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Introduction. The p53 tumor suppressor gene is a
multifunctional protein that regulates cell proliferation
by induction of growth arrest or apoptosis in response
to DNA damage and/or stress stimuli.1 Despite the high
frequency and susceptibility with which this protein is
mutated during neoplastic transformation, a substantial
proportion of cancer cells express wild-type p53, but it
seems likely that in these cells p53 is inactivated.
Among the known mechanisms by which the tumor
suppressor functions of p53 can be abrogated,2 we are
interested in the regulation of p53 by the human double
minute 2 (hdm2) oncoprotein.3 The hdm2 protein binds
to the transactivation domain of p534 and downregu-
lates its ability to activate transcription; in turn, p53
activates the expression of the hdm2 gene in an auto-
regulatory negative feedback loop.2-4 Inhibition of p53
by hdm2 has been observed in tumors where gene
amplification and other alterations can result in ele-
vated hdm2 (e.g., one-third of soft tissue sarcomas).3c,5

Recently, an additional mechanism by which hdm2 can
regulate p53 response has been reported. hdm2 targets
p53 for degradation by the ubiquitin pathway.6 If this
pathway operates in tumor cells containing low levels
of p53, then disruption of the p53/hdm2 protein-protein
interaction should lead to accumulation of p53 and
activation of p53 responsive reported genes. The disrup-
tion of the p53/hdm2 protein-protein interaction is
therefore an attractive approach for cancer therapy
because it provides the possibility to regulate the
threshold of the p53 response with therapeutic agents.

As part of our drug discovery program to identify
antagonists of the p53/hdm2 protein-protein interac-
tion, we have attempted to determine the amino acid
specificities of hdm2’s binding pockets in order to
establish a pharmacophore model for this protein-
protein interaction. This work has resulted in the
identification of highly potent peptide antagonists.

Results and Discussion. The p53/hdm2 complex
was initially studied with a series of monoclonal anti-
bodies to identify the region of p53 that interacts with
hdm2 and vice versa. Mapping of the hdm2-binding site
on p53 was carried out using synthetic peptide libraries
derived from the N-terminal part of p53.7a The active
peptides defined the consensus hdm2-binding site on
p53 to be Thr18-Phe-Ser-Asp-Leu-Trp23, but this hexapep-

tide had a low binding affinity for hdm2 (IC50 ) 700
µM).8 To find novel high-affinity ligands for hdm2 that
are able to block the interaction of hdm2 with p53, we
screened phage display peptide libraries.9 The most
active peptide obtained (peptide 2; Table 1) showed a
28-fold greater inhibition of the p53/hdm2 interaction
than the wild-type p53-derived peptide (peptide 1; Table
1). More detailed information on the amino acid re-
quirements for a potent peptide inhibitor was obtained
by synthesizing truncated versions of peptide 2 and
testing these peptides in our in vitro assay.8 In this
competition assay, the ELISA plates were coated with
GST-hdm2. After preincubation with different amounts
of peptide, full-length p53 was added and the fraction
of p53 bound to hdm2 was detected with a series of
antibodies (Figure 1; see Supporting Information for
additional experimental details). The truncation series
included sequences from 6- to 11-mers. While all 6- and
7-mer peptides were poor inhibitors of the p53/hdm2
interaction, an 8-mer peptide (peptide 3; Table 1) was
identified as the minimal sequence retaining micromo-
lar affinity for hdm2. This peptide was our starting point
in the optimization process.

The X-ray structure of the N-terminal domain of
hdm2 bound to a 15-mer wild-type p53-derived peptide10a

revealed a deep hydrophobic cleft to which the peptide
binds as an amphipathic R-helix. In addition to this
structural motif, a type I â-turn conformation involving
Trp23, Glu24, Gly25, and Leu26 was identified. Before
introducing any modifications into the sequence of
peptide 3, we studied the conformation of peptide 2 in
solution to determine if this peptide has a preorganized
conformation in its unligated form. The circular dichro-
ism (CD) and nuclear magnetic resonance (NMR) stud-
ies (data not shown) revealed that peptide 2 has an
extended or random coil conformation under physiologi-
cal conditions. With this information in hand, we
decided to modify peptide 3 by replacing the residues
that, according to the X-ray structure of the ligand-
bound hdm2 protein, do not interact or seem to have a
weak interaction with the protein (e.g., residues 20, 21,
24, and 25) with R,R-disubstituted amino acids. These
amino acids are known to stabilize R- and 310-helices in
short peptide motifs,11 and we posited that the incor-
poration of such building blocks into peptide 3 should
favor the formation of a conformation close to the one
observed for the ligand-bound wild-type p53-derived
peptide.10a Conformationally restricted peptides that
adopt ligand-binding conformations are supposed to be
entropically advantaged for binding to their target. The
best result was obtained when Asp21 and Gly25 were
replaced with R-aminoisobutyric acid (Aib) and 1-amino-
cyclopropanecarboxylic acid (Ac3c), respectively (peptide
4; Table 1).12 These substitutions only result in a 4-fold
increase in the hdm2-binding affinity of the peptide, but
NMR experiments in aqueous media confirmed that the
conformational restrictions imposed by the presence of
R,R-disubstituted amino acids in the peptide sequence
induce p53-binding conformations. On the basis of the
NOE signals obtained (Table 2), a model of the confor-
mation of peptide 4 in solution was constructed using
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distance-geometry and restrained molecular dynamics
(Figure 2). In most of the 100 structures generated, the
hydrophobic amino acids Phe19, Tyr22, Trp23, and Leu26

form a continuous hydrophobic patch that resembles the
bound conformation of the wild-type p53-derived pep-
tide. The side chain of tryptophan stacks face-to-face
with the side chain of phenylalanine, and the peptide
backbone between these two residues adopts a helical
conformation. This structural motif is followed at the
C-terminus by a â-turn, which enables the side chain
of leucine to establish hydrophobic contacts with the side
chains of tryptophan and tyrosine. To evaluate the
relevance of the generated structures, the temperature
coefficients of the amide resonances (∆δ/∆T), the dif-
ference of chemical shifts of HR resonances with random
coil values13 or chemical shift index (CSI), and the
coupling constants (JHR-HN) were measured for peptides
3 and 4 (Table 3). Apart from the small coupling
constant JHR-HN observed for Glu24 in peptide 4, the
NMR data are very similar. However, considering that
a CSI < -0.1 ppm for three subsequent residues is an
indication for helix propensity,14 peptide 4 seems to have
a higher helix propensity than peptide 3. The strongest
evidence for this propensity comes from the NOE data.
Qualitative information about the populations of helical
and extended conformations can be derived from HR-
HN NOE intensities. The sequential ΗR-HN distance
is about 3.5 Å in an R-helix and close to 2.2 Å in an
extended chain. The intraresidual HR-HN distance is
3.5 Å for both conformations. These ΗR-HN NOEs are
expected to be almost equally strong for a helical
conformation because a small population of extended
conformation would result in an increase of the sequen-
tial NOE intensity. Such increase in the sequencial NOE
intensity is observed for peptide 3, but not for peptide
4 (Table 3).

Figure 2. Stereoview of the solution structure of peptide 4 in aqueous media. The structure is a representative member (low
energy) of a family of structures that was obtained by means of the distance restraints listed in Table 2; 100 structures were
generated using the distance-geometry program DGII and were energy-minimized using Discover (see Supporting Information
for experimental details).

Table 1. Inhibitory Potential of hdm2-Binding Peptides in a p53/hdm2 (GST-hdm21-188) Competition Assaya

entry sequence IC50 (nM)b

1 Ac-Gln16-Glu-Thr-Phe-Ser-Asp21-Leu-Trp-Lys-Leu-Leu-Pro27-NH2 8673 ( 164
2 Ac-Met-Pro-Arg-Phe19-Met-Asp-Tyr-Trp-Glu-Gly-Leu26-Asn-NH2 313 ( 10
3 Ac-Phe19-Met-Asp-Tyr-Trp-Glu-Gly-Leu26-NH2 8949 ( 588
4 Ac-Phe19-Met-Aib-Tyr-Trp-Glu-Ac3c-Leu26-NH2 2210 ( 346
5 Ac-Phe19-Met-Aib-Pmp-Trp-Glu-Ac3c-Leu26-NH2 314 ( 88
6 Ac-Phe19-Met-Aib-Pmp-6-F-Trp-Glu-Ac3c-Leu26-NH2 14 ( 1
7 Ac-Phe19-Met-Aib-Pmp-6-Me-Trp-Glu-Ac3c-Leu26-NH2 10 ( 1
8 Ac-Phe19-Met-Aib-Pmp-6-Cl-Trp-Glu-Ac3c-Leu26-NH2 5 ( 1

a IC50 concentration to inhibit the binding of human wild-type p53 to GST-hdm21-188 (see Figure 1 and Supporting Information for a
description of this assay). The errors quoted correspond to the standard error in the fits of the data. b The activities reported for these
peptides correspond to the ones observed for the most active epimer (racemic 6-substituted tryptophan derivatives were used in the
synthesis and the two epimers were separated to homogenity by preparative reversed-phase MPLC, see Supporting Information). On the
basis of the activity observed for Ac-Phe-Met-Aib-Pmp-D-Trp-Glu-Ac3c-Leu-NH2 (IC50 ) 138 ( 27 µM; 439 times less active than peptide
5) and our computational studies, we can assume that the configuration of the 6-substituted tryptophans in the active epimers is L.

Figure 1. In vitro assay to determine the inhibiton of the
p53/hdm2 (GST-hdm21-188) protein-protein interaction by
synthetic peptides.

Table 2. List of NOEs Collected by ROESY and Used as Input
in the Distance-Geometry Calculations (peptide 4)

hydrogens
NOE

signala hydrogens
NOE

signala

Phe HR Phe Hδ s Trp NH Trp H2 w
Phe HR Tyr Hδ w Trp HR Trp H4 s
Met HR Trp NH w Trp HR Trp H2 s
Met HR Trp H2 m Trp HR Leu Hâ w
Tyr NH Tyr Hδ w Trp HR Leu Hγ w
Tyr HR Ac3c NH w Trp HR Leu Hδ

2 w
Tyr Hδ Trp H2 w Trp H2 Leu Hδ

2 w
Tyr Hε Leu Hδ w Leu HR Leu Hδ

2 m
a Upper bounds of 2.7, 3.3, and 5.0 Å were set for strong (s),

medium (m), and weak (w) NOEs, respectively. The ROESY
experiments with peptide 4 (c ) 3.2 mM) were performed in
aqueous solution (95% H2O, 5% D2O), 10 mM sodium phosphate,
100 mM NaCl, pH 6.0 (T ) 0 and 20 °C). See Supporting
Information for additional experimental details.
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In the next round of optimization, we focused our
attention on the interactions made by the side chains
of tyrosine and tryptophan. A comprehensive replace-
ment analysis of peptide 2 revealed that Phe19, Tyr22,
Trp23, and Leu26 cannot be replaced by any of the other
natural amino acids without a substantial loss of in-
hibitory capacity.8 Using the X-ray crystal structure of
the ligand-bound hdm2, a model of the complex of pep-
tide 2 with hdm2 was constructed. Analysis of the
contacts of peptide 2 with hdm2 identified the side
chains of tyrosine and tryptophan as targets for chemi-
cal modification in order to improve the hdm2-binding
affinity of the peptide. In particular, the proximity of
the hydroxy group of the side chain of tyrosine to the
amino group of the side chain of Lys94 was noticed. This
led to the idea of replacing tyrosine in peptide 4 by
phosphonomethylphenylalanine in order to form a sta-
bilizing salt bridge with the ε-amino group of Lys94 (see
Figure 3A). The 7-fold increase in binding affinity that
resulted from this modification (peptide 5 compared to
peptide 4; Table 1) confirmed the validity of the design.15

In addition, the phosphonate group increases the water
solubility of an otherwise highly hydrophobic sequence.

A major increase in the binding affinity was obtained
when chemical groups determined by molecular model-
ing were incorporated at the 6 position of the indole
moiety of tryptophan. In the X-ray structure of the
ligand-bound hdm2, the side chain of tryptophan is
embedded in a deep hydrophobic pocket in which the
bottom is formed by the side chains of Leu57, Phe86, Ile99,
and Ile103. Although the aromatic side chain of tryp-
tophan fits tightly into the hydrophobic pocket, a careful
analysis of the X-ray structure revealed that the indole
group does not fill it completely. An empty space in the
direction of the 6 position of the indole ring remains at
the bottom of the pocket (Figure 3B). This space
corresponds approximately to the volume of a methyl
group or a chlorine atom, and the possibility to increase
the binding affinity by establishing additional van der
Waals interactions with the protein motivated the
synthesis of peptides 6-8. In accordance with our
predictions, replacement of tryptophan by 6-substituted
tryptophans resulted in a substantial increased in
binding affinity, which nicely correlates with the size
of the substituent and therefore with the occupancy of
the hydrophobic pocket.16

In summary, structural information has been ex-
ploited to increase the hdm2-binding affinity of short
peptide motifs derived from the N-terminal domain of

the human wild-type p53 protein. Combining confor-
mational constraints as selected by molecular modeling
with functional groups that are able to establish ad-
ditional electrostatic and van der Waals interactions
with the hdm2 protein, we have been able to increase
the hdm2-binding affinity of our initial peptide 1700-
fold. Particularly interesting is the increase in binding
affinity obtained by replacing tryptophan with 6-chlo-
rotryptophan (IC50 ) 314 nM versus IC50 ) 5 nM, 63-
fold). The new interactions identified and experimen-

Table 3. Temperature Coefficients of the Amide Resonances, Chemical Shift Index, Coupling Constants, and NOE Intensities
Measured for Peptides 3 and 4a

peptide 3 peptide 4

amino acid
∆δ/∆T × 10-3

(ppm/K)
CSI

(ppm)
JHR-HN

(Hz)
NOE

HR-HN(i,i)
NOE

HR-HN(i,i+1)
∆δ/∆T × 10-3

(ppm/K)
CSI

(ppm)
JHR-HN

(Hz)
NOE

HR-HN(i,i)
NOE

HR-HN(i,i+1)

Phe19 -8 -0.07 6.6 0.48 1.83 -8 -0.22 6.1 0.41 0.67
Met20 -7 -0.15 7.2 0.80 3.23 -6 -0.33 6.6 0.94 2.50
Asp21/Aib21 -6 -0.29 7.2 0.98 2.23 -6
Tyr22 -7 -0.21 5.8 0.71 1.94 -6 -0.24 5.8 0.88 0.61
Trp23 -4 -0.20 6.4 0.58 2.16 -5 -0.21 6.2 0.29 0.24
Glu24 -4 -0.21 7.2 0.88 1.54 -4 -0.32 3.4 1.20 0.20
Gly25/Ac3c25 -2 -0.25 5.1 2.33 1.22 -6
Leu26 -6 -0.16 5.8 0.62 1.53 -3 -0.16 7.4 0.80

a The NMR measurements were done in 10 mM phosphate buffer, pH 6.0, 100 mM NaCl, and 10 µM DSS (2,2-dimethyl-2-silapentane-
5-sulfonate; internal reference) at 25 °C. NOE intensities were obtained using ROESY with mixing times of 100 ms. Temperature coefficients
were obtained from NMR spectra recorded between 5 and 45 °C.

Figure 3. (A) Model of peptide 5 bound to hdm2. The designed
salt bridge interaction between the phosphonate moiety of the
phosphonomethylphenylalanine residue and the ε-amino group
of Lys94 is represented by two blue lines. (B) Partial repre-
sentation of the hdm2 hydrophobic pocket occupied by tryp-
tophan (CPK representation). The yellow sphere corresponds
to the 6-chloro substituent of peptide 8 occupying the empty
space at the bottom of the hydrophobic pocket.
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tally confirmed in this work could be directly applied
to the optimization of nonpeptidic leads or incorporated
into the “de novo” design of antagonists of the p53/hdm2
protein-protein interaction. Furthermore, the work
described above illustrates how the integration of
multiple techniques in drug discovery can help in the
formidable task to identify compounds capable of in-
hibiting therapeutically relevant protein-protein in-
teractions.17
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(9) Böttger, V.; Böttger, A.; Howard, S. F.; Picksley, S. M.; Chene,
P.; Garcı́a-Echeverrı́a, C.; Hochkeppel, H. K.; Lane, D. P.
Identification of Novel mdm2 Binding Peptides by Phage Dis-
play. Oncogene 1996, 13, 2141-2147.

(10) (a) 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 Suppresor Transactivation
Domain. Science 1996, 274, 948-953. For additional structural
papers related to p53, see: (b) Mittl, P. R. E.; Chène, P.; Grütter,
M. G. Crystallization and Structure Solution of p53 (Residues
326-356) by Molecular Replacement Using an NMR Model as
Template. Acta Crystallogr. 1998, D54, 86-89. (c) Chène, P.;
Mittl, P.; Grütter, M. In Vitro Structure-Function Analysis of
the â-Strand 326-333 of Human p53. J. Mol. Biol. 1997, 273,
873-881. (d) Jeffrey, P. D.; Gorina, S.; Pavletich, N. P. Crystal
Structure of the Tetramerization Domain of the p53 Tumor
Suppressor at 1.7 angstroms. Science 1995, 267, 1498-1502. (e)
Cho, Y.; Gorina, S.; Jeffrey, P. D.; Pavletich, N. P. Crystal
Structure of a p53 Tumor Suppressor-DNA Complex: Under-
standing Tumorigenic Mutations. Science 1994, 265, 346-355.

(11) (a) Marshall, G. R.; Hodgkin, E. E.; Langs, D. A.; Smith, G. D.;
Zabrocki, J.; Leplawy, M. T. Factors Governing Helical Prefer-
ence of Peptides Containing Multiple R,R-Dialkyl Amino Acids.
Proc. Natl. Acad. Sci. U.S.A. 1990, 87, 487-491. (b) Benedetti,
E.; di Blasio, B.; Pavone, V.; Pedone, C.; Santini, A.; Crisma,
M.; Valle, G.; Toniolo, G. Structural Versatility of Peptides from
CR,R-Dialkylated Glycines: Linear Ac3c Homooligopeptides.
Biopolymers 1989, 28, 175-184. (c) Toniolo, C.; Bonora, G. M.;
Bavoso, A.; Benedetti, E.; di Blasio, B.; Pavone, V.; Pedone, G.
Preferred Conformations of Peptides Containing R,R-Disubsti-
tuted R-Amino Acids. Biopolymers 1983, 22, 205-215.

(12) 1-Aminocyclopropanecarboxylic acid was selected to replace Gly25

due to its marked structural preferences for position i + 2 of
type-I (I′) and type-II (II′) â-bends: Toniolo, C.; Benedetti, E.
Structures of Polypeptides from R-Amino Acids Disubstituted
at the R-Carbon. Macromolecules 1991, 24, 4004-4009.

(13) Wishart, D. S.; Sykes, B. D.; Richards, F. M. The chemical shift
index: a fast and simple method for the assignment of protein
secondary structure through NMR spectroscopy. Biochemistry
1992, 31, 1647-1651.
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