulation of p63 function by
mdm2 and mdmx. DNA Cell Biol., 2: 321 – 330, 2001.

53. Marin, C. and Kaelin, W. G. p63 and p73: old members of a new family.
Biochim. Biophys. Acta, 2: M93 – M100, 2000.

57. Kane, S. A., Fleener, C. A., Zhang, Y. S., Davis, L. J., Musselman,
A. L., and Huang, P. S. Development of binding assay for p53/hdm2 by
using homogeneous time-resolved fluorescence. Anal. Biochem., 2: 29 – 38,
2000.

54. Bottger, V., Bottger, A., Garcia-Echeverria, C., Ramos, Y. F., van der Eb,
A. J., Jochemsen, A. G., and Lane, D. P. Comparative study of the p53-mdm2 and
p53-MDMX interfaces. Oncogene, 2: 189 – 199, 1999.
55. Ongkeko, W. M., Wang, X. Q., Siu, W. Y., Lau, A. W., Yamashita, K., Harris,
A. L., Cox, L. S., and Poon, R. Y. Mdm2 and mdmx bind and stabilize the p53related protein p73. Curr. Biol., 2: 829 – 832, 1999.

58. Chene, P. p53 as a target in cancer therapy. Exp. Opin. Ther. Patents, 2:
923 – 935, 2001.
59. Pellecchia, M., Sem, D. S., and Wuthrich, K. NMR in drug discovery. Nat.
Rev. Drug Discov., 2: 211 – 219, 2002.

Downloaded from mcr.aacrjournals.org on December 8, 2021. © 2004 American Association for Cancer
Research.

Inhibition of the p53-MDM2 Interaction: Targeting a
Protein-Protein Interface
Patrick Chène
Mol Cancer Res 2004;2:20-28.

Updated version

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://mcr.aacrjournals.org/content/2/1/20

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://mcr.aacrjournals.org/content/2/1/20.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from mcr.aacrjournals.org on December 8, 2021. © 2004 American Association for Cancer
Research.

