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bound in their consensus pockets. The i, i + 4 hydrocarbon
staple packs snugly against the MDM2 glycine shelf in a
manner broadly similar to that seen for longer i, i + 7 staples of
other MDM2-binding stapled peptides.35,36

Surprisingly, the last three residues of YS-1 and YS-2 do not
adopt the linear conformation observed at the C-terminus of
WT p53 when bound to MDM2; instead they extend the
helical fold to create a kinked helix encompassing residues 19−
30 (Figure 4A, residue numbers follow that in WT p53
sequence). While Pro27 acts as a helix breaker in the p53
peptide because of steric constraints and its inability to
maintain the backbone hydrogen bonding network, it is
unexpectedly incorporated into the helices of YS-1 and YS-2,
allowing it to form close hydrophobic contacts with the MDM2
surface. It is likely that this is driven by the presence of the
hydrocarbon staple, which has the ability to stabilize α-helices
beyond the stapled α-helical turn.41 This results in the C-
termini of the peptides packing into the cleft between helices
α3 and α5 (Figure 3B), with Phe/Tyr30 bound at the proximal
P27 site instead of the second nutlin binding site (Figure S5),
contrary to the computational models. The presence of a
proline in an α-helix is strongly linked to helix kinking,42 similar
to what is observed here. A recent survey of the Protein Data
Bank (PDB)43 reveals that this phenomenon is commonly
found in long α-helices, occurring in 30% of membrane protein
helices and 20% of length-matched (≥20 residues) globular
protein helices.44 Tyr100 and Tyr104, which line the proximal
P27 site, are both rotated toward the peptide, relative to the
WT p53-MDM2 complex structure (Figure 3B). Tyr100 forms

an edge-to-face interaction with Phe/Tyr30 and a hydrogen
bond with the backbone carbonyl of Leu26 from the peptides,
while rotation of Tyr104 allows it to form a hydrogen bond
with the hydroxyl of Tyr30 and slightly occlude the putative
second nutlin binding site.
The binding of the N-termini of YS-1 and YS-2 (residues

17−23) is very similar to that of two other MDM2-binding
stapled peptides, SAH-p53-8 and M06 (Figure 4B). However,
the different stapling strategies resulted in residues 24−28
being bound in a slightly different manner. The introduction of
the second stapling point at residue 24 of YS-1 and YS-2 causes
Leu25 and Leu26 to be displaced further along the helical axis.
This results in a more expanded helical structure with a 1.7 Å
displacement at the Cα position of Leu26 (compared to SAH-
p53-8), which forces Leu26 into a position and conformation
that is midway between that of SAH-p53-8/M06 and WT p53.
Residues 27−29 then adopt a tighter helical conformation than
in SAH-p53-8, bringing Asn29 of SAH-p53-8 and Gln29 in YS-
1 and YS-2 closer together.
MD simulations show that this unexpected binding mode of

the stapled peptides is stable (Figure S6). Although MM/GBSA
analysis suggests that adoption of the crystallographic binding
mode results in a loss of binding free energy compared to the
predicted binding mode, YS-1 and YS-2 were predicted to be
tighter MDM2 binders than sMTide-02 (Table S5), in
agreement with the FP assay results. The unanticipated binding
modes of the stapled peptides observed in the crystal structures
highlight the challenges in characterizing multiple conforma-
tional states with their distinct thermodynamic profiles.45 Fine
balances between enthalpic and entropic contributions often
make it difficult to predict the behavior of the protein and its
ligand upon complex formation.46

The effect of Phe/Tyr30 on the interaction with MDM2 was
further investigated by synthesizing two control stapled
peptides, one lacking the C-terminal aromatic residue (YS-3)
and the other having alanine as the C-terminal residue (YS-4),
and then evaluating their binding affinities in competitive FP
binding assays. The dissociation constants (Kd) of YS-3 and YS-
4 were 5-fold and 4-fold higher than that of YS-2, respectively.

Figure 3. Crystal structures of MDM2 (green with translucent surface)
bound to YS-1 and YS-2 (PDB codes 4UE1 and 4UD7, respectively).
(A) MDM2 bound to YS-1 (yellow) with YS-2 (orange) super-
imposed. (B) Interactions of Tyr30 within the proximal P27 site, with
hydrogen bonds represented as dashed lines.

Figure 4. Comparison of YS-2 (orange) to (A) WT p53 (yellow, PDB
code 1YCR), (B) M06 (magenta, PDB code 4UMN) and SAH-p53-8
(cyan, PDB code 3V3B).
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The slightly lower Kd of YS-4 compared to YS-3 could be due
to the weak hydrophobic interaction of the methyl side chain of
Ala30 with the proximal P27 site. Together with the crystal
structures of MDM2 bound to YS-1 and YS-2, these results
suggest that the proximal P27 site is a functional binding site
that plays an important role in ligand binding to MDM2.
The secondary structures of unbound YS-1 and YS-2 were

characterized by circular dichroism spectroscopy. Both peptides
show very low overall α-helicity as compared to sMTide-02,
based on their molar circular dichroism value at 222 nm (Figure
S7). To increase the α-helicity of the designed peptides, we
replaced Pro27 in YS-1 and YS-2 with a serine residue,
generating the respective analogs YS-5 and YS-6. As predicted,
YS-5 and YS-6 exhibited a marked increase in α-helicity relative
to YS-1 and YS-2 (Figure S7). However, enhancing peptide α-
helicity did not improve the binding affinity (Table 1). This
could be due to the loss of favorable hydrophobic interactions
of Pro27 with the MDM2 surface when it is replaced by serine,
which negates the reduced entropic cost of increasing α-
helicity.
In this proof-of-concept study, we have used a probe-based

MD method called LMMD to detect novel binding sites on the
surface of the anticancer protein target MDM2. Two adjacent
putative binding sites on the N-terminal domain of MDM2
close to the p53 binding pocket were identified. Through
biophysical binding assays and X-ray crystallography, we
serendipitously confirmed the proximal P27 site as a functional
ligand binding site by using hydrocarbon stapled peptides that
were designed to target the downstream putative site. We
measured a 5-fold improvement in binding affinity for stapled
peptides that interact with the proximal P27 binding site (YS-2
versus YS-3, Table 1). Because of its proximity to the p53-
binding cleft, it may be exploited to enhance the binding
potencies of current MDM2 ligands. Further optimization of
inhibitor structure, such as the use of alternative staple
architectures47 and replacement of Pro27 with helix-stabilizing
aliphatic residues that retain hydrophobic interactions with the
MDM2 surface, may also result in binding affinity improve-
ments greater than those observed here.
Here, we also present the first ever crystal structures of an i, i

+ 4 (R,R) stapled peptide bound to its protein target. The
structures of these complexes reveal the rare and unusual
incorporation of a proline residue into the α-helix of the stapled
peptides. This implies that the hydrocarbon staple is able to
exert a strong helix stabilization effect that extends to residues
beyond the staple, including those with low α-helix propensities
such as proline. We also report four modified stapled peptides
with MDM2 binding affinities superior to that of the parent
peptide sMTide-02, indicating their potential as templates for
the development of a new family of potent p53-activating
stapled peptides. Studies are now underway to evaluate their
biological activities and develop variants with enhanced
potencies.
We have used LMMD simulations to identify a novel binding

site on the N-terminal domain of MDM2 close to the p53-
binding cleft. The work described here is a significant step
forward for the emerging field of probe-based MD because to
the best of our knowledge, this is the first study to utilize such
simulations to successfully predict and subsequently validate
with definitive biophysical and structural data a previously
unknown binding site. The results obtained corroborate the use
of probe-based MD techniques to identify novel binding sites
and inform structure-based drug design.
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