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The tumor suppressor activity of the transcription factor p53 is
regulated by the E3-ubiquitin ligase MDM2.1 Upon cellular stress,
modifications such as phosphorylation disable the MDM2-p53
interaction. This stabilizes p53 in the cell which in turn induces
cell cycle arrest, repair, and apoptosis. While 50% of human tumors
harbor mutant p53, several contain wild type p53 and an overex-
pression of MDM2.1 Disruption of the p53-MDM2 interaction
between their N-terminal domains by peptides and small molecules
stabilizes p53 leading to apoptosis in Vitro and in ViVo indicating
possible therapeutic benefits.2-4 Detailed molecular understanding
of this interaction has emerged.5-7 The crystal structure reveals
the 19-25 region of the transactivation domain (TA) of p53 bound
to the N-terminal domain of MDM2 as largely helical, with regions
17-18 and 26-29 unstructured.6 Several lines of evidence prove
unequivocally that residues F19, W23, and L26 are the three key
p53 residues that are sequestered within, and important for, binding
to MDM2 (Figure 1a). However neighboring residues also exert
some influence.5,8 But no detailed structural correlations have been
reported.

In a recent study, Zondlo et al. demonstrated that the C-terminal
end of the TA domain of p53 modulates binding to MDM2.9 This
led them to isolate several p53 peptide variants of which the W23L
and P27S mutants displayed the lowest and highest affinities for
MDM2, with binding free energies 3.0 and 2.3 kcal/mol weaker
and stronger than wild type (WT) p53, respectively; P27S displayed
the highest affinity among any peptide characterized so far. NMR
experiments on the isolated peptide suggested that the replacement
of P27 with S resulted in increased helicity, thus leading to tighter
binding; however no atomic detail of the bound complex or the
underlying mechanism was reported. We show, through molecular
dynamics (MD) simulations, that mutual modulation of MDM2 and
peptide conformations controls this variation.

We simulated the binding of WT, W23L, and P27S peptides to
the N-terminal domain of MDM2. W23L was modeled based on
the structure of WT, while, for P27S, we ran two simulations: one
state (P27Sc) had the peptide modeled in the same conformation
as that seen for WT, while the other (P27Sm) was modeled as a
helix extending to the C-terminal, guided by NMR observations.9

Molecular dynamics simulations and binding free energies were
computed using the CHARMM22 force field for ∼250 ns (see
Supporting Information). The simulations were judged to be stable
(Supporting Information Figure S1a); subtle changes in local and
global dynamics characterize the different peptide complexes
(Figure S1b, c). The secondary structure plots (Figure S2) show
that the conformations of uncomplexed p53 and W23L are similar
with no regular structure at the C-terminus, while P27Sm has a
helical segment extending to L26; in contrast P27Sc is stabilized

as a π-helix with disorder at the C-terminus. Given that NMR shows
P27S to be R-helical, we use uncomplexed P27Sm for our analysis.
In the complexed state, W23L shows somewhat reduced helicity;
this is expected as the W f L change leads to a loss of local
interactions (Supporting Information movie M1).9 Overall the
behavior of complexed p53 is in agreement with previous reports10,11

and is similar to complexed W23L. In contrast, P27Sm remains
strongly helical from 19-28 in the complexed state, while P27Sc
is helical only from 19-25 (same as WT and W23L). The
N-terminal residues of P27S and W23L retain all the interactions
with MDM2 as seen for WT including the important H-bond with
Q72.8 Additionally, in the MDM2-P27Sm complex we see some
new H-bonds that stabilize the peptide helix: W23-S27, K24-E28,
L25-N29.

In the WT, W23L, and P27Sc complexes, the P27 and the
extended C-termini pack in a manner which keeps the Y100 (and
Y104) pointing away from the MDM2 pocket, making an H-bond
with E28 (Figures 1, 2 and movie M1). In contrast, in P27Sm, the
S27 side chain and the rest of the C-terminus are now part of the
turn of a helix, shortening the peptide length and creating a cavity
in the space occupied by the extended C-terminus, most notably
by P27. This results in reorientation of Y100 (and Y104 in concert;
see Figures 2 and S3 and movie M1) toward the MDM2 pocket as
it now forms an H-bond with the L26 backbone. It further packs
against L54 and results in a more compact binding pocket and,
together with reorientation of H96, leads to a “cozier” fitting of
the peptide. L54 and Y100 together act like a “gate” (Figure 2) to
increase or decrease the size of the binding pocket, which seems
to be modulated by the nature of the peptide/ligand that occupies
the MDM2 cavity;12 there is no evidence for this flip in the
uncomplexed MDM2 (Figure S3). Indeed, similar orientations of
Y100 are seen in crystal structures of several MDM2 complexes
(Figure S4); in some cases, Y104 points away due to crystal contacts
(in unpublished simulations, it undergoes flipping). In the structure
of p53 complexed to homologue MDMX, equivalent Y96 is
reoriented despite the presence of P27;13 however the p53 peptide
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Figure 1. Snapshots taken at the end of 20 ns MD of (a) WT, (b) W23L,
(c) P27Sm, and (d) P27Sc complexes.
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is terminated at P27 and lacks the C-terminal extension that packs
it against the surface of MDM2. The importance of L54, H96, and
Y100 had also been highlighted by in silico mutagenesis.10 The
helical conformation at the C-terminus of P27Sm also brings E28
of the peptide close to K24 (3.7Å), resulting in a new salt bridge
that further stabilizes the helical conformation; in contrast, in the
other systems these two residues are ∼11 Å apart (see Figure S5).

The computed free energy differences (∆G) between W23L and
p53 and between p53 and P27S are very similar to experimental
values (Table 1); similar trends have been reported in other studies
(extensive conformations of the various states are elaborated upon
in the Supporting Information).8,10,11 Unbound P27S has been taken
to be helical (P27Sm) as has been determined experimentally, while
its complexed state was either helical (as guided by NMR) or
extended at the C-terminus (as guided by the WT structure).
Surprisingly, in both cases, ∆Gbind is similar (-21.0 or -20.5 kcal/
mol); however while P27Sm has the enthalpic advantage, P27Sc
has an entropic advantage. The loss of binding of W23L originates
in a destabilized enthalpy, largely due to the loss of packing and
of an H-bond between the side chain NH of W23 and the backbone
CO of L54 (this leads to a loss of ∼4 kcal of enthalpy as would be
expected for a good H-bond). In a similar study, the W23A mutation
incurred a 6.3 kcal/mol loss.8 The burial of the NH of W23 incurs
a large desolvation penalty (Table S2). In W23L, packing of W23
and L26 is lost, leading to a larger entropic penalty. In P27Sm, the
packing of P27 against the MDM2 surface is lost, leading to
destabilized van der Waals interactions which is offset by electro-
static stability arising from increased polarity and the formation of
intrapeptide H-bonds; the larger helicity of P27Sm also results in
a smaller entropic penalty upon complex formation. P27Sc under-
goes a small enthalpic gain relative to WT and large entropic gain
(3.4 kcal/mol) as the Pro f Ser change increases the flexibility in
the complex. P27Sc undergoes a helicalf extended transition while
P27Sm undergoes a helical f helical transition, thus accounting
for a larger entropic cost for the latter. However both of these are
more favorable than WT and W23L which undergo an extended
f extended transition.

Molecular dynamics simulations, guided by experimental infor-
mation9 have successfully reproduced experimental trends in
binding affinities of mutant p53 peptides with MDM2. Simulations
reveal the following: (a) higher helicity of the peptide leads to
greater affinity as postulated experimentally; additionally the surface
of MDM2 adapts optimally to bind various peptide/ligands as has
been postulated;14-18 (b) the uncomplexed peptides are governed
by a combination of helicity and intrinsic disorder (in agreement
with experiments), while in the complexed state two very different
conformations can coexist. This yields very similar binding aff-
inities, driven by either enthalpy or entropy. Y100 is highly con-
served (Figure S6) and acts as a gate whose orientations discriminate
between the two types of peptide conformations and provides a
new parameter to take into account in the design of new peptidic
and small molecule inhibitors.12 The importance of the adaptive
surface of MDM2 for drug design is underscored by our observa-
tions.19 The altered structure of the MDM2 surface leads to
characteristic differences in electrostatic potentials (Figure S7) that
we are currently using to design new peptides. In summary, we
show for the first time how the ensemble of a protein-peptide
complex seems to originate in conformational diversity leading to
higher affinity (also see Supporting Information).
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Figure 2. (Left) Superimposed complexes: WT MDM2 (salmon red)-p53
(cyan) and MDM2 (yellow)-P27Sm (green), showing Y100 orientations.
(Right) reoriented MDM2 residues forming a “gate” leading to “cozier” fit
of peptide (also see Supporting Information).

Table 1. Binding Free Energy (kcal/mol) and Components for
Different Peptides (Also See Supporting Information)9

∆(binding) W23L p53 P27Sm P27Sc

Emm (∆H) -51.4 -54.7 -58.3 -55.5
-T∆S 39.3 38.4 37.3 35.0
∆G -12.1 -16.3 -21.0 -20.5
∆∆G 4.2 0.0 -4.7 -4.2
∆G (expt)a -6.0 -9.0 -11.3
∆∆G (expt)a 3.0 0.0 -2.3

a Experimental data (error in ∆∆G ∼0.4 kcal/mol).
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