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Abstract

As key negative regulator of the p53 tumour suppressor, Mdm2 is an attractive therapeutic target. Small molecules such as
Nutlin have been developed to antagonise Mdm2, resulting in p53-dependent death of tumour cells. We have recently
described a mutation in Mdm2 (M62A), which precludes binding of Nutlin, but not p53. This Nutlin-resistant variant is not,
however, refractory to binding and inhibition by stapled peptide antagonists targeting the same region of Mdm2. A
detailed understanding of how stapled peptides are recalcitrant to Mdm2 mutations conferring Nutlin-resistance will aid in
the further development of potent Mdm2 antagonists. Here, we report the 2.00 A crystal structure of a stapled peptide
antagonist bound to Nutlin resistant Mdm2. The stapled peptide relies on an extended network of interactions along the
hydrophobic binding cleft of Mdm2 for high affinity binding. Additionally, as seen in other stapled peptide structures, the
hydrocarbon staple itself contributes to binding through favourable interactions with Mdm2. The structure highlights the
intrinsic plasticity present in both Mdm2 and the hydrocarbon staple moiety, and can be used to guide future iterations of
both small molecules and stapled peptides for improved antagonists of Mdmz2.
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Introduction significantly impairing binding. Whilst M62 also contributes to the
binding of p53 peptide (residues 15 to 29 of p53, Figure 1), loss of
this residue is mitigated by an extended network of Van der Waals

[1.2]. Triggered by stresses such as DNA damage and hypoxia,  ¢optacts distributed along the Mdm2 binding cleft [17].
p33 elicits numerous cellular outcomes including cell cycle arrest

and cell death. Loss of p53 function, typically arising through point

Cell fate is primarily governed by the p53 tumour suppressor

We recently demonstrated that stapled peptide analogues of
. : . . > . Nutlin targeting Mdm?2 are able to bind and inhibit both wild type
rn.utatlons is seen in 50% of a.ll .cancers_[S,.éL], In malignancies with and the M62A/Q24R resistant variants in biophysical and cell-
wild type p53 status, the activity of p33 is COITlmonly attcnu;atcd based assays [18,19]. Stapled peptides comprise a covalent linkage
through overexpression of Mdm?, a ke.y negatlvf.: regulator [5,6]. bridging adjacent turns of an alpha helical peptide (the “‘staple”)
l\ldm? both .m}.nblts the_ transactivation function of p53 and [20]. By pre-stabilising favourably interacting conformer(s), the
selectively ubiquitinates p53, targeting it for proteosomal degra- staple increascs aﬁinify by reducing the e}ltropic penalty of

dation [7-10]. Re-instatement of p53 effector functions has been A L. .2 : s
e . binding. Furthermore, it imparts significant proteolytic stability,
demonstrated by inhibition of Mdm2 with both small molecule . c g . c .
increased half-life in vivo, and in certain instances allows adjunct-

and .pepude antagonists [11-14]. Nutlin-3a_(hereafter Lerme d free cellular uptake [21-23]. These ideal drug-like properties have

Nutlin) is the proto-typical small molecule Mdm?2 antagonist [15]. seen stapled peptides entering clinical trials

.It competes With ps3 for b'inding Lo an extepde.d hy.droph.obic cleft Here, we present the thrée diménsional. crystal structure of a

2C;}l;iuizzf?;?iaggoni?zf ?}friligi;;lzilﬂlgo ;i:igcs}iltliivsgail:r)lz stapled peptide antagonist bound to Nutlin-resistant mutant
. S i Mdm?2. The structure gives an insight into the remarkable

(F19, W23, L26), with discrete pockets lining the hydrophobic o SO ) )
cleft. We have previously described the mutations M62A and plasgcny of 1\4de that facilitates binding of small molecule and
peptide antagonists.

0Q24R in the N-terminal domain of Mdm2 that impart Nutlin-
resistance by selectively reducing affinity for Nutlin but not p53
[16]. In the case of the M62A mutation, substitution of the
methionine removes a key packing interface required by Nutlin,
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Figure 1. Sequence alignment of peptide ligands targeting the Mdm2 N-terminal domain. The critical interacting residues (F19, W23 and
L26) in the p53 wild-type peptide and conserved in the indicated stapled peptides are shaded. The staple tethering site is denoted by ‘X’ and
chemical structure of the staple moiety (adapted from [18]) is shown below.

doi:10.1371/journal.pone.0104914.g001

Results and Discussion

Characterisation of M06 stapled peptide

The Mdm?2-binding stapled peptide used in this study, M06/
sMTide-06, is a variant of the previously described PM2/sMTide-
02 stapled peptide shown to bind mutant Mdm?2 with high affinity
[18]. The alanine residue at position 8 in PM2 is mutated to
tyrosine in M06, with all other structural characteristics remaining
identical (Figure 1). MO6 bound both wild type and Mdm2-
MG62A (residues 6-125) with similar affinities as determined by
fluorescence polarisation (apparent Kgs of 107.49%47.9 nM and
63.13=17.81 nM, respectively) (Figure S1 in File S1). M06 also
displayed similar activity to PM2 in a T22 cell-based reporter
assay measuring p53 activation (Figure S2 in File S1).

Structure determination of M06 bound to Mdm2-M62A

The structure of MO06 in complex with Mdm2-M62A was
elucidated using X-ray crystallography, revealing 2 complexes in
the asymmetric unit of the crystal (Table 1). The p53 peptide
binding groove in both complexes was occupied by a single
molecule of M06, where electron density in the 2Fo-Fc could be
observed for the entirety of both molecules (Figure 2). M06 binds
mto a compact and deep groove on the Mdm?2 surface. It also
positions the conserved p53-derived Mdm?2 interaction motif (F19,
W23, 1.26) into an identical orientation compared to the crystal
structures elucidated for Mdm?2 in complex with linear peptides
either derived from the p53 WT sequence (PDB: 1YCR) [17] or
the PMI variant selected for high affinity (PDB: 3EQS) [24].
Several key differences can however be observed when the Mdm2-
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M62A:MO6  structure is overlaid with these structures. The
hydrocarbon staple in MO6 induces greater helical character in
the C-terminus of the peptide in comparison to PMI, where the C-
terminal helical turns are more extended in character, whilst in the
case of WT p53 the helicity of the peptide is broken at the proline
position and the rest of the peptide forms an extended strand type
structure (Figure 3). Additionally, in the Mdm2-M62A:MO06
crystal structure the peptide binding groove is capped by the
helical ‘hinge’ region of the lid (residues 20-24), where the C-
terminus of the stapled peptide packs (Figure 3C, D). This helical
region of Mdm?2 interacts with the C-terminal amide group of
MO6 by forming hydrogen bonds via Q24. The capping of the
Mdm?2 peptide binding groove by the ‘hinge’ helix is not observed
for the p53 WT peptide as it has a longer C-terminus than MO06,
which sterically excludes the possibility of this occurring
(Figure 3B). In the case of the PMI:Mdm2 structure, the helical
‘hinge’ region is absent in the crystallization construct used.
Interestingly, the greater helicity observed in the C-terminal
helical turn of the stapled peptide results in significant alteration of
the C-alpha position of L26. The L26 side chain packs into the
peptide groove in an orientation that is very different from its
conformations in the p53 WT and PMI unstapled peptides.

The MO6 structure was further compared to the crystal
structures of a stapled p53 peptide (SAH-8) bound to Mdm?2
(PDB 3V3B) [25] and to Nutlin bound to Mdm2 (PDB 4HGZ)
[26] (Figure 4). The MO06 stapled peptide forms interactions very
similar to those made by the SAH-8 peptide, including the
reorientation of the L26 side chain that appears to be associated
with increased helicity. Apart from attenuating the binding of
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Table 1. Crystallographic data collection and refinement
statistics.
3 a=39.089 b=65.677

Unit cell dimensions (A) c=105.689, a=f=y=90°
Resolution (A) 30.00 —1.97 (2.02-1.97)
Space group P22,2,
Temp (K) 100
Redundancy 6.4 (5.8)
Collected Reflections 123113
Unique reflections 19576
R sym (%) 0.052 (0.340)
I/sigma 34.74 (4.87)
R factor (%) 20.05
R free (%) 23.68
RMS bonds (A) 0.0049
RMS angle (°) 1.260
% Completeness 99.3 (95.3)
Wilson B-Factor (A?) 29.8
Average B Value (A?)

Chain A 34.946

Chain B 35.750

Chain C (peptide) 27.106

Chain D (peptide) 28.446

Water 37.263
Number of Solvent Molecules 85
Ramachandran Data

Favoured Region (%) 94.6

Additionally Allowed Region (%) 54

Generously Allowed Region (%) 0

Disallowed Region (%) 0
Parameters for highest resolution bin given in parenthesis.
doi:10.1371/journal.pone.0104914.t001

Nutlin, the M62A mutation also causes a significant change in the
conformation of the aliphatic staple. In the SAH-8 structure the
hydrocarbon chain packs predominantly against L54, F55, G58
and M62 (Figure 4B). The absence of the methionine side chain in
Mdm2-M62A causes the conformation of the staple to change as it
packs more closely against G58 (Figure 4A). The plasticity of the
stapled peptide enables it to respond to the M62A mutation by
making compensatory contacts. In stark contrast, the mutation
results in the loss of several hydrophobic contacts between the
piperazinone ring of Nutlin and the methionine (Figure 4C, Figure
S3 in File S1). Nutlin is a much more rigid and smaller molecule,
and cannot compensate for the loss of these contacts.

In addition to the differences in the packing arrangements made
by the staple moieties of SAH-8 and M06 with Mdm?2, there are
significant changes in how the C-terminal ends of both peptides
mnteract with the peptide binding groove (Figure 5). The SAH-8
stapled peptide is extended by two amino acids compared to M06.
In the SAH-8:Mdm?2 structure the Y100 of Mdm2 points into the
pocket, stabilized by hydrogen bond interactions with N29. This
results in occlusion of the pocket, and in turn shields L26 from
solvent. This orientation of Y100 has been previously designated
the “closed” conformation [27]. In contrast, the shorter helix of
MO6 does not fill the Mdm2 binding pocket as completely as SAH-
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Figure 2. Crystallographic Unique Complexes of the MO06
stapled peptide bound to the N-terminal p53 binding domain
of Mdm2-M62A (6-125). The 2Fo-Fc electron density map, which has
been contoured at 1.2 o, clearly demonstrates the presence of the
whole peptide bound to Mdm2.
doi:10.1371/journal.pone.0104914.g002

8. This results in the ‘hinge’ region of Mdm2 adopting a helical
conformation that caps the pocket, accommodating a snug fit of
MO6 into the cleft. The capping of the binding pocket by the
Mdm?2 ‘hinge’ helix is stabilized via hydrogen bond interactions
between Q24 and the C-terminal amide of M06. It is clear that
this movement of the ‘hinge’ can be accommodated by the Y100
either projecting into (‘closed’ conformation) or out (‘open’
conformation) of the Mdm2 binding pocket (Figure 5).

When Y100 adopts the ‘closed’ conformation, it forms a
hydrogen bond with the backbone carbonyl of L26. 119 completes
the formation of the M06 binding pocket by packing against Y100.
In the ‘open’ conformation the ‘hinge’ helix and 119 are much
more tightly packed against the Mdm2 binding pocket. This
results in 119 occluding Y100 from orientating itself into the
binding pocket and forcing it to adopt the ‘open’ position
(Figure 5A). Interestingly, in the case of Nutlin, Y100 also
orientates itself into the binding cleft to enclose it. However, it
occupies an intermediate position between the two states observed
in the Mdm2:M06 complexes. The I19 residue, instead of
displacing Y100 or packing against it, is oriented above Y100 to
form the Nutlin binding pocket. In addition, H96 interacts with
the chloro-benzyl moiety of Nutlin, resulting in a swing of the helix
(that contains H96) into the peptide binding groove, resulting in a
narrowing of the pocket (Figure 5B); this feature is absent in the
peptide complexes. These results further demonstrate the major
role of the “gatekeeper” Y100 in mediating the remarkable
plasticity in this region of the Mdm2 binding cleft [28-31], leading
to accommodation of a variety of molecules ranging from the small
to the increasingly bulky.
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Figure 3. Mdm2-M62A (6-125) shows a high degree of conformational plasticity in the ¢2’ and ‘hinge’ helices capping the p53-
binding pocket. AB The binding pockets that form when Mdm2 interacts with SAH-8 (A) and p53 WT peptide (B) are much more open when
compared to the binding pockets formed in the two complexes of Mdm2:M06 found in the asymmetric unit. The key residue that is involved in
forming the bottom of the binding pocket in the Mdm2 complexes with SAH-8 (A) and p53 WT (B) is Y100 (shown in red) on the a2’ helix, where it
either closes the binding site by orientating itself inward or out towards the solvent, respectively. C, D In contrast, the binding pockets formed in the
two crystallographically unique M06 complexes are capped by the ‘hinge’ helix of the lid (residues 20-24, highlighted in yellow). The helix is stabilized

in this conformation by a hydrogen bond between Q24 (magenta) and the amide cap at the C-terminal of M06.

doi:10.1371/journal.pone.0104914.g003

The ‘open’ and ‘closed’ conformations of the Y100 residue have
been respectively correlated with binding of either low or high
affinity ligands [32]. The structures examined here reveal that the
final conformation adopted by Y100 in the bound complex is
additionally influenced by the size and bulk of the ligand (M06 and
SAH-8 bind with relatively similar Kgs of 127.7 nM and 50.4 nM,
respectively). Furthermore, as can be seen with the structures of
MO6, the final bound conformation of Y100 appears to be flexible.
This region of the Mdm?2 binding pocket exhibits a large degree of
plasticity, especially with regards to the “hinge” helix, which is
displaced by the larger SAH-8 peptide but not by M06 or by
Nutlin. Molecular dynamics simulations of Mdm?2 in its apo,
Nutlin, and peptide bound (both stapled and unstapled) forms
shows that Y100 exists in 3 main states — a fully open, an open and
a closed state (Figure 6). In wild type Mdm2, Y100 adopts open
and fully open states which shift towards closed states upon Nutlin
binding and open states in the presence of the p53 peptide. In
comparison, the stapled peptide is associated with a broader
distribution of Y100 states across the open state, stemming from
the shorter length of the peptide compared to the p53 peptide. In
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the mutant, the weakening of Nutlin binding is seen by increased
flexibility in Y100 including its shift to the fully open state that
removes stabilizing contacts with Nutlin. In contrast, the p53
peptide remains stable while the adjustment to accommodate the
stapled peptide is seen with a little shift towards a somewhat more
open conformation in Y100. Additionally, when the pocket is
formed on the Mdm?2 surface, the individual packing arrange-
ments of 119 and Y100 show a high degree of subtle conforma-
tional variations. The deep binding groove that forms in response
to these binding events contrasts with the shallow interaction
pocket observed in the NMR- derived apo structure (PDB: 1Z1M).

These new insights into the binding dynamics of the Mdm?2
binding pocket should bring further perspective to rational design
of new and more innovative Mdm?2 agonists.

Methods

Peptide synthesis
The stapled peptide (M06) was synthesized by Anaspec (San
Diego, Ca). The (i, ¢ +7) hydrocarbon linkage was generated by
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Figure 4. Comparison of Mdm2-M62A:M06 and Mdm2:SAH-8 structures. A, The staple in both Mdm2:M06 complexes, found in the
asymmetric unit, packs against residues L54, F55 and more closely with G58 (shown in red) in the absence of M62. B, The conformation of the staple
in SAH-8 differs subtly from that seen in the M06 complexes, with the staple in SAH-8 deformed by the interaction with M62 (shown in blue). C, The
piperazinone ring of Nutlin forms critical contacts with M62, which are lost in the Nutlin resistant Mdm2. D, Overlay of the Mdm2-M62A:M06 complex
with the Mdm2:SAH-8 complex, highlighting the conformational differences between the respective hydrocarbon staples in the presence and
absence of M62. M06 is highlighted in yellow and SAH-8 in orange. The conformation of the F55 side-chain also changes, but this is primarily due to

crystal packing effects.
doi:10.1371/journal.pone.0104914.g004

placing the olefin-bearing unnatural amino acids (S)-2-(4'pentenyl)
alanine and (S)-2-(7'-octenyl) alanine at positions 4 and 11,
respectively. These were then fused via olefin metathesis using the
Grubbs catalyst. M06 peptide was purified using HPLC to >90%
purity. All peptides were amidated at their C-terminus and
acetylated at their N-terminus.

Protein Expression and Purification

Mdm?2 (amino acids 6-125) was cloned as a GST-fusion protein
using the pGEX-6P-1 GST expression vector (GE Healthcare).
The mutant Mdm2-M62A (amino acids 6-125) was generated
using QuickChange site directed mutagenesis protocol (Strata-
gene). The constructs were then transformed into Escherichia coli
BL21(DE3) pLysS (Invitrogen) competent cells. Cells were grown
in LB medium at 37°C and induced at ODggg py, of 0.6 with
0.5 mM IPTG at 16°C. After overnight induction, the cells were
harvested by centrifugation, resuspended in binding buffer
(G0 mM  Tris-HCl pH 8.0, 150 mM NaCl), and lysed by
sonication. After centrifugation for 60 mins at 19,000xg at 4°C,
the cell lysate was then applied to a 5 mL GSTrap FF column (GE
Healthcare) pre-equilibrated in wash buffer (50 mM Tris-HCI
pH 8.0, 150 mM NaCl, I mM DTT). The proteins were cleaved
on-column by PreScission protease (GE Healthcare) overnight at
4°C and eluted off the column with wash buffer. The protein

PLOS ONE | www.plosone.org

sample was then dialyzed into buffer A solution (20 mM Bis-Tris,
pH 6.5, 1 mM DTT) using HiPrep 26/10 Desalting column, and
loaded onto a cation-exchange Resource S 1 mL column (GE
Healthcare) pre-equilibrated in buffer A. The column was then
washed in 6 column volumes of buffer A and bound protein was
eluted with a linear gradient in buffer comprising 1 M NaCl,
20 mM Bis-Tris pH 6.5, and 1 mM DTT over 30 column
volumes. Protein purity as assessed by SDS-PAGE was ~95%,
and the proteins were concentrated using Amicon-Ultra (3 kDa
MWCO) concentrator (Millipore).

Crystallization

The lyophilized stapled peptide M06 was first dissolved in
DMSO to make a 25 mM stock solution. The purified proteins
were concentrated to ~2.5 mg/mL and then incubated with the
stapled peptide at a 1:3 molar ratio of protein to peptide at 4°C
overnight. The sample was clarified by centrifugation before
crystallization trials at 16°C using the sitting drop vapour diffusion
method. Crystals of Mdm2-M62A in complex with peptide were
obtained by mixing the protein-peptide complex with the reservoir
solution in a ratio of 1:1, with the reservoir solution containing
0.04 M Citric acid, 0.06 M Bis-Tris propane pH 6.4, and 20%
PEG 3350.
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Nutlin 3A

Figure 5. Differential orientation of Y100 in the Mdm2-M62A:M06 structure. A, Overlay of the two Mdm2:M06 complexes from the
asymmetric unit of the crystal structure showing the packing interactions at the bottom of the binding pocket. In both complexes the ‘hinge’ helix
caps the bottom of the pocket and is stabilized via a hydrogen bond between Q24 and M06. However, in the M06 complex highlighted in blue, the
'hinge’ helix swings further into the binding pocket and results in 119 preventing Y100 from orientating itself in towards the binding pocket. In
contrast, the degree to which the helix moves into the pocket is less in the other M06 complex (shown in red). This results in Y100 forming a
hydrogen bond to L26 and 119 packing alongside it to form the bottom of the binding pocket. B, In the Mdm2:Nutlin complex the ‘hinge’ helix caps
the bottom of the binding pocket as seen in A. However, the Y100 adopts an intermediate position between the two orientations observed in the
MO06:Mdm2 complexes, with the 119 packing on top of it. In addition, H96 interacts with the chloro-benzyl moiety of Nutlin, causing the helix to swing
into the peptide binding groove, inducing the pocket to narrow. C, Capping of the Mdm2 binding pocket by the ‘hinge’ helix does not occur for the
SAH-8 complex due to steric hindrance. This is mainly due to the SAH-8 stapled peptide possessing a 2 amino acid extension compared to M06.

doi:10.1371/journal.pone.0104914.g005

Data collection and Structure Determination

X-ray diffraction data was collected using synchrotron radiation
beamline BL13B1 equipped with ADSC Quantum-315 CCD
detector at the National Synchrotron Radiation Research Center
(NSRRC, Taiwan). Data collection was carried out as a series of
contiguous 1° oscillations for 170° rotations at a wavelength of 1.0
A, exposure time at 5 s and the crystal to the detector distance at
280 mm. Data were indexed, integrated, and scaled using the
HKL2000 program package. Structural determination was
initiated by molecular replacement using the high-resolution
human Mdm?2 structure (PDB 2AXI) as a model in PHASER
[33]. Restrained refinement with TLS was performed using
REFMAC 5.0 [34] in the CCP4 suite of programs [35]. Model
building was carried out in COO'T [36]. The geometric restraints
for the non natural amino acids ((S)-2-(4'pentenyl) alanine) and
((R)-2-(7’octenyl) alanine) (which form the hydrocarbon staple in
sTIP-04) and the covalent bond linking their respective side-chains
together to form the macrocyclic linkage were defined and
generated using JLigand [37]. All structural figures were generated
using PyMOL (Delano Scientific LLC). Validation of the final
refined structures was performed using MOLPROBITY [38]. The
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atomic coordinates of the crystal structure have been deposited
into the Protein Data Bank (PDB access code 4UMN).

Fluorescence anisotropy

Fluorescence anisotropy assays were performed as previously
described [18]. Titrations of purified wild-type and mutant Mdm?2
(6-125) were incubated with 50 nM of carboxyfluorescein (FAM)
labelled 12-1 peptide (FAM-RFMDYWEGL-NH2) to first deter-
mine the dissociation constants for the peptide-protein interaction.
Apparent Kgs of stapled peptide M06 were then determined by
competitive fluorescence anisotropy. Titrations of M06 were
carried out with a constant concentration of wild-type and mutant
Mdm?2 at 150 nM and the labelled peptide at 50 nM. Anisotropy
measurements were carried out using the Envision Multilabel
Reader (PerkinElmer). All experiments were carried out in PBS
(2.7 mM KCl, 137 mM NaCl, 10 mM Na,HPO, and 2 mM
KH,PO,, pH 7.4), 3% DMSO and 0.1% Tween-20 buffer. All
titrations were carried out 3-5 times. Curve fitting was carried out
using Prism 4.0 (GraphPad).
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Figure 6. Flexibility of Y100 seen in Molecular Dynamics simulations of Mdm2. Molecular dynamics simulations (100 ns each) of Mdm2 in
its apo, Nutlin-bound, p53 peptide-bound and stapled-peptide bound states shows that Y100 accesses 3 different conformational substrates as
measured by the distribution of its chil torsional angle: a closed state that stabilizes Nutlin-like molecules, a fully open state that is seen in wild type
and in the destabilized Nutlin-M62A complex, and an open state that stabilizes the peptides. Simulations were carried out as previously described

[19].
doi:10.1371/journal.pone.0104914.9g006

p53 reporter assay in T22 cells

All cells were maintained in Dulbecco’s Minimal Eagle Medium
(DMEM) with 10% fetal bovine serum (FBS) and penicillin/
streptomycin. T22 cells stably transfected with a p53 responsive f
galactosidase reporter [39], were seeded into 96-well plates (8000
cells per well). After 24 hours incubation, cells were treated with
compounds/peptide for 18 hours in DMEM with 10% FBS. B
galactosidase activity was measured using the FluoReporter LacZ/
Galactosidase Quantitation kit (Invitrogen) as per manufacturer’s
instructions. Measurements were carried out on a Safire II
multiplate reader (TECAN). All experiments were carried out in
duplicate.

Supporting Information

File S1 Figures S1-S3. Figure S1. Comparitive binding
of MOG6 stapled peptide to Mdm?2 (6-125) and Mdm2-
M62A (6-125) as measured by flourescence anisotropy
assay. Competition titrations of MOG6 stapled peptide against
FAM-labelled p53-binding peptide 12.1 for binding to Mdm?2 (6—
125) (blue) and Mdm2-M62A (6-125) (purple). Values represent
mean * SD (n = 2) of a representative experiment. Final K4 values
determined from average of 3-5 independent experiments.
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Figure S2. T22 reporter assay measuring p53 transacti-
vation. Cells were treated with indicated Mdm?2 ligands and p53
activity determined by measuring B galactosidase levels. Activity is
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Values represent average = SD (n=2). Figure S3. Nutlin
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