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1. Computational modeling

Preparation of structures

The crystal structure of human MDM2 (residues 25-109) bound to the p53 transactivation
domain peptide (residues 17-29) was obtained from the Protein Data Bank (PDB)" and used
as the initial structure for molecular dynamics (MD) simulations (PDB code 1YCR).? The
initial structure of the MDM2-sMTide-02 complex was generated by first extracting the
phage display peptide PMI (TSFAEYWNLLSP) from the PDB structure 3EQS® and
modeling it onto the MDM2 structure from 1YCR. PMI was then modified into the stapled
peptide sMTide-02 (Ac-TSFRsEYWALLSs-NH,)* by using the LEaP module of AMBER
11° to form the trans carbon-carbon double bond between the Rg and Ss residues. Rg
represents an (R)-2-(7'-octenyl)alanine residue while Ss represents an (S)-2-(4-
pentenyl)alanine residue. Acetyl and N-methyl groups were used to cap the N- and C- termini
of MDM2 respectively, while the peptides were capped by acetyl and amide groups.
PDB2PQR® was used to determine the protonation states of residues and add missing
hydrogen atoms. The LEaP module in the AMBER 11 package was then used to solvate each
system with TIP3P water molecules’ in a periodic truncated octahedron box, such that its
walls were at least 9 A away from the protein, and for neutralization of charges with either

sodium or chloride ions.

Molecular dynamics

Using different initial atomic velocities and seeds for the pseudorandom number generator,
two independent explicit-solvent MD simulations were carried out on each of the MDM2—
p53 and MDM2-sMTide-02 complexes. Energy minimizations and MD simulations were
performed with the sander and PMEMD modules of AMBER 11, using the ff99SB-I1LDN
force field.® The Rg and Ss residues were described by both the ff99SB-ILDN and generalized
AMBER force fields (GAFF).? Atomic charges for Rg and Ss (Tables S1 and S2 respectively)
were derived using the R.E.D. Server,' by fitting restrained electrostatic potential (RESP)
charges'! to a molecular electrostatic potential (MEP) computed by the Gaussian 09
program*? at the HF/6-31G* level of theory. All bonds involving hydrogen atoms were
constrained by the SHAKE algorithm,*® allowing for a time step of 2 fs. Nonbonded
interactions were truncated at 9 A, and the particle mesh Ewald method** was used to account

for long range electrostatic interactions under periodic boundary conditions.
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Weak harmonic positional restraints with a force constant of 2.0 kcal mol™ A were placed
on the protein and peptide non-hydrogen atoms during the minimization and initial
equilibration steps. Energy minimization was carried out using the steepest descent algorithm
for 500 steps, followed by the conjugate gradient algorithm for another 500 steps. The system
was then heated gradually to 300 K over 50 ps at constant volume before equilibration at a
constant pressure of 1 atm for another 50 ps. Subsequent unrestrained equilibration (2 ns) and
production (50 ns) runs were carried out at 300 K using a Langevin thermostat™ with a
collision frequency of 2 ps?, and 1 atm using a Berendsen barostat’® with a pressure

relaxation time of 2 ps.

Ligand-mapping MD simulations

Ligand-mapping MD (LMMD) simulations were carried out on both unbound and p53-bound
MDMZ2. For each set of simulations, 10 different distributions of benzenes around the protein
were created using Packmol.*” The LEaP module in the AMBER 11 package was then used
to solvate each system with TIP3P water molecules in a periodic truncated octahedron box,
such that its walls were at least 9 A away from the protein, and for neutralization of charges
with either sodium or chloride ions, resulting in a final benzene concentration of ~0.2 M.
Minimization, equilibration and production (5 ns) MD simulations were carried out as
described above for the MDM2 complexes, for a cumulative sampling time of 50 ns. The
GAFF? force field was used to describe the benzenes during the simulations. Atomic charges
for benzene (Table S3) were derived using the R.E.D. Server®® with the same settings as

described for the Rg and S5 residues.

Trajectory analysis

For both sets of LMMD simulations, the 10 individual runs were combined into a single
trajectory for analysis. Benzene occupancy grids were generated using the ptraj module of
AMBER 11 to bin carbon atoms of benzenes into 1 A x 1 A x 1 A grid cells. The cutoff
isocontour value used for visualization of benzene occupancy was five times the threshold
bulk value, which was defined as the highest isovalue at which benzenes were detected in the
bulk solvent. This is an arbitrary criterion that serves to filter out most of the spurious binding
sites, leaving behind those that are likely to be legitimate. In order to compare the overlap of

the benzene occupancy maps with known MDM2 ligands, the respective ligand-bound
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MDM?2 structures were aligned using PyMOL®® to the average protein structure sampled

during the LMMD simulations.

Peptide design

A suitable structural snapshot, in which the second nutlin interaction site bound a benzene
molecule, was selected from each of the two sets of LMMD simulations performed on
unbound and p53-bound MDM2. The structure with the most deeply buried benzene was
chosen, and this was determined by measuring the distance between the benzene's centre of
mass and Cy of Leul07, which forms the base of the pocket. Care was taken to ensure that
the side-chain torsion angle 1 of Tyrl100 in the selected structures was less than -170° to

avoid steric clashes with the peptide backbone.

The p53 peptide (ETFSDLWKLLPEN) was modeled onto the selected unbound MDM2
structure by extraction from the 1YCR crystal structure, following superimposition of the two
protein structures. A phenylalanine residue was appended to the peptide’s C-terminus using
PyMOL,"® such that there was optimal overlap of the phenyl group with the benzene
molecule bound at the second nutlin interaction site. The C-terminal phenylalanine was added
in the same way to the peptide in the selected p53-bound MDM2 structure. These extended
p53 peptides were subsequently mutated to match the sequence of the sMTide-02 peptide,
except that an i, i + 4 staple with an R,R configuration was introduced instead of an i, i + 7
staple, by using the LEaP module of AMBER 11 to add the side chains of the mutated
residues and form the cis carbon-carbon double bond between two Rs residues, keeping the
peptide backbone fixed. Rs represents an (R)-2-(4'-pentenyl)alanine residue. Analogous
stapled peptides with tyrosine instead of phenylalanine at the C-terminus were similarly
modeled. These new stapled peptides were named YS-1 (TSFRsEYWRsLLPENF) and YS-2
(TSFRsEYWRsLLPENY) respectively.

The four modeled stapled peptide complexes (two from unbound MDMZ2, and two from p53-
bound MDM2) were each subject to explicit-solvent MD simulations for 50 ns. The ff99SB-
ILDN and GAFF force fields were used to describe the Rs residues during the simulations.
Atomic charges for Rs (Table S4) were derived using the R.E.D. Server as described earlier

for the Rg and Ss residues. All peptides were capped by acetyl and amide groups.



Binding free energy calculations

Binding free energies for MDM2 complexes with wild-type (WT) p53 peptide, sMTide-02
and the two designed stapled peptides YS-1 and YS-2 (Table S5), were calculated using the
molecular mechanics/generalized Born surface area (MM/GBSA) method,™ in which the free
energies of the complex (Gcom), receptor (Grec) and ligand (Giig) are calculated individually

and the free energy of binding (AGping) Obtained as follows:

AGyind = Geom - Grec - GIig
= AEmm + AGgq - TAS 1)

AGping 1s evaluated as the sum of the changes in the molecular mechanical energies (AEmm),
which includes van der Waals (AE.qw), electrostatic (AEee) and internal energies (AEin),
solvation free energies (AGso), Which includes polar (AGgg) and nonpolar contributions
(AGnp), and entropy (-TAS).

AEmm = AEygw + AEegje + AEint (2)
AGso1 = AGgp + Aan (3)
Gnp=7v x SASA + 4)

All programs used for MM/GBSA calculations are from AMBER 11. 200 equally-spaced
snapshot structures were extracted from the last 20-40 ns of each of the trajectories,
depending on when equilibration of the systems occurred (indicated by plateauing of their
root-mean-square deviation [RMSD] plots), and their molecular mechanical energies
calculated with the sander module. The polar contribution to the solvation free energy (AGeg)
was calculated by the pbsa®® program using the modified generalized Born (GB) model
described by Onufriev et al.** while the nonpolar contribution (AGy,) was estimated from the
solvent accessible surface area (SASA) using the molsurf?? program with vy = 0.0072 kcal A
and P set to zero. Entropies were estimated by normal mode analysis23 using the nmode
program. Due to its computational expense, only 50 equally-spaced snapshots from the
equilibrated portion of the trajectories were used for entropic analysis.



2. Peptide synthesis

Ramage Chemmatrix resin was obtained from PCAS-Biomatrix (Quebec, Canada). L-
amino acids were obtained from Advanced Chemtech (Louisville, KY). Fmoc-threonine,
serine, glutamic acid and tyrosine were t-butyl protected and Fmoc-tryptophan was not
Boc protected. Unnatural alkenyl amino acids were purchased from OKeanos (Beijing,
China). All other solvents and reagents were obtained from Sigma-Aldrich. 1,2-
dichloroethane (DCE) was dried overnight over activated molecular sieves and purged

with argon for 30 min prior to use. All other reagents were used as received.

The peptides were synthesized by Fmoc chemistry on a Syro Il peptide synthesizer
(Biotage) at the 0.1 mmol scale using Ramage Chemmatrix resin (0.53 mmol/g). The dry
resin was swelled with N-methyl-2-pyrrolidinone (NMP) before use. The Fmoc protecting
group was removed by treatment with 40% piperidine in NMP (3 min) followed by a
second treatment with 20% piperidine in NMP (12 min). The Fmoc-protected amino acids
(5 equiv.) were coupled using N,N'-diisopropylcarbodiimide (DIC) as the activating agent
(5 equiv.) and 1-hydroxy-7-azabenzotriazole (HOAL) as the additive in NMP (0.5 M). The
coupling time was 90 min for all amino acids except for (R)-2-(4'-pentenyl)alanine, (S)-N-
Fmoc-2-(4'-pentenyl)alanine and (R)-N-Fmoc-2-(7'-octenyl)alanine (Rs, Ss and Rg
respectively). Rs, Ss and Rg (4 equiv.) were manually pre-activated for 7 min and coupled
to the peptide resin for two hours. Following deprotection of the final Fmoc group, the
peptides were acetylated using a mixture of acetic
anhydride/diisopropylethylamine/dimethylformamide (2/2/1) for 60 min. After each
coupling, deprotection and acetylation reaction, the resin was thoroughly washed with
NMP.

Ring-closing metathesis of resin-bound, N-acetylated peptides was performed manually
using a 5 mg/mL solution of Grubbs I catalyst (20 mol%) in dry DCE at room temperature
under an atmosphere of inert argon (3 x 2 h treatments). After the reaction, the solution
was drained, the resin washed with DCE (3 x 1 min), dimethyl sulfoxide (1 x 2 h) and
methanol (3 x 1 min) then dried in vacuo overnight. Cleavage of the peptide from the resin
was achieved using 8 mL of a cocktail of trifluoroacetic acid/triisopropylsilane/water
(95/2.5/2.5) for 2 h followed by filtration and precipitation with diethyl ether. The
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precipitate was collected by centrifugation, dried and redissolved in a 3:2 mixture of

acetonitrile and water.

The pure peptides (>90% purity) were obtained by purification using a preparative high-
performance liquid chromatography (HPLC) system (Agilent) on a Jupiter C12 reversed-
phase preparative column (Phenomenex, 4 um, Proteo 90 A, 250 x 10 mm). The peptides
were characterized by liquid chromatography-mass spectrometry (LC-MS). Mass spectra
were obtained by electrospray in negative ion mode. A representative LC trace and mass
spectrum are shown in Figure S2. The mass spectral data for all the synthesized peptides

are summarized in Table S6.



3. Biophysical assays

Protein purification for fluorescence polarization experiments

MDM2 (1-125) was ligated into the GST fusion expression vector pGEX-6P-1 (GE
Lifesciences) via a BAMH1 and NDE1 double digest. BL21(DE3) competent Escherichia
coli were then transformed with the GST-tagged MDM2 construct (1-125). The cells
expressing the MDM2 GST fusion construct were grown in LB medium at 37 °C overnight to
an ODgy of ~0.6 and induction was carried out with 1 mM isopropyl-beta-D-
thiogalactopyranoside (IPTG) at room temperature. Cells were harvested by centrifugation
and the cell pellets were resuspended in 50 mM Tris pH 8.0, 10% sucrose and then sonicated.
The sonicated sample was centrifuged for 60 min at 17,000 g at 4 °C. The supernatant was
applied to a 5 ml FF GST column (Amersham) pre-equilibrated in wash buffer (phosphate
buffered saline [PBS], 2.7 mM KCI and 137 mM NaCl, pH 7.4) with 1 mM dithiothreitol
(DTT). The column was then further washed with six volumes of wash buffer. MDM2 was
then purified from the column by cleavage with PreScission (GE Lifesciences) protease. 10
units of PreScission protease, in one column volume of PBS with 1 mM DTT buffer, were
injected onto the column. The cleavage reaction was allowed to proceed overnight at 4 °C.
The cleaved protein was then eluted from the column with wash buffer. Protein fractions
were analyzed with SDS-PAGE and concentrated using a Centricon (3.5 kDa MWCO)
concentrator (Millipore). The MDM2 protein sample was then dialyzed into a buffer solution
containing 20 mM Bis-Tris, pH 6.5, 50 mM NaCl with 1 mM DTT and loaded onto a monoS
column pre-equilibrated in buffer A (20 mM Bis-Tris, pH 6.5, 1 mM DTT). The column was
then washed in six column volumes of buffer A and bound protein was eluted with a linear
gradient of 1 M NaCl over 25 column volumes. Protein fractions were analyzed with SDS-
PAGE and concentrated using a Centricon (3.5 kDa MWCO) concentrator, Millipore. The
cleaved MDM2 (1-125) was purified to ~90% purity. Protein concentration was determined
using A280 with extinction coefficient of 10430 M cm™ for MDM2 (1-125).

Competitive fluorescence polarization assays and Kq determination.

Purified MDM2 (1-125) protein was titrated against 50 nM carboxyfluorescein (FAM)-
labeled 12/1 peptide®® (FAM-RFMDYWEGL-NH,). Dissociation constants for titration of
MDM2 against FAM-labeled 12/1 peptide were determined by fitting the experimental data

to a 1:1 binding model equation shown below:*?°
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(K, +[L], +[P]) - K, +[L], +[P])* —4[L],[P],
r=r, +(r,—r)x
2L, ®)

[P] is the protein concentration (MDM2), [L] is the labeled peptide concentration, r is the
anisotropy measured, r0 is the anisotropy of the free peptide, ry is the anisotropy of the
MDM2-FAM-labeled peptide complex, Ky is the dissociation constant, [L]; is the total FAM
labeled peptide concentration, and [P]; is the total MDM2 concentration. The determined
apparent Ky value of FAM-labeled 12/1 peptide (13.0 nM) was used to determine the

apparent Ky values of the respective competing ligands in subsequent competition assays.

Apparent Ky values were determined for a variety of molecules via competitive fluorescence
polarization experiments. Titrations were carried out with the concentration of MDM2 held
constant at 250 nM and the labeled peptide at 50 nM. The competing molecules were then

titrated against the complex of the FAM-labeled peptide and protein. Apparent Ky values

were determined by fitting the experimental data to the equations shown below:?%%’
r=r +(r, +r)x 2mC05(9/3)—9
3K, +2:/(d* —3e) cos(8/3)—d (6)
d=K, +K,, +[L], +[L], -[P], 0
e=([L], —=[P1)K,, + (L], —[P1)K » + K K, (8)
J=-K.K P, 9)

—2d° +9de-27f

2,/(d* = 3e)’

[L]st and [L]; denote labeled ligand and total unlabeled ligand input concentrations,

6 =ar co{ (10)

respectively. Ky, is the dissociation constant of the interaction between the unlabeled ligand
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and the protein. In all competitive types of experiments, it is assumed that [P]; > [L]s,
otherwise considerable amounts of free labeled ligand would always be present and would
interfere with measurements. Kgy; is the apparent Ky for the labeled peptide used in the
respective experiment, which has been experimentally determined as described in the
previous paragraph. The FAM-labeled peptide was dissolved in dimethyl sulfoxide (DMSO)
at 1 mM and diluted into experimental buffer (PBS [10 mM Na;HPO,4, 2 MM KH,PO,, pH
7.4], 2.7 mM KCI, 137 mM NaCl, 0.1% Tween 20). All titrations were carried out in
triplicate. Curve-fitting was carried out using Prism 4.0 (GraphPad).

To validate the fitting of a 1:1 binding model we carefully determined that the anisotropy
value at the beginning of the direct titrations between MDM2 and the FAM-labeled peptide
did not differ significantly from the anisotropy value observed for the free fluorescently
labeled peptide. Negative control titrations of the ligands under investigation were also
carried out with the fluorescently labeled peptide (in the absence of MDM2) to ensure no
interactions were occurring between the ligands and FAM-labeled peptide. In addition, we
ensured that the final baseline in the competitive titrations did not fall below the anisotropy
value for the free FAM-labeled peptide, which would otherwise indicate an unintended
interaction between the ligand and the FAM-labeled peptide to be displaced from the MDM2
binding site.

Circular dichroism

Circular dichroism (CD) spectra were obtained on a Chirascan-plus spectropolarimeter, using
a quartz cuvette (Helmer) with a pathlength of 0.1 cm. Far ultraviolet (UV) CD spectra were
recorded from 260 nm to 200 nm at a peptide concentration of either 2 mg/ml or 0.5 mg/ml,
respectively. Peptides were dissolved in 5 mM sodium phosphate buffer (pH 7.0) containing
30% (v/v) isopropanol. The CD signal was converted into Delta Epsilon (Ag) in units of
M™.cm™ and plotted. CD spectra were recorded at a data pitch of 0.2 nm at 50 nm/min, a

response time of 2 s, and a bandwidth of 2 nm.
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4. X-ray crystallography

Protein purification

MDM2 17-125 E69AKT70A was cloned into the pGEX6P-1 plasmid (GE Healthcare) with an
N-terminal GST fusion and expressed in BL21(DE3)pLysS E. coli. The cells were grown in
LB media at 37 °C until an ODggg 0f 0.6, induced with 0.2 mM IPTG and incubated overnight
at 20 "C. The cells were harvested by centrifugation (4000 x g, 4 °C, 20 min) and then the
cell pellets were resuspended in buffer B (20 mM HEPES pH 7.4, 100 mM NaCl, 5 mM DTT)
supplemented with 250 pg/ml lysozyme, 50 pg/ml RNase A, 10 pg/ml DNase I and 5 mM
MgCl,. The cells were lysed by sonication and the lysate cleared by centrifugation (50,000 x
g, 4 °C, 1 hr). The supernatant was incubated with glutathione resin (GE Healthcare)
overnight followed by washing with buffer B and elution with buffer B supplemented with 20
mM glutathione. The GST fusion protein was removed with PreScission 3C protease and the
sample was then loaded onto a Superdex 75 26/60 gel filtration column (GE Healthcare)
equilibrated in buffer B. Purified monomeric MDM2 17-125 E69AK70A was diluted to 0.5
mg/ml and incubated with YS-1 or YS-2 at a 1:1.1 molar ratio overnight at 4 °C. Both

complexes were concentrated to 5 mg/ml for crystallization.

Structure determination

Crystals of MDMZ2 in complex with YS-1 were grown at 4 °C in a solution of 0.1 M sodium
citrate pH 4.2, 0.2 M NaCl and 20% PEGB8000. These crystals were used for data collection
for the MDM2-YS-1 structure and for seeding into MDM2-YS-2 trays. The seeds were
produced using a Seed Bead (Hampton Research) according to the manufacturer’s
instructions and then combined with MDM2-YS-2 and a precipitant of 0.1 M sodium citrate
pH 4.0 and 15% PEGB8000 at a ratio of 1:3:2. Both the YS-1 and the YS-2 crystals were
cryoprotected in reservoir solution supplemented with 20% PEG400 and flash cooled in
liquid nitrogen. Diffraction data were collected on single crystals at 100 K on beamline 104
(YS-1) and beamline 104-1 (YS-2) at Diamond Light Source. The data were processed with
xia2®® and then re-processed with Aimless®® and Pointless®® in CCP4i.** Molecular
replacement was performed with Phaser®” and the models were refined using cycles of
refinement with Refmac® and manual correction in Coot.* The final models were validated

with MolProbity.* Data collection and refinement statistics are presented in Table S7. The
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coordinates were deposited in the PDB under the accession codes 4UE1 and 4UD7 (YS-1 and
YS-2 respectively).
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5. Additional MD simulations

MDM2 (residues 17-111) bound to YS-1

In the crystal structures of both MDM2-YS-1 and MDM2-YS-2, chains A and B of MDM2
undergo N-terminal strand exchange (Figure S4). This strand exchange is not observed for
chains C and D of MDM2. Multiple MD simulations of a strand exchange dimer in the
crystal structure of the MDMZ2-YS-1 complex were carried out to investigate this

phenomenon.

Chains A and F of the crystal structure of MDM2 bound to YS-1 (PDB code 4UE1) were
used to initiate the simulations. The N-terminal cloning artifact sequence GPLGS was
removed from chain A. All crystallographic waters within 4 A of the selected chains were
retained, while the double MDM2 mutations, E69A and K70A, were reverted to their wild
type status. Acetyl and N-methyl groups were used to cap the N- and C- termini of MDM2
respectively. Three independent 100-ns MD simulations of the MDM2-YS-1 complex were
performed using the same settings and protocol as described earlier for the other MDM2

complexes.

In all three simulations, the MDM2 N-terminal lid (residues 17-24) was unambiguously
observed to fold back over the second nutlin interaction site towards the domain core,
forming a cradle around Phe30 (Figure S8), which remained bound to the proximal P27 site.
This is similar to the packing of the N-terminal lid from chain B against a4 of chain A
observed in the crystal structures, suggesting that the proximal P27 site is indeed a functional
ligand-binding site that is defined by residues from the MDM2 N-terminal core domain and
N-terminal lid. Thus, the improved binding affinity of YS-1 and YS-2 over the control
peptide YS-3 could be attributed to the interaction of Phe/Tyr30 with the proximal P27 site.

MDM2 (residues 25-109) bound to YS-1 and YS-2

To obtain comparable free energy values with those derived from the simulations initiated
with the 1YCR PDB structure, the N- and C- termini of MDM2 in the crystal structures of its
complexes with YS-1 (PDB code 4UE1) and YS-2 (PDB code 4UD7) were truncated, leaving

residues 25-109. Each of these modified complexes, with the peptides bound at the proximal
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P27 site, were subjected to two independent 50-ns MD simulations followed by MM/GBSA

analysis (Table S5), using the same settings and protocol as described above.
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6. Supplementary tables

Table S1. Parameters of (R)-2-(7'-octenyl)alanine fragment (Rg).

Atom names GAFF/AMBER )
atom type Partial charge

N N -0.4157
H H 0.2719
C C 0.5973
O O -0.5679
CA CT -0.0101
CB1 CT 0.0867
HB11, HB12 HC 0.0161
CB2 CT -0.0629
HB21, HB22, HB23 HC 0.0160
CG CT -0.0274
HG1, HG2 HC 0.0520
CD CT -0.1354
HD1, HD2 HC 0.0292
CE CT 0.0101
HE1, HE2 HC -0.0077
Cz CT 0.0668
HZ1, HZ2 HC -0.0164
CH CT 0.0130
HH1, HH2 HC 0.0354
CF c2 -0.2596
HF hc 0.1680
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Table S2. Parameters of (S)-2-(4'-pentenyl)alanine fragment (Ss).

Atom names GAFF/AMBER )
atom type Partial charge
N N -0.4157
H H 0.2719
C C 0.5973
O O -0.5679
CA CT 0.0335
CB1 CT -0.1254
HB11, HB12 HC 0.0371
CB2 CT -0.0414
HB21, HB22, HB23 HC 0.0351
CG CT 0.0092
HG1, HG2 HC 0.0310
CD CT 0.0559
HD1, HD2 HC 0.0190
CE c2 -0.2280
HE hc 0.1291
Table S3. Parameters of benzene.
Atom names GAFF atom type Partial charge
C01, C02, C03,
C04, C05, C06 . 01259
HO7, HO8, HO9,
H10, H11, H12 e 01259
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Table S4. Parameters of (R)-2-(4'-pentenyl)alanine fragment (Rs).

Atom names GAFF/AMBER )
atom type Partial charge

N N -0.4157
H H 0.2719
C C 0.5973
O O -0.5679
CA CT 0.0518
CB1 CT 0.0271
HB11, HB12 HC 0.0212
CB2 CT -0.3729
HB21, HB22, HB23 HC 0.1128
CG CT 0.0662
HG1, HG2 HC -0.0002
CD CT 0.0134
HD1, HD2 HC 0.0287
CE c2 -0.2311
HE hc 0.1221
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Table S5. Computed binding free energy components (kcal/mol) of MDM2 peptide ligands.

Peptide Sequence AH TAS AG
wild-type p53 | Ac-1’ETFSDLWKLLPEN®*-NH, -56.8+0.9 | -441+29|-12.7+3.8
sMTide-02 | Ac-1'TSFRgEYWALLS:?'-NH, 57.0+16|-341+31|-228+15
YS-1 (bound | Ac-Y'TSFRsEEYWRsLLPENF-NH, | -80.7 +2.3 | -49.0+0.1 | -31.7+ 2.3
to second
nutlin site)
YS-2 (bound | Ac-Y'TSFRsEYWRsLLPENY*-NH, | -81.8 +0.5 | -48.0+0.9 | -33.9+1.4
to second
nutlin site
YS-1 (bound | Ac-""TSFRsEYWRsLLPENF**-NH, | -71.9+2.0 | -45.7+5.6 | -26.2 + 3.7
to P27 site)
YS-2 (bound | Ac-Y'TSFRsEEYWRsLLPENY®*-NH, | -72.7 +0.4 | -46.6 +1.0 | -262+1.4
to P27 site)

Table S6. Mass spectrometry data for the stapled peptides described in this study.

Peptide Calculated Mass Found Mass ESI ion mode
sMTide-02 1462.75 1461.62 [M — H] negative
YS-1 1837.11 1836.16 [M — H] negative
YS-2 1853.11 1852.16 [M — H] negative
YS-3 1688.85 1688.32 [M — H] negative
YS-4 1761.01 1760.28 [M — H] negative
YS-5 1827.07 1826.05 [M — H] negative
YS-6 1843.07 1842.40 [M — H] negative
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Table S7. Data collection and refinement statistics. Statistics for the highest resolution shell

are included in parentheses.

Data collection MDM2/YS-1 MDM2/YS-2
Wavelength (A) 0.979 0.920

Space group P12;1 P12,1

a, b, c(A) 46.1, 69.5, 78.6 46.1, 69.5, 78.5
a, B, v () 90.0, 102.0, 90.0 90.0, 102.4, 90.0
Resolution 51.53-1.45 (1.47-1.45) 51.50-1.60 (1.63-1.60)
Observed reflections 291085 (7823) 231790 (9656)
Unique reflections 84267 (3582) 62522 (2945)
Vo(I) 16.1 (1.7) 12.1(1.9)

Rmerge 0.033 (0.577) 0.055 (0.693)
Multiplicity 3.5(2.2) 3.7 (3.3)
Completeness 98.1 (84.4) 97.9 (93.9)
Refinement

R/Rfree (%) 16.5/20.0 13.9/17.8
Rmsd bond lengths (A) 0.025 0.011

Rmsd bond angles (°) 2.68 1.48
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7. Supplementary figures
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Figure S1. Ca RMSD of MDM2 complexes with (A) YS-1 and (B) YS-2 during 50-ns MD
simulations. Two different initial structures obtained from the apo (red) and holo (blue)

LMMD simulations were used to simulate each complex.
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Figure S2. LC-MS trace from purified peptide YS-1 as a representative example (Agilent
1260 instrument, Jupiter C12 column). (A) LC chromatograph of peptide YS-1. (B)
Electrospray mass spectrum (negative ion mode) of peptide YS-1.
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Figure S3. 2Fo-Fc electron density maps of the stapled peptides. The maps are shown for (A)
YS-1 and (B) YS-2 and are contoured at 1.3 . Chains A (protein) and F (peptide) are shown
in both figures. Good density was observed across both stapled peptides, with the exception

of the side chains of Glu28 and Asn29, which exhibited limited density.
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Figure S4. The asymmetric unit of the structure of MDM2-YS-1, highlighting the strand

exchange between chains A and B. This exchange cannot occur in chains C and D due to

crystal contacts.
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Figure S5. Benzene occupancy maps (black mesh) of MDM2 superimposed on the crystal
structures of MDM2 (white) in complex with (A) YS-1 (yellow) and (B) YS-2 (orange). The

cutoff isocontour value used for visualization of benzene occupancy here is four times the

threshold bulk value.
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Figure S6. Stability of crystallographic binding mode of YS stapled peptides in MD
simulations. (A) Backbone RMSD of YS-1 (red) and YS-2 (blue) peptides from their
respective crystallographic conformations. (B) Superposition of five MD snapshots of YS-1

(green) with the crystallographic conformation of YS-1 (yellow) in its complex with MDM2.
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Figure S7. Circular dichroism spectra of stapled peptides. The free energy of forming the a-
helical structure for the proline-containing peptides YS-1 and YS-2 is estimated to be in the
range of 1.5-2.0 kcal/mol, using the formula AG = -RTInK, where K is the ratio of the
population of folded peptide to the population of unfolded peptide.
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Figure S8. Comparison of an MDM2-YS-1 complex trajectory structure (orange) at the end
of a 100-ns MD simulation with the strand exchange dimer (green and yellow) in the crystal
structure. The MDM2 N-terminal lids of both the trajectory structure and strand exchange

partner (yellow) are shown to cradle Phe30 (stick form) of YS-1.
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