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MDM2 is a regulator of a tumor suppressor p53, which protects
cells by responding to genotoxic stresses with an induction of cell
cycle arrest or apoptosis.1 Because downregulation of p53 by
overexpression of MDM2 has been implicated in many human
cancers, there has been a great interest in exploiting the p53-
MDM2 interface as a chemotherapeutic target.1-3 The molecular
details of the interface was revealed by X-ray crystallographic
studies.4 MDM2 recognizes the three conserved hydrophobic
residues (Phe19, Trp23, and Leu26) within a 15-residued N-terminal
region of the p53 transactivation domain (Figure 1,1). The side
chains of the key p53 residues form a hydrophobic binding motif
on one face of a shortR-helix, which fits tightly to the hydrophobic
cleft of MDM2. More recently, small molecule inhibitors (Figure
1, 3,4) with superior potency to that of the wt-p53 peptide ligand
1 were discovered through chemical library screening.5,6 The crystal
structures of their MDM2 co-complexes showed that relatively
simple hydrophobic functionalities can fill the MDM2 pocket. The
most potent MDM2 inhibitor reported to date is an 8-residue p53
peptide analogue2 (Figure 1, IC50 ) 5 nM).7 It was developed by
the Novartis group through rational design based on a peptide
sequence derived from a phage-display library8 and the X-ray
structure of1 bound to MDM2.3 2 has been shown to restore the
p53 function in cells harboring wt-p53 and overexpressed MDM2.9

We describe herein the co-complex structure of2 and MDM2 at
1.8 Å resolution by X-ray crystallography. Two aromatic residues,
6-chlorotryptophane (Cl-Trp) and phosphonomethylphenylalanine
(Pmp) were previously shown to be principally responsible for the
elevated MDM2 binding affinity of2.7-10 The co-complex structure
provides new insights into the roles of these two residues.

The 8-mer peptide2 was synthesized as diastereomers (using a
racemic Cl-Trp residue) and was then isolated by HPLC as
reported.7 Crystals were successfully obtained only for one of the
diastereomers as a complex with MDM2 by vapor diffusion using
the hanging drop method. The structure was solved by molecular
replacement as implemented in CNX using the structure of MDM2
bound to a 9-mer p53 peptide analogue6 as a search model. The
ligand-bound MDM2 forms a deep hydrophobic cleft with a pair
of two R helices packed by a pair of three strandedâ sheets in a
similar manner as found previously for the complex with1
(Supporting Information, Figure S1). The peptide analogue2 forms
shortR-helical turns in the hydrophobic cleft of MDM2, occupying
the same site where the Phe19-Leu26 region of1 binds. The two
MDM2 co-complex structures have a root-mean-square deviation
(RMSD) of 0.60 Å for equivalentR-carbon atoms. These ligand-
bound MDM2 structures are also very similar to other crystal

structures of inhibitor-bound MDM2,5,6 in contrast to recent NMR
studies suggesting that different ligands induce different confor-
mational transitions in the protein.11 Our results thus support the
validity of using the ligand-bound MDM2 conformation determined
by X-ray crystallography as a guide for inhibitor design.

In the complex, peptide2 forms conserved hydrophobic interac-
tions with MDM2 at residues Phe, Cl-Trp, and Leu.12 Each of the
three hydrophobic residues of2 is accommodated in the same p53
binding site of the MDM2 pocket (Leu54, Leu57, Gly58, Ile61,
Met 62, Tyr67, Gln72, His73, Val93, His96, Ile99, and Tyr100) as
those in1. The N1-H of Cl-Trp is engaged in a hydrogen bonding
interaction with the backbone amide group of MDM2 Leu54 as
observed between Trp23 of1 and MDM2 Leu54. Thus, the peptide
2 binds virtually identically to the wt-p53 peptide1.

The importance of the Cl atom in MDM2 binding becomes
evident when the complex of2 is compared to the complexes of
wt-p53 peptide1 (Figure 2), and of the nonpeptidic inhibitors3
and4 (Figure 3). As initially predicted,7 the 6-Cl atom of the Cl-
Trp residue of2 protrudes into a void of the Trp23 binding site of
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Figure 1. Structures of MDM2 inhibitors:1, the 15-mer wt-p53 peptide
(IC50 ) 4 µM3a); 2, the 8-mer peptide analogue (Novartis peptide, IC50 )
5 nM7); 3, imidazoline-based peptidomimetics (Nutlin-2, IC50 ) 140 nM5);
4, benzodiazepinedione-based peptidomimetics (Kd ) 80 nM6). Functional
groups that bind to the Trp binding site of MDM2 are highlighted in red.
Leu 22 and Pmp are highlighted in green.

Figure 2. A cutaway view of the MDM2 Trp binding site (grey surface)
with (a) the bound wt-p53 peptide1 and (b) the bound 8-mer peptide
analogue2 (Novartis peptide) shown as CPK models. The Cl atom of the
Cl-Trp residue is highlighted in magenta. Panels a and b show identical
orientations. Images are rendered in Pymol.
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MDM2, making additional van der Waals contacts with Phe86 and
Ile99 (Figure S2). As a result, the steric complementarity at the
protein-peptide interface is highly optimized (Figure 2). The
positions of the Cl atom of2, the Br atom of3, and the Cl atom of
4 are superimposable in the MDM2 pocket, even though the scaffold
structures are different (Figure 3).13 In all three structures, the rigid
aromatic moieties position the halogen atoms deep into the cavity
at the bottom of the Trp binding site. A structural isomer of3,
which bears a Cl atom instead of a Br atom at the same position,
displays an augmented MDM2 inhibitory potency than4,5 sug-
gesting that chlorine is the ideal size to fill the cavity. Chlorine
has a van der Waals radius of 1.8 Å, and there is no other organic
functionality of an equivalent size. Chlorinated aromatic groups
are present in most of known small molecule MDM2 inhibitors.2,3e-f,14

While the structure of the co-complex verifies the predicted role
of Cl in binding to MDM2, it suggests that the Pmp residue plays
a different role than proposed. Figure 4 shows that the side chains
of Leu22 and Pmp contact Gln72, His73, and Val93 of MDM2 in
a similar orientation, preserving key hydrophobic interactions.4,15

The Pmp residue, is thought to contribute significantly to the greater
affinity of 2 compared with1, which contains leucine at the same
position, and was proposed to make an electrostatic contact to the
ε-amino group of the MDM2 Lys94.7 However, the phosphonate
group of the Pmp residue does not form the predicted salt bridge,
but instead projects into the solvent.16 To examine the importance
of the phosphonate group in binding to MDM2, we prepared an
analogue of2 containing Phe (peptide5) in place of the Pmp residue
and compared the binding of the two peptides using a previously
reported ELISA assay.3a The affinity of peptide5 was reduced by
only 2-fold compared with that of peptide2 (Supporting Informa-
tion), consistent with the X-ray structure showing that the phos-
phonate does not interact with any protein side chains.5 shows a
greater tendency to aggregate compared with2 (as judged by NMR

linewidths and its insolubility in pH 7 phosphate buffer at millimolar
concentration), which may account for its somewhat lower binding
affinity.

In conclusion, we have determined the atomic structure of the
most potent MDM2 inhibitor identified to date.17 The interaction
is clearly dominated by binding of conserved hydrophobic residues
Phe, Cl-Trp, and Leu of2, as expected on the basis of the binding
of peptide1 to MDM2. The structure reveals the importance of
the chlorine atom in filling the cavity at the base of the Trp binding
pocket. The structure also shows that the phosphonate of the Pmp
residue does not participate in direct contact with the protein, as
previously proposed. Although studies of other model peptides have
suggested that the Pmp residue plays a significant role in binding,
we have shown that the Pmp residue can be replaced by Phe (5)
with only a 2-fold loss in affinity. Evidently, the results obtained
during iterative optimization of model peptides do not apply to the
fully optimized peptide sequence, illustrating the limitations of
iterative optimization procedures with respect to the importance of
individual residues in the final system.
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Figure 3. An overlay of the2 (yellow stick)-MDM2 cocomplex with3
(blue stick) and4 (green stick) bound to the corresponding sites. The Cl
atoms are colored in magenta and the Br atom in orange. For2, side chains
of only Phe, Cl-Trp, and Leu are shown for clarity. MDM2 is shown with
a cutaway surface (grey).

Figure 4. Shown are two views showing the Pmp binding site. (a) The
Pmp residue of2 (yellow) makes hydrophobic contacts to the MDM2
residues (highlighted in red) in a similar manner to Leu 22 (green stick) of
1. (b) Distance between Pmp and Lys94 is outside the range of a salt bridge.
Shown is a 2Fo-Fc electron density map contoured at 1.4σ and rendered
as blue mesh within 2 Å of theside chains of Pmp and Lys94. One of the
two rotamers observed for the phosphonate group is shown for simplicity.16
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