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P53 ACTIVATOR PEPTIDOMIMETIC MACROCYCLES

BACKGROUND OF THE INVENTION
{(H Field of the Invention

The present invention provides peptidomimetic macrocycles that comprise all-D
configuration a-amino acids and bind mouse double minute 2 (MDM2 aka E3 ubiquitin-protein
ligase) and MDMX (aka MDM4). These all-D configuration g-amino acid peptidomimetic
macrocvcles are protease resistant, cell permeable without inducing membrane disruption, and
intracellularly activate pS3 by binding MDM2 and MDMX, thereby antagonizing MDM2 and
MDMX binding to p53. These peptidomuimetic macrocycles may be useful in anticancer

therapies, particularly in combination with chemaotherapy or radiation therapy.

{2) Description of Related Art

p53 15 a key tamor suppressor protein that primarily functions as a DNA
transcription factor. It is commonly abrogated in cancer and plays a crucial role in guarding the
cell in response 10 varions stress signals through the induction of cell eycle arrest, apoptosis,
or senescence 46}, Mechanismos that frequently result in the mactivation of pS3 and
tumorigenesis include morcased expression of the p33-negative regulators MIIMZ and MDMX
{aka M4} Both MDM2 and MIDMX attenuate p353 function by interacting directly with
133 and preventing its wteraction with the relevant activation factors required for
transcription, o8 dTAFy, WTAFy In addition, they are both E3 ligase componends and
farget p33 for protecsomal mediated degradation. MDMX, unlike MDM2, has no intnmgic B3
ubnguitin Hease activity. Instead, MEDMX forms helerodimeric complexes with MDM2
whereby 1 sfimuiates the ubiguihin activity of MDMZ2, As a result, p33 activity and protein
ievels are acutely suppressed by MDM?2 and MDMX overexpression. Development of
infubiiors to disrupt the interactions of p33 with etther MDM?2Z or MEDMX, or both, are
therefore highly desirable as thev will prevent pS3 degradation and restore a pd53 dependent
ranscriphional anti-tumor response {47,481

The structural interface of the p53 MDM2/MDMX complex is characterized by
an a-helix from the N-terminal transactivation domain of p33 which binds into a hydrophobic
groove on the surface of the N-termunal domain of both MDM2 and MDMX. Three hydrophobic
residues, Phel9, Trp23 and Leu26, of p33 are critical determinanis of this interaction and project

deeply into the MDM2/MDMX interaction groove | See Fig. 1]. The isolated pS3 peptide is
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largely disordered, morphing imto an a-helical conformation upon binding. There are several
examples of small molecules, peptides, and biologics that muimic these imteractions and compete
for MDM2/MDMX binding, with the release of p53 {49]. However, g large majornity of the
small molecoles developed exhibit hitle affintty and activity against MDMX ) which possesses
several distinet structural differences in the p53 peptide binding groove compared to MDBM2.
Although several MDMZ specific roolecules bave entered 1oitial chimicgl inals, they have
fargely heen met with dose limiting toxicities in patients | 49]. Overexpression of MPMX in
tumors has been demonsirated to attenuate the effectiveness of MDM2 specific compounds,
presumably through the maintenance of heterodimeric complexes of MDM2 and MDMX that
inhibit and target p33 for protecsomal degradation. MDM?2-selective inhibitors may also induce
higher levels of MDMX. This highlights the importance of targeting both proteins
stmnultaneousty to achieve efficient activation of p33 to achieve an optimal therapeutic response.
Protein-protein interactions (PPIs) are central to most biological processes and
are often dysregulated in disease [1, 21 . Therefore, PPIs are atiractive therapeutic targets for
novel drug discovery. However, in contrast to the deep protein cavities that tvpically
accommodate small molecules, PPY surfaces are generally large and flai, and this has
contributed to the limited successtul development of small molecule inhibutors for PPI targets
[3]. The realization that 40% of all PPIs are mediated by relatively short peptide motifs gave
rise 1o the possibility of developing peptide-based inhibitors that would compete
orthosterically for the 1nterface between ligand—target cognate partners {4]. When taken out of
the protein ligand context and synthesized, such peptides may often be unstructured and
mirinsically disordered, yet capable to achieve their biclogically-relevant conformation upon
protein target binding [4]. However, for intracellular targets, the peptide modality may be
challenging due to proteolvtic sensutivity, low conformational stability (vielding weak
affinities and off target effects), and poor cell permeabiiity (further limiting prosecution of
intraceiiular targets and/or oral bicavailability) [5-11]. To address these issues, several
strategies have been pursued. including macrocvchization and modifications of the peptide
backbone to vield molecules with improved activities and pharmacokinetic properties as well
as constraining the peptide into to i{s biclogically -relevant conformation to bind its target} {5-
13} Firsi, by biasing the peptides toward their bound conformations, entropic penalties upon
binding are reduced, thus improving binding constants as well as presumably decreasing the
opportunity for unwanted off-target effects. Secondly, macrocyclization may confer varying

degrees of proleolyiic resistance by modifying key backbone and/or side-cham structural
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moieties in the peptide. Thirdly, macrocyclization may enhance cell permeability, such as
through increased stability of intramolecular hydrogen bonding to reduce the desolvation
penalty otherwise incurred o the transport of peptides cross an apolar cell membrane,
Amongst the several cvclization technigues described, stapling vig metathesis using a non-
proteogenic amino acid such as alpha methyl alkeny! side chains has proven to be very
effective {13-18], particularly when the desired secondary structure of the peptide macrocycle
15 helical. Stapling requires incorporation of the appropriate unnatural amino acid precursors
1o be placed at appropriate locations along the peptide sequence such that they do not interfere
with the binding face of the helix. The linkers can be of different types, and can span
different lengths, resulting in £/ +3 1,/ +4, 1,i+7 staples. Although they have largely been used
to stabilize helical conformations, recent studies have also applied ring-closing metathesis
{(RCM) strategies to non-helical peptides {19, 201,

The stapled peptide sirategy has been successfully applied to inhibit several PPl
of therapeutic potential including, BCL-2 familv—BH3 domains [21-24], B-catenin-TCF [25],
Rab-GTPase-Effector {26], ERa-coactivator protein [27], Culiin3-BTR {28], VDR-coactivator
protein {29], elfdE [30], ATSP-7041 {See WO2013123266, SAH-p53-8 {Bernal et al, Cancer
Cell 18: 411-422 (20103}, and pS3-MDM2Z/MDMX [31-34]. Noteworthy, in the case of p53—
MDM2/MDMX, a dual selective stapled peptide {ALRN-6924; Aileron Therapeutics, Inc.) has
been turther successfuily advanced to phase 11 clinical trials {35-37]. Although this example is
unquestionably encouraging for the advancement of stapled peptides into the clinic, challenges
vet remain.  Amongst these, engineering roolecules with sufficient proteolytic stability for
sustained target binding and cellular activity is critical. Indeed, although stapling L-amino acid
peptides can confer resistance to protease~-mediated degradation, the effect is often not complete,
and may affect residues located ouiside of the macrocycle [38-40].

On the other hand, all-D configuration a~-amino acid peptides are hyperstable
against proteolysis as most proteases are chiral, they distinguish between L- and D-enantiomeric
versions of the substrate; as a result, all-D configuration a-amino acid peptides are able o resist
the activity of proteases. All-D configuration a-amine acid peptides have been engineered with
strong binding affinity against a variety of targets including p33-MDM2 {41-42], VEGF-VEGF-
receptor {43], PD-1-PD-L1 {44}, and human immunodeficiency virus type 1 (HIV-1) entry [45].
Unfortunately, although all-I¥ configuration v-amino acid peptides are mirinsically hyperstable

to proteciysis, the generally lack membrane permeability and cellular activity.
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For example, "PMI-8, is an all-D configuration g-amino acid linear peptide (PMI: p33-
MDBM2/MDMX inhibitor) that was derived from a murror image phage display screen reported
by Livetal [41] and in U.S. Pub. Patent No. 20120328692, Specifically, they reported several
12-mer D-peptide antagonists of MDM2 (termed "PMi-q, B, v) that bind with affinities as low as
35 nM and are resistant to proteolviic degradation. "PMI-3 is a corresponding analogue in which
the tryptophan at position 3 was substituted with 6-fluoro-D-tryptophan (6-F-"Trp3) and the
phenylalanine at position 7 was substituted with p-trifluoromethyl-D-phenvialanine (p-CF3-
PPhe7} to improve the MDM2 binding Ky to 220 pM [51]. Crystal structures [51] of the complex

between this peptide and the NV-terminal domain of MDM2 showed that the peptide was bound in
a conformation similar to that adopted by the wild-type peptide (the all-L amino acid peptide
derived from p33). The helix, as expected, was left-handed and projected the side chains of
PTrp2, p-CF3-"Phe7 and PLeull into the hydrophobic pocket of MDM?2, in conformations
stmilar to those adopted by the side chains of Phel9, Trp23 and Leu26 m the wild type peptide
[Fig, 1]. However, this peptide lacked cell permeability, but did activate p53 in cells when

delivered using nano-carriers [47].

BRIEF SUMMARY OF THE INVENTION

The present invention provides peptidonumetic macrocycles comprising stably
cross-linked peptides having ali-D configuration w-amino acids. These peptides are derived from
a peptidomimetic anaiog of a portion of human p33 having the amino acid sequence set forth in
SEQ D NO: | and having the formula

HNT TNHy

These cross-linked peptidomimetic macrocycles contain at least two modified amino acids that

together forro an intramolecular cross-link that stabilizes the alpha-helical secondary structure of

a portion of the peptides that antagonizes the binding of p53 1o MDM2 and/or MDMX. In

embodiments comprising a crosslink between two modified amino acids, the crosslink is referred

1o as a staple and the peptide as a stapled peptide. A peptide may have one or more staples. In
e
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embodiments comprising two crosslinks between modified amino acids and the two crosslinks
share a common modified amino acid, the crosslinks are referred to as stiiches and the peptide as
a stitched peptide.

The peptidonmimetic macrocycles interfere with binding of p33 to MDM2 and/or
of p53 to MDMX, thereby liberating functional p33 and inhibiting its destruction. The
peptidomimetic macrocveles described herein can be used therapeutically, for example to treat
cancers and other disorders characterized by an undesirably low level or alow activity of p53,
and/or 1o treat cancers and other disorders characterized by an undesirably high level of activity
of MDM2 or MDMX. The peptidomimetic macrocycles may also be useful for treatment of any
disorder associated with disrupted regulation of the pS3 transcriptional pathway, leading to
conditions of excess cell survival and proliferation such as cancer and autoimmunity, in addition
to conditions of inappropriate cell cycle arrest and apoptosis such as neurodegeneration and
immunodeficiencies.

The peptidomimetic macrocycles of the present invention bind MDM2 and
MDMX, are cell permeable without inducing detectable disruption to the cell membrane,
resistant to digestion by extracellular and intracellular proteases, and activate p53 intracellularly.

Thus, the present invention provides a peptidonimetic macrocycle comprising a
peptide of D configuration a-amino acids having the amino acid sequence set forth in SEQ ID
NOG:16 and two siaples or one stifch, wherein each staple comprises a hydrocarbon crosslinker
linking the a-carbons of two o,e-disubstituted amino acids separated by at least {wo a-amino
acids and each stitch comprises two hydrocarbon crosslinkers linking the a-carbons of two ¢, o-
disubstituted amino acids to the a-carbon of a common a,a~disubstituted amino acid. In
particular aspects, at least one a.o-disubstituted amino acid of the peptidomimetic macrocycle
has a I configuration.

In a further embodiment of the peptidomimetic macrocycle, wherein each o,u-
disubstituted amino acid comprises one or two o-carbon-linked reactive groups wherein the
reactive group of a first a.u~disubstituted anuno acid is capable of reacting with the reactive
group of a second v, a-~-disubstituted aninoe acid to form a crosslinker. In particular aspects, the
reactive group comprises a termuinal olefin group.

In a further embodiment of the peptidomumetic macrocycle, the peptide comprises
a stitch in which a first crosslinker links the a-carbon of an ¢, a-disubstituted amino acid at
position 1 to the a-position of a common o g-disubstituted anuno acid at position 5 and a second
crosshinker hinks the a-position of an a,a~disubstituted amino acid at position 3 to the g~position
of the common q,a-disubstituied amino acid at position 5.

In a further embodiment of the peptidonuimetic macrocvele, the o.o~disubstitined
amine actd at position 1 is (R)-2-(4”~-pentenyDalanine, at position 12 18 (R)}-2-(7 -oclenyljalanine,
and at position 3 is 2,2-(4 -pentenyijglycine.

T
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In a further embodiment of the peptidomimetic macrocyele, the peptidomimetic

macrocvele comprises the amino acid sequence set forth in SEQ 1D NO: 8, which in a further
aspect is SEQ I NO: 23 represented by the formula

In a further embodiment of the peptidomimetic macrocyele, the peptide comprises
two staples wherein a first staple comprises a first crosslinker that links the a-position of an o,0-
disubstituted amino acid at position | fo the g-position of an o, a-disubstituted amuno acid at
position 5 and a second staple comprises a second crosslinker that links the a-position of an v,0-
disubstituted amino acid at position 9 to the w-position of an o,g-disubstituted amino acid at
position 12,

In a further embodiment of the peptidomimetic macrocyvele, the o a-disubstitited
amino acids at positions 1 and 3 are each (R)-2-(4"-pentenvialanine and the amino acids at
postttons ¢ and 12 are {$)}-2-{4 -pentenyDalanine and (R)-2-(7"-octenylialanine, respectively.

in a further embodiment of the peptidomimetic macrocycle, the peptidomimetic
macrocyele coraprises the aminoe acid sequence set forth in SEGQ 1D NO: 9, which in a further
aspect is SEQ B NO: 24 represented by the formula

The present invention further provides a peptidomimetic macrocycle comprising
the amino acid sequence set forth in SEQ ID NO: 21 and represented by the formula
G-
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In further embodiments of the present invention, the peptidomimetic macrocycle
binds both MIDM2 and MDMX, is protease resistant and cell permeable with no detectable
disruption of the cell membrane as determined by a lactate dehydrogenase (L DH) release assay,
and activates p53 intracellularly.

The present invention further provides a method of modulating the activity of p53
and/or MDM2 and/or MDMX in a subject comprising administering to the subject a
peptidomimetic macrocycle of any one of the aforementioned peptidomimetic macrocveles. The
present mvention further provides a method of antagomzing the nteraction between p33 and
MDM?Z and/or between p53 and MEMX proteins in a subject comprising administering {0 the
subject a peptidomimetic macrocvcle of any one of the aforementioned peptidomimetic
macrocycles.

The present invention further provides a peptidomimetic macrocycle of any one
of the aforementioned peptidonumetic macrocycles for the treatment of cancer. For example, ¢
method for treating cancer in a subject having a cancer comprising admunistering o the subject
any one of the aforementioned peptidormmetic macrocycles. The present invention further
provides use of a peptidomimetic macrocycle of any one of the aforementioned peptidomimetic
macrocycles tor the preparation of a medicament for treating cancer,

In particular embodiments, the cancer is selected from the group consisting of
melanoma, non-small cell lung cancer, head and neck cancer, urothehial cancer, breast cancer,
gastroiniestinal cancer, multiple myveloma, hepatocellular cancer, non-Hodgkin lymphoma, renal
cancer, Hodgkin lymphoma, mesothelioma, ovarian cancer, small cell lung cancer, esophageal
cancer, anal cancer, biliary iract cancer, colorectal cancer, cervical cancer, thyroid cancer,
salivary cancer, pancreatic cancer, bronchus cancer, prostate cancer, pancreatic cancer, stomach
cancer, ovarian cancer, urinary bladder cancer, brain or central nervous system cancer, peripheral
nervous system cancer, uterine or endometrial cancer, cancer of the oral cavity or pharvox, liver
cancer, kidnev cancer, testicular cancer, biliary tract cancer, small bowel or appendix cancer,

adrenal gland cancer, osteosarcoma, chondrosarcoma, and cancer of hematological fissues.

-3
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The prasent invention further provides a combination therapy for treating cancer
comprising admirustering to a subject a therapeutically effective amount of a peptidomimetic
macrocycle of any one of the aforementioned peptidomimetic macrocycles and a therapeutically
effective dose of a chemotherapy agent or radiation. In particular embodiments, the
chemotherapy agent or radiation 1s admimstered to the subject followed by adruirustration of the
peptidomimetic macrocvele; the peptidomimetic macrocycle is administered to the subject
followed by administration of the chemotherapy agent or radiation; or the chemotherapy agent or
radiation is admimistered to the subject simultaneously with adminisiration of the peptidomimetic
macrocvele. Thus, the present invention further provides a combination therapy for the
treatment of a cancer comprising a therapeutically effective amount of a peptidonumetic
macrocycle of any one of the aforementioned peptidomimetic macrocycles and a therapeutically
dose of a chemotherapy agent or radiation.

The present invention further provides a combination therapy for treating cancer
comprising administering to a subject a therapeutically effective amount of a peptidomumetic
macrocvele of any one of the aforementioned peptidomimetic macrocycles and a therapeutically
effective amount of a checkpoint inhibitor. In particular aspects, the checkpoint inhibitor is an
anti-PD1 antibody or an anti-PD-L1 antibody. In further aspects, the therapy further inciudes
administering to the subject a therapeutically effective dose of a chemotherapy agent or
radiation.

The present invention further provides a treatment for cancer comprising
adnunistering to a subject having the cancer a vector comprising a nucleic acid molecule
encoding a wild-type pS3 protein or p53 variant with transcriptional activation activity followed
by one or more administrations of a therapeutically effective amount of a peptidomimetic
macrocvele of any one of the aforementioned peptidonumetic macrocycles. In particular
embodiments, the vector is a plasmid, a retrovirus, adenovirus, or adeno-associated virus. In
further embodiments, the subject is administered a chemotherapy or radiation treatment prior to
adnunistering the vector to the subject or subsequent to administering the vector to the subject. In
further still embodiments, the therapy includes administering 1o the subject a checkpoint
inhibitor prior to administering the vector to the subject or subsequent to administering the vector
to the subject. The checkpoint inhibitor may be admirustered prior to administering the
chemotherapy or radiation treatment {o the subject or subsequent {0 administering the
chemotherapy or radiation treatiment to the subject.

In particular embodiments of the aforementioned treatments or therapies, the
chemotherapy agent is selected from the group consisting of actinomycin, all-trans retinoic acid,
alitretinoin, azacitidine, azathioprine, bexarotene, bleomycin, bortezomib, carmofur, carboplatin,
capecttabine, cisplatin, chlorambucil, cyclophosphamide, cyiarabine, dacarbazine, daunorubicin,
docetaxel, doxifluridine, doxorubicin, epirubicin, epothilone, etoposide, fluorouracil, gemcitabin,

hydroxyurea, idarubicin, tmatinib, ixabepilone, irinotecan, mechlorethamine, melphalan,

&
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mercaptopurine, methotrexate, mitoxanirone, nitrosoureas, oxaliplatin, paclitaxel, pemetrexed,
romidepsin, tegatur, temozolonude{oral dacarbazine), temiposide, ioguanine, {opotecan,
utidelone, valrubicin, vemurafenib, vinblastine, vincrisiing, vindsasine, vinorelbine, and
vorinostat.

The present invention further coraprises a composition coraprising any one of the
aforementioned peptidomimetic macrocycles and a pharmaceutically acceptable carner or
excipient, e.g., comprising any one of SEQ D NO: 6, SEQ ID NO: 8, SEQ ID NG 9, SEQ 1D
NG: 21, SEQ ID NO: 23, and SEQ 1D NO: 24, and a pharmaceutically accepiable carrier or
excipient. The present invention further comprises a composition comprising a peptidomimetic
selected from the group consisting of consisting of SEQ 1D NO: 2, SEQ ID NG: 3, SEGQ ID NO:
4, SEQ ID NO: 5, SEQ ID NO: 6, SEQ ID NO: 7, SEQ ID NO: 3, and SEQ ID NO:9 and a
pharmaceutically acceptable carrier or excipient. The present mvention further comprises a
composition comprising a peptidomimetic selected from the group consisting of consisting of
SEQ ID NG: 17 having the formula

SEQ ID NO: 19 having the formula

-5
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and, a pharmaceutically acceptable carrier or excipient.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 14: Crvstal stracture of p53-MDM2 (Protein Data Bank (PDB) ID1YCR)
complex (Baek et al., JACS 134: 103-106 92012)). MDM2 is shown as surface and bound
peptide is shown as cartoon with interacting residues L-Phel9, L-Trp23, and L-Leu26 are
highlighted in sticks. Hydrogen bond teractions are shown as dotted hines (black).

Fig. 1B: Crystal structure of (B) °PMI-§ — MDM?2 (PDB ID: 3PTX) complex
(Zhang et al., J. Med Chem. 55: 6237-6241 (2012). MDMZ is shown as surface and bound

~il-
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peptide is shown as cartoon with interacting residues "Leull, pCF3-"Phe7, and 6-F-"Trp3 are
highlighted in sticks. Hyvdrogen bond interactions are shown as dotted lines (black).

Fig. ZA: Probability distributions (the three lines represent three replica
simulations) of the RMSD of "PMI-5 sampled during the MD simulations of the PMI-3 -

5 MDM2 complex.

Fig. 2B: Probability distributions {the three lines represent three replica
simulations) of the RMSD of MDM?2 sampled during the MD simulations of the "PMI-3 -
MDMZ complex; the RMSD is relative to the starting structure of the "PMI-§ - MDM?2
complex.

10 Fig, 2C: Probability distributions (the three lines represent three replica
simutations) of the SASA of 6-F-PW3, p-CF3-F7, or PLeul | sampled during the molecular
dynamics (MD) simulations of the "PMI-§ — MDM2 complex; the RMSD is relative to the
starting structure of the "PMI-§ - MDM2 complex.

Fig. 2D: Probability distribution of root-mean-square~deviation (RMSD) of

15 peptide conformations sampled during BPREMD simulations in the absence of MDM2.

Fig. 2E: CD spectra of PPMI-8 peptide; note that this spectra is inverted, as
expected for a peptide consisting only of B-amino acids.

Fig. 3A: Energetic analysis of the MD simulations of the "PMI-§ - MDM2
complex, Binding free energy contributions of "PMI-& peptide residues.

20 Fig. 3B: Energetic analysis of the MD simulations of the "PMI-§ — MDM?2
complex. Computational alanine (D-ala) scan of "PMI-S peptide residues; values along v-axis
represent the change n free energy upon mutation from wild tvpe to Ala of each residue in the
peptide.

Fig. 4: A helical wheel representation of the "PMI-3 template sequence used for

25 the design of stapled peptides. Residues that are linked through all hyvdrocarbon linkers 1,1+4 and
1,i+7 are indicated. Sequences of PPMI-3 and the six stapled "PMI-§ peptides are also shown
wherein "PMI-5 has SEQ 1D NO: 1; PPMI-8(1-3) has SEQ ID NO: 2; PPMI-3(2-6) has SEQ ID
NO: 3: PPMI-8(2-9) has SEQ 1D NO: 4; PPMI-3(5-9) has SEQ ID NO: 5; PPMI-8(5-12) has SEQ
1D NO: 6; and, PPMI-6(6-10) has SEQ 1D NO: 7. All amino acids are D-amino acids.

30 Fig. 5A: Binding of stapled "PMI-5 peptides toward MDM?2 protein measured
by circular dichroism (D). Note that the CD specirais inverted, as expecied for a peptide
consisting of D-amino acids only.

Fig. 5B: Binding of stapled "PMI-5 peptides toward MDM2 protein measured
by fluorescence polarization (FP).

35 Fig. 5C: Binding of stapled "PMI-5 peptides toward MDM2 protein measured
by isothermal fitration calonmetry (ITC).

Fig. 3D: Binding of stapled "PMI-8 peptides toward MDM2 protein measured

surface plasmon resonance {(SPR).
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Fig. 6: Structural representation of a snapshot of the "PMI-5(1-5) -MDM2 (left)
and PPMI-SE(5-12)-MDM?2 (right) complexes taken from MD simulations. MDM2 is shown as
surface and bound peptide is shown as cartoon with inferacting residues highlighted in sticks.
The hydrocarbon linker is light portion of peptide indicated by arrow. Hydrogen bond
mteractions are shown as dotted lines.

Fig. 7A: Stapled "PMI-§ peptides titrated on to HCT116 p33 reporter cells and
p33 transcriptional activation assessed in the absence of serum.

Fig. 7B: Stapled PPMI-& peptides titrated on to HCT116 cells and LDH release
measured.

Fig. 7C: Activity of stapled "PMI-8 peptides measured in a counter screen.

Fig. 8A: Sequences of PPMI-8 and stapled and stitched "PMI-3 peptides: PPMI-
& has SEQ ID NO: 1; PPMI-8(1-5) has SEQ ID NO: 2; PPMI-6(5-12) has SEQ 1D NO: 6; PPMi-
8(1,5.12) has SEQ ID NO: 8: and, "PMI-3(1-5, 9-12) has SEQ 1D NO: 9. A spapshot from an
MDD simulation of the stitched PPMI-8(1,5,12) -MDM2 complex. All amino acids are D-amino
acids. MIDM?2 is shown as surface and bound peptide is shown as cartoon with interacting

residues highlighted in sticks. Linkers 1-5 and 5-12 of the hvdrocarbon stitch are indicated by the

1g
arrows. Hydrogen bond interactions are shown as dotied lines.

Fig. $B: Surface plasmon resonance analysis of the binding of two stapled "PMi-
& peptides and MDM2 protein.

Fig. 8C: Fluorescence polarization analysis of the binding of stapled "PMI-3
peptides and MDM2 protein.

Fig. 8D: Stapled "PMI-3 peptides titrated on to HCT116 p53 reporter cells and
pS3 transcriptional activation assessed in the absence of serum.

Fig. 8D: Stapled "PMI-§ peptides titrated on to HCT116 p53 reporter cells and
LDH release measured.

Fig. 8F: Activity of stapled "PMI-§ peptides measured in a counter screen.

Fig. 9A: Sequence comparison of the N-terminal domains of MDMZ2 (SEQ ID
NG 10) and MDM4 (SEQ 1D NG 11), Hdentical residues are highlighted and binding pocket
residues (residues that are within 6 A of bound peptide) are also highlighted (*).

Fig. 9C: Snapshot from an MD simulation of the stitched PPMI-8(1,5,12) -
MDMZ complex. MDM2 is shown as surface and bound peptide is shown as cartoon with
interacting residues highlighted in sticks. Linkers 1-5 and 5-12 of the hydrocarbon stitch are
indicated by the arrows. Hydrogen bond mteractions are shown as dotied lines.

Fig. 9C: Fluorescence polarization binding analysis of stapled PPMI-§ peptides
and MDM4 protein.
Fig. 10 Metabolic stability of the stapled "PMI-3 peptides quantified over four

hours.
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Fig. 11: Western blot analysis of HCT-116 cells treated with either vehicle
control (1% (v/v) DMSO) or with 6,123 uM, 125 uM and 25 uM of the stated compound for
either four or 24 hours. Compounds treatments contained a residual DMSO concertation of 1%
{(v/viy DMSO.

DETAILED DESCRIPTION OF THE INVENTION

Definitions

"Administer” and "administering” are used to mean introducing at least ong
peptidomuimetic macrocycle, or a pharmaceutical composition comprising at least one
peptidomimetic macrocycle, into a subject. When adnunistration is for the purpose of treatment,
the substance is provided at, or after the diagnosis of an abnormal cell growth, such as a tumor.
The therapeutic administration of this substance serves to inhubit cell growth of the tumor or
abnormal cell growth.

"g-aminge acid” or simply "amine acid” refers to a molecule containing both an
amine group and a carboxyl group bound 1o a carbon, which is designated the g-carbon, aftached
{o a side chain (R group} and a hydrogen atom and may be represented by the formula shown for

{R) and (8} o-amino acids

O O
HEM\ H,N
Rme”  OH Ruwy”  OH
H H
{R}-c-amino acid {§)-v-amino acid

in general, L-amino acids have an {S) configuration except for cysteine, which has an (R}
configuration, and glycine, which is achiral. Suitable g-amino acids for the all-D configuration
peptides disclosed herein include only the D-isomers of the naturallyv-occurring amino acids and
analogs thereof, as well as non-naturaliv occurring amino acids prepared by organic synthesis or
other metabolic routes except for o, a-disubstituted amino acids, which may be L, D, or achiral.
Unless the context specifically indicates otherwise, the term amino acid, as used herein, is
intended to include amino acid analogs. As used herein, B amino acids are denoted by the
superscript “D” {e.g.. PLeu) and L amino acids by “L” {e.g.. L-Leu) or no L identifier (e.g.,
Leu).

"g,u-disubstituted amine acid” refers to a molecule or moiety containing both
an amino group and a carboxyl group bound to the u~carbon that is attached to two natural or
non-natural amino acid side chains, or combination thereof. Exemplary o, a-disubstituied amino
are shown below. These o, o-disubstituted amino acids comprise a side chain with a terminal

olefinic reactive group.
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O

OH

H,N
J!Hmw'
/

[—f“

T

/ {8)-2-(7"~octenylalanine / (R}-2-{7"-octenyl)alanine

O
HoN
/,nunu" OH
«,;f"""//
(S)-2-(4"-pentenyllalanine (R)-2-{4"-pentenylalanine 2,2-{(&-pentenyglycine

"Aming acid analeg” or "non-natural amine acid” refers to a molecule which is
structurally similar {0 an amino acid and which can be substituted for an amino acid in the
formation of a peptidomimetic macrocycle. Amino acid analogs include, without limitation,
compounds which are structurally identical to an amino acid, as defined herein, except for the
inclusion of one or more additional methylene groups between the amino and carboxyl group
{e.g., u-amino, B-carboxy acids), or for the substitution of the amino or carboxy group by a
stimilarly reactive group {e.g., substitution of the primary amine with a secondary or tertiary
amine, or substituiion or the carboxy group with an ester).

"Amine acid side chain” refers to a moiety attached to the a~carbon in an amino
acid. For example, the amino acid side chain for alanine is methyl, the anuno acid side chain for
phenvlalanine i1s phenylmethyl, the amino acid side chain for cysteine s thiomethyl, the amino
acid side chain for aspartate 1s carboxymethyl, the anuno acid side chain for tyrosine is 4-
hydroxyphenvimethyl, ete. Other non-naturally occurring amino acid side chains are also
mcluded, for example, those that occur in nature (e.g.. an amino acid metabolite) or those that are
made synthetically (e.g., an o u-disubstituted amino acid).

"Capping group” refers to the chamical moiety occurring at either the carboxy or
amino terminus of the polypeptide chain of the subject peptidomimetic macrocvcle. The capping
group of a carboxy terminus inclades an unmodified carboxylic acid (i.e, -COOH) or a
carboxvlic acid with a substituent. For example, the carboxy terminus can be substituted with an
amino group to vield a carboxanude at the C-terminus. Various substituents include but are not
himited to primary and secondary amines, including pegylated secondary amines. The capping
group of an amino terminus includes an unmodified amine (1.e. -NHy) or an amine with a

substituent. For example, the amino termunus can be substituted with an acyl group to vield a
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carboxamide at the N-terminus. Various substituents include but are not limited to substituted
acyl groups, mncluding Cy-Cg carbonyls, C7-Csq carbonyls, and pegylated carbamates.

"Co-administer” means that each of at least two different biological active
compounds are administered to a subject during a time frame wherein the respective periods of
biological activity overlap. Thus, the term includes sequential as well as co~-extensive
administration. When co-administration 18 used, the routes of admunistration need not be the
same. The hiological active compounds include peptidomimetic macrocycles, as well as other
compounds useful i treating cancer, including but not himited to agents such as vinca alkaloids,
nucleic acid imhibitors, platinum agents, interfeukin-2, interferons, atkviating agents,
antimetabolites, corticosteroids, DN A intercalating agents, anthracvchines, and ureas. Examples
of specific agents in addition o those exemplified herein, include hydroxyurea, S-fluorouracil,
anthramycin, asparaginase, bleomycin, dactinomycin, dacabazine, cytarabine, busulfan, thiotepa,
lomustine, mechloreharmine, cyclophospharnide, melphalan, mechlorethamine, chlorambucil,
carmusiine, G-thioguanine, methotrexate, etc. The skilled artisan will undersiand that two
different peptidonumetic macrocycles may be co-administered to a subject, or that a
peptidomimetic macrocycle and an agent, such as one of the agents provided above, may be co-
administered to a subject.

“Combination therapy’™ as used herein refers to treatment of a human or animal
mdividual comprising admunisiering a {irst therapeutic agent and a second therapeutic agent
consecutively or concurrently to the individual. In general, the first and second therapeutic
agents are administered to the individual separatelv and not as a mixture; however, there may be
embodiments where the first and second therapeutic agents are mixed prior to administration.

"Conservative substitution” as used herein refers to substitutions of amino acids
with other amino acids having similar charactenistics {e.g. charge, side~-chain size,
hydrophobieity/hydrophihicity, backbone conformation and rigidity, ete.), such that the changes
can frequently be made without altering the biological activity of the protein. Those of skill in
this art recognize that, in general, single ammno acid substitutions 1o non-essential regions of a
polypeptide do not substantially alter biological activity (see, e.g., Watson et al. Molecular
Biology of the Gene, The Bemjamin/Cummings Pub. Co., p. 224 (4th Ed ) (1987)). In addition,
substitutions of structurally or functionally similar amino acids are less likely to disrupt

biological activily. Exemplary conservative substitutions are set forth in Table 1.

Table 1
Original  {Conservative  [Onginal  {Conservative
residue substifution residue  substitution
Ala (A) Gl Ser Leu (L) {fle; Val
Arg (R) vs; Hig Lys (K |Arg: His
Asn (N) (in; His Met (M) jLew Hle; Tyr
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Table 1
Original  {Conservative  [Unginal  {Conservative
residue substifuition residue  substitution
Asp (D) (Glu;, Asn Phe (Fy  {Tyr; Met: Leu
Cys (O) Ser; Ala Pro Py {Ala
Gin (Q) Asn Ser (8) Thr
iy (F) Asp: Gin Thr () Ser
Gly (G) Ala Trp (W) [Tyr: Phe
His (H) Asn; Gin Tvr (Y)y {Trp; Phe
He (1) Leu, Val Val (V) jile; Leu

"ow [N} LI ]

"DBose", "dozage”, "unif dose”,

Hon

unit dosage”, "effective dese” and related terms
refer 1o physically discrete units that contain a predetermined quantity of active ingredient {e.g.,
peptidomimetic macrocvele) calculated to produce a desired therapeuiic effect {e.g., death of
cancer cells). These terms are synonymous with the therapeutically-effective amounts and
amounts sufficient (o achieve the stated goals of the methods disclosed herein.

"Helical stability” refers to the maintenance of a-helical structure by the staples
or stitch of a peptidomimetic macrocyvele of the invention as rmeasured by circular dichroism or
NMR. For example, in some embodiments, the peptidomimetic macrocycles of the invention
exhibit at least a 1.25, 1.5, 1.75 or 2-fold increase in a-helicity as determined by circular
dichroism compared to a corresponding uncross-linked macrocvcle.

"Macrocyele” refers to a molecule having a chemical structure including a ring or
cvcle formed by at least nine covalently bonded atoms.

"Macrocyclization reagent” or "macrocycle-forming reagent” as used herein
refers to any reagent which may be used o prepare a peptidomimetic macrocycle of the
mvention by mediating the reaction between two reactive groups. Reactive groups may be, for
example, an azide and alkyne, in which case macrocyclization reagents include, without
limitation, Cu reagents such as reagents which provide a reactive Cu(l} species, such as CuBr,
Cul or CuOTY, as well as Cufll) salts such as Co{COCH3 )y, CuS0y, and Cully that can be
converted in situ to an active Cu(l) reagent by the addition of a reducing agent such as ascorbic
acid or sodium ascorbate.

Macrocychization reagents may additionally mnclude, for example, Ru reagents
known in the art such as Cp*RuaCl(PPha)y, [Cp™RuClly or other Ru reagents which may provide
a reactive Ru(ll) species. In other cases, the reactive groups are terminal olefins. In such
embodiments, the macrocyclization reagents or macrocycle-forming reagents are metathesis
catalysts including, but not limited to, stabilized, late transition metal carbene complex catalysts
such as Group VI transition metal carbene catalysts. For example, such catalysts are Ru and Os
metal centers having a +2 oxidation state, an electron count of 16 and pentacoordinated.
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Additional catalysts are disclosed in Grubbs et al , "Ring Closing Metathesis and Related
Processes in Organic Synthesis” Acc. Chem. Res. 1995, 28, 446-452, and U.S. Pat. No.
5,811,515, In yet other cases, the reactive groups are thiol groups. In such embodimeants, the
macrocyelization reagent s, for example, a linker functionalized with two thiol-reactive groups
such as halogen groups.

“MDM2™ refers to the mouse double minute 2 protein also known as E3
ubiquitin-protein ligase. MDM?2 is a protein that in humans is encoded by the MDM2 gene.
MIDMZ protein 1s an important negative regulator of the p33 tumor suppressor. MDMZ2 protein
functions both as an E3 ubiquitin ligase that recognizes the N-ferminal trans-activation domain
(TAD) of the p53 tumor suppressor and as an inhibitor of p53 transcriptional activation. As used
herein, the term MDM2 refers (o the human homolog. See GenBank Accession No.: 228952,
GL228952.

"MDMX” or “MDM4” refers to mouse double nunute X or 4, a protein that
shows significant structural stmilanty to MDM2, MDMX or MDM4 interacts with p53 viaa
binding domain located in the N-terminal region of the MDMX or MDM4 protein. As used
herein, the term MDMX or MDM4 refers to the same human homolog. See GenBank Accession
No.: 88702791, GE:BRT02791.

"Member" as used herein in conjunction with macrocvcles or macrocycie-
formung linkers refers to the atorss that form or can form the macrocvcle, and excludes
substituent or side chain atoms. By analogy. cyclodecane, 1.2-difluoro-decane and 1.3-dimethyl
cyclodecane are all considered ten-membered macrocycles as the hydrogen or fluoro substituents
or methyl side chains do not participate in forming the macrocyele.

"Naturaily occurring amino acid” refers to any one of the twenty amino acids
comnmonly found in peptides synthesized in nature, and known by the one letter abbreviations A,
ENCDOQEGHLLKMFEPRSTW YandV.

"Men-essential" amino acid residue is a residue that can be altered tfrom the wild-
type sequence of a polvpeptide without abolishing or substantially altering the polvpeptide’s
essential biological or biochemical activity {e.g., receptor binding or activation). An "essential”
amino acid residue is a residue that, when altered from the wild-type sequence of the
polypeptide, results in abolishing or substantially abolishing the polvpeptide's essential
biological or biochemical activity.

"Peptidomimetic macrocycle” or "crosslinked polypeptide” refersto a
compound comprising a plurality of amino acid residues joined by a plurality of peptide bonds
and at least one macrocycle-forming linker, which forms a macrocycle between a first naturally-
occurring or noun~-naturally~occurring amino acid residue (or analog) and a second naturally~
occurring or non-naturally~-occurring amine acid residue {or analog) within the same molecule.
The peptidomumetic macrocyele inchide embodiments where the macrocyele-forming linker

connects the a-carbon of the first amino acid residue {or analog) to the a~carbon of the second
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aming acid residue (or analog). Peptidomimetic macrocyeles optionally include one or more non-
peptide bonds between one or more amuno acid residues and/or amino acid analog residues, and
optionally include one or more non-naturally-oceurring amino acid residues or amino acid analog
residues in addition to any which form the macrocyele. A "corresponding non-crossiinked
polypeptide” when referred to n the context of a peptidomumetic macrocycle 1s understood to
relate 1o a polypeptide of the same amino acid sequence as the peptidomimetic macrocvcle
except for those amino acids involved in the staple or stitch crosslinks.

Unless otherwise stated, compounds and structures referred to herein are also
meant to include compounds which differ only in the presence of one or more isotopically
enriched atoms. For example, compounds having the present structures wherein hydrogen is
replaced by deuterium or tritium, or wherein carbon atom is replaced by 13C- or 14C-enriched
carbon, or wherein a carbon atom is replaced by silicon, are within the scope of this invention,
The compounds of the present invention may also contain unnatural proportions of atomic
isotopes at one or more of atoms that constitule such compounds. For example, the compounds
may be radiolabeled with radioactive isotopes, such as for example tritium (3H), todine-125
(1237 or carbon-14 (14C). All isotopic variations of the compounds of the present invention,
whether radioactive or not, are encompassed within the scope of the present invention.

"Pharmaceutically acceptable derivative” means any pharmaceutically
acceptable salt, ester, salt of an ester, pro-drug or other derivative of a peptidomimetic
macrocycle disclosed herein, which upon admimstration {o an individual, is capable of providing
{directly or indirectly) a peptidonumetic macrocvcle disclosed herein. Particularly favored
pharmaceutically acceptable derivatives are those that increase the bioavaiiability of the
peptidomimetic macrocvele disclosed herein when administered {o an individual (e.g., by
mereasing absorption into the blood of an orallv admimstered peptidomimetic macrocycle
disclosed heren) or which increases delivery of the active compound to a biological
compartment (e.g., the brain or lymphatic system) relative to the parent species. Some
pharmaceutically acceptable derivatives include a chemical group which increases aqueous
solubility or active transport across the gastrointestinal mucosa.

"Polypeptide" encompasses two or more naturally or non-naturally-occurring
amino acids jomned by a covalent bond (e.g.. an anude bond). Polypeptides as described herein
iclude full length proteins (e.g., fitlly processed proteins} as well as shorter amino acid
sequences {e.g., fragments of naturally-occurring proteins or synthetic polypeptide fragments).

"Stability" refers to the maintenance of a defined secondary structure in solution
by a peptidomimeiic macrocycie of the invention as measured by circular dichroism, NMR or
another biophysical measure, or resistance to proteclviic degradation mn vitro or in vivo. Non-
limiting examples of secondary structures conternplated in this invention are a-helices, B-turns,

and f-pleated sheets.
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“Therapeutically effective amount” or “Therapeutically effective dese” as
used heren refers to a guantity of a specific substance sufficient to achieve a desired effectin a
subject being treated. For instance, this may be the amount of peptidomimetic macrocycle of the
present mvention necessary to activate p53 by mhibiting its binding to MDM2 and MDMX. K
may also refer to the amount or dose of a chemotherapy agent or radiation admanistered to a
subject that has cancer that is commonly administered to the subject to freat the cancer.

"Treat" or "treating” as used herein means to administer a therapeutic agent,
such as a composition containing any of peptidomimetic macrocycles of the present invention,
internally or exiernally to a subject or patient having one or more disease sympioms, or being
suspected of having a disease, for which the agent has therapeutic activity or prophylactic
activity. Typically, the agent 15 admuinistered in an amount effective to alleviate one or more
disease symptoms in the treated subject or population, whether by inducing the regrassion of or
mhubiting the progression of such symptom(s) by any chinically measurable degree. The amount
of a therapeutic agent that is effective to alleviate any particular disease symptom may vary
according to factors such as the disease state, age, and weight of the patient, and the ability of the
drug to elicit a desired response in the subject. Whether a disease symptom has been alleviated
can be assessed by any clinical measurement typically used by physicians or other skilled
healthcare providers to assess the severity or progression status of that symptom. The term
further includes a postponement of development of the symptoms associated with a disorder
and/or a reduction in the severity of the symptoms of such disorder. The terms further include
ameliorating existing uncontrolled or unwanted symptoms, preventing additional symptoms, and
ameliorating or preventing the underlving causes of such symptoms. Thus, the terms denote that
a beneficial result has been conferred on a human or animal subject with a disorder, disease or
svmptom, or with the potential to develop such a disorder, disease or syroptom.

"Treatment” as it applies to a human or veterinary mdividual, as used heremn
refers to therapeutic treatment, which encompasses contact of a peptidomimetic macrocycle of
the present invention to a human or animal mdividual who is in need of treatment with the

peptidomimetic macrocyele of the present invention,

P33 Activating Peptidomimetic Macrocycles

The present invention includes a hyvdrocarbon staple or stitch into an ali-D
configuration a-amino acid peptide inhibitor of the p33 - MDMZ2/MDMX interaction. "PMI-5,
which 1s an all-D linear peptide having the amino acid sequence set forth in SEQ 1D NO:1, was
derived from a mirror image phage display screen reported by Liu et al. [41]. Specificaily, they
reported several 12-mer D-peptide antagonists of MDM2Z (termed "PMI-w, B, v) that bind with
affinities as low as 35 nM and are resistant to proteolytic degradation. PPMI-S is a corresponding
analogue that was modified with two unnatural amino acids (6-F-"Trp3 and p-CF3-"Phe7) 1o
mmprove the MDM2 binding Kqg to 220 pM [51]. Crystal structures [51] of the complex between
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this peptide and the N-terminal domain of MDM2 showed that the peptide was bound in a
conformation sinilar to that adopted by the wild-type p53 peptide (the all-L amino acid peptide
derived from p53). The helix, as expected, was left-handed and projected the side chains of
PTrp2, p-CF3-"Phe7 and "Leul | into the hydrophobic pocket of MDM2. in conformations
simnilar to those adopted by the side chains of Phel9, Trp23 and Leu26 in the wild-type p353
peptide [Fig. 1A-18] However, the pepiide lacked cell permeability, but was able to activate
p33 m cells when delivered using nano-carriers [42].

Particular stapling modifications of PPMI-6 resulted in peptidomimetic
macrocyeles with improved binding to MDM2/MDMX and imparted cell permeability to the
peptide, which enabled the stapled "PMI-§ to enter the cell and disrupt the p53 MDM2/MDMX
interaction and ultimately resulting in upregulation p53 activity. Other stapling modifications
resulting in cell membrane disruption or tailed to activate the p33 pathway intraceliularly.
Further, a bicyclic (stitched) peptidomimetic macrocycle ernbodiment of these all-D g-anuno
acids peptides demonsirates superior binding and cellular properties relative to the stapled o-
amino acids peptide precursors.

Exemplary stapled "PMI-8 peptides with binding to MDM2 and MDMX, cell
permeability with no detectable cell membrane disruption, and intracellular p53 activation are
represented by SEQ 1D Nos: 21, 23, and 24
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respectively.

The exemplary peptidomimetic macrocycles show that for PPMI-§ and variants of
the peptide, two staples or one stitch or a single staple linking positions 5 and 12 will provide a
peptidomimetic macrocycle that binds MDMZ2 and MDMX, 15 protease resistant, has cellular
permeability, no delectable cell membrane disruption as determined by a lactase dehvdrogenase

release assay (LIDH} as disclosed in the Examples, and results in intraceliular activation of p53.

Pharmaceutical Compositions

The present invention also provides pharmaceutical compositions comprising a
peptidomimetic macrocyele of the present mvention. The peptidomimetic macrocycle may be
used in combmation with any suitable pharmaceutical carrier or excipient. Such pharmaceutical
compositions comprise a therapeutically effective amount of one or more peptidomimetic
macrocyeles, and pharmaceutically acceptable excipient(s) and/or carrier(s}. The specific
formulation will suit the mode of administration. In particular aspects, the pharmaceutical
acceptable carrier may be water or a buffered solution.

Excipients included i the pharmaceutical compositions have different purposes
depending, for example on the nature of the drug. and the mode of administration. Examples of
generally used excipients include, without limutation: saline, buffered saline, dexirose, water-for-
mfection, glycerol, ethanol, and combinations thereof, stabilizing agents, solubilizing agents and
surfactants, buffers and preservatives. tonicity agents, bulking agents, lubricating agents {such as
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talc or silica, and fats, such as vegetable stearin, magnesium stearate or stearic acid), emulsifiers,
suspending or viscosity agents, iert diluents, fillers (such as cellulose, dibasic calcium
phosphate, vegetable fats and oils, laciose, sucrose, ghucose, mannitol, sorbitol, calciom
carbonate, and magnesium stearate), disintegrating agents {such as crosslinked polyviny!
pyrrolidone, sodium starch glyeolate, cross-linked sodiurn carboxymethvl cellulose), binding
agents {such as starches, gelatin, cellulose, methyl cellulose or modified cellulose such as
microcrystalline cellulose, hvdroxypropy! cellulose, sugars such as sucrose and lactose, or sugar
alcohols such as xylitol, sorbitol or maltitol, polyvinvlpyrrolidone and polyethyvlene glyeol),
wetting agents, antibacterials, chelating agents, coatings {(such as a cellulose film coating,
synthetic polyraers, shellac, comn protein zein or other polysaccharides, and gelatin),
preservatives (including vitamin A, vitamin E, vitamin C, retiny] palmitate, and selenium,
cysteine, methiomne, citric acid and sodium citrate, and synthetic preservatives, including
methy! paraben and propyl paraben), sweeteners, perfuming agents, flavoring agents, coloring
agents, administration aids, and combinations thereof.

Carriers are compounds and substances that improve and/or prolong the delivery
of an active ingredient to a subject in the context of a pharmaceutical composition. Carrier may
serve to prolong the in vivo activity of a drug or slow the release of the drug in a subject, using
controlied-release technologies. Carriers may also decrease drug metabolism in a subject and/or
reduce the toxicity of the drug, Carrier can also be used 10 target the delivery of the drug to
particular cells or tissues in a subject. Common carriers {both hydrophilic and hvdrophobic
carriers) include fat emulsions, lipids, PEGylated phospholipids, PEGvlated liposomes,
PEGylated Hposomes coated via a PEG spacer with a cyelic RGD peptide o(RGDP YK,
liposomes and lipospheres, microspheres (including those made of biodegradable polymers or
albumin), polyruer matrices, biocompatible polymers, protein-DNA complexes, protein
conjugates, erythrocytes, vesicles, nanoparticles, and side-chatns for hydro~-carbon staphing. The
aforementioned carriers can also be used to increase cell membrane permeability of the
peptidomimetic macrocycles of the invention. In addition to their use 1n the pharmaceutical
compositions of the present invention, carriers may also be used in compositions for other uses,
such as research uses in vitro (e.g., for deliverv to cultured cells} and/or in vivo.

Pharmaceutical corapositions adapted for oral adnunistration may be presented as
discrete units such as capsules or iablets; as powders or granules; as solufions, syrups or
suspensions (in agueous or non-aqueous liquids; or as edible foams or whips; or as emulisions).
Suitable excipients for tablets or hard gelatin capsules mclude factose, maize starch or
derivatives thereof, stearic acid or salts thereof. Suitable excipients for use with soft gelatin
capsules include for example vegetable oils, waxes, fats, semi-solid, or igud polyols etc. For the
preparation of solutions and syrups, exciptents which may be used include for example water,
polyols and sugars. For the preparation of suspensions oils, e.g. vegetable oils, may be used to

provide oil-in~water or water i oil suspensions. In certain situations, delayed release
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preparations may be advantageous and compositions which can deliver the peptidonmimetic
macrocveles in a delayed or controlled release manner may also be prepared. Prolonged gastric
residence brings with it the problem of degradation by the enzymes present in the stomach and so
enteric-coated capsules may also be prepared by standard techniques in the art where the active
substance for release lower down in the gastro-intestinal tract,

Pharmaceutical compositions adapted for transdermal administration may be
presented as discrete patches intended to remain in intimate contact with the epidermis of the
recipient for a prolonged period of time. For example, the active ingredient may be delivered
from the patch by iontophoresis as generally described in Pharmaceutical Research, 3(6):318
(1986},

Pharmaceutical compositions adapted for topical administration may be
formulated as ointments, creams, suspensions, lotions, powders, solutions, pastes, gels, spravs,
aerosols or oils. When formulated m an ointment, the active ingredient may be emploved with
either a paraffinuc or a water-mascible ointment base. Altematively, the active ingredient may be
formulated in a cream with an oil-in-water cream base or a water-in-oil base. Pharmaceutical
compositions adapted for topical adminustration to the eve include eve drops wherein the active
ingredient is dissolved or suspended in a suitable carrier, especially an aqueous solvent.
Pharmaceutical compositions adapted for topical administration in the mouth include lozenges,
pasiilles and mouth washes.

Pharmaceutical compositions adapted for rectal administration may be presented

as supposiiories or enemas.

Pharmaceutical compositions adapted for nasal administration wherein the carrier
15 a solid include a coarse powder having a particle size for example in the range 20 to 500
microns which is adminmistered in the manner in which snuft 15 taken, 1.e., by rapid inhalation
through the nasal passage from a container of the powder held close up to the nose. Suitable
compositions wherein the carner is a liquid, for administration as a nasal spray or as nasal drops,
inchude agueous or ot} solutions of the active ingredient.

Pharmaceutical compositions adapted for administration by inhalation include
fine particle dusts or mists which may be generated by means of various types of muetered dose
pressurized aerosols, nebulizers or insufflators.

Pharmaceutical compositions adapted for vaginal administration may be presented
as pessaries, tampons, creams, gels, pastes, foams or spray formulations.

Pharmaceutical compositions adapted for parenteral administration inciude
aqueous and non-aqueous sterile injection solution which may contain anti-oxidanis, buffers,
bacteriostats and solutes which render the formulation substantially isotonic with the blood of the
intended recipient; and aqueous and non-agueous sierile suspensions which may include

suspending agenis and thickening agents. Excipients which may be used for injectable solutions
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include water-for-injection, alcohols, polyols, glveerin and vegetable oils, for example. The
corapositions may be presented in unmit-dose or multi-dose containers, for example sealed
ampoules and vials, and may be stored in a freeze-dried (fvophilized) condition requiring only
the addition of the sterile liquid carrier, for example water or saline for injections, immediately
prior to use. Extemporaneous injection solutions and suspensions may be prepared from stenle
powders, granules and tablets. The pharmaceutical compositions may contain preserving agents,
solubitizing agents, stabilizing agents, wetting agents, emulsifiers, sweeteners, colorants,
odorants, salts (substances of the present invention may themselves be provided in the form of a
pharmaceutically acceptable salt), buffers, coating agents or antioxidants. Thev may also contain
therapeutically-active agents in addition to the substance of the present invention.

The pharmaceutical compositions may be administered in a convenient manner
such as by the topical, intravenous, intraperitoneal, intramuscular, intratumor, subcutaneous,
imiranasal or intradermal routes. The pharmaceutical compositions are adroinistered in an amount
which is effective for treating and/or prophylaxis of the specific indication. In general, the
pharmaceutical compositions are administered in an amount of at least about 0.1 mg/kg to about
100 mg/kg body weight. In most cases, the dosage 1s from about 10 mg/kg to about 1 mg/kg
body weight daily, taking into account the routes of administraiion, sympioms, eic.

Dosages of the peptidomimetic macrocycles of the present invention can vary
between wide limits, depending upon the location, source, identity, extent and severily of the
cancer, the age and condition of the individual to be treated, eic. A physician will ultimately
determine appropriate dosages to be used.

The peptidomimetic macrocycles may also be emploved in accordance with the
present invention by expression of the antagonisis in vivo, Le., via gene therapy. The use of the
peptides or compositions in a gene therapy setting s also considered to be a type of
"adminisiration” of the peptides for the purposes of the present invention.

Accordingly, the present invention also relates to methods of treating a subject
having cancer, comprising administering 1o the subject a pharmaceutically-effective amount of
one or more pepliidomimetic macrocyele of the present invention, or a pharmaceutical
composition comprising one or more of the antagonists 1o a subject needing treatment. The term
"cancer" is mntended to be broadly interpreted and it encompasses all aspects of abnormoal cell
growth and/or cell division. Examples include: carcinoma, including but not limited to
adenocarcinoma, squamous cell carcinoma, adenosquamous carcinoma, anaplastic carcinoma,
large cell carcinoma, small cell carcinoma, and cancer of the skin, breast, prostate, bladder,
vagina, cervix, uterus, liver, kidney, pancreas, spleen, lung, trachea, bronchi, colon, small
imtesting, stomach, esophagus, gall bladder; sarcoma, including but not hmited to
chondrosarcoma, Ewing's sarcoma, malignant hemangioendotheliorsa, mahignant schwannoma,
osteosarcoma, soft tissue sarcoma, and cancers of bone, cartilage, fat, muscle, vascular, and

o

hematopoietic tissues; lyvmphoma and leukemia, including but not limited to mature B cell
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neoplasms, such as chronic lymphocytic leukemia/small lymphocytic lymphoma, B-cell
prolymphocytic leukemia, lymphomas, and plasma cell neoplasms, mature T cell and natural
killer {NK} cell neoplasms, such as T cell prolymphocyiic leukemia, T cell large granular
lymphocytic leukemia, aggressive NK cell leukenua, and adult T cell leukemia/fymphoma,
Hodgkin lymphomas, and immmunodeficiency-~associated lvmphoproliferative disorders; germ cell
tumors, including but not fimited to testicular and ovarian cancer; blastoma, including but not
limited to hepatoblastoma, medulioblastoma, nephroblastoma, neuroblastoma,
pancreatoblastoma, leuropulmonary blastoma and retinoblastormna. The term also encompasses
benign tumors.

In each of the embodiments of the present invention, the individual or subject
recetving treatment is a human or non-human animal, e.g., a non-human primate, bird, horse,
cow, goat, sheep, a companion animal, such as a dog, cat or rodent, or other mammal. In some
embodiments, the subject is a human.

The mvention also provides a kit comprising one or more containers filled with
one or more of the ingredients of the pharmaceutical compositions of the invention, such as a
container filled with a pharmaceutical composition comprising a peptidomimetic macrocycle of
the present invention and a pharmaceutically acceptable carrier or diluent. Associated with such
container(s} can be a notice in the form prescribed by a governmental agency regulating the
manufacture, use or sale of pharmaceuticals or biclogical products, which notice reflects
approval by the agency of manufacture, use or sale for human administration. In addition, the
pharmaceutical compositions may be employved in conjunction with other therapeutic

compounds.

Combination therapy comprising chemotherapy

The peptidomimetic macrocycle of the present invention may be administered to
an individual having a cancer in combination with chemotherapv. The individual may undergo
the chemotherapy at the same time the individual i1s adnmuinistered the peptidomiretic
macrocycle. The individual may undergo chemotherapy after the individual has completed a
course of treatment with the peptidomimetic macrocycle. The individual may be administered
the peptidomirnetic macrocycle after the individual has completed a course of treatment with a
chemotherapy agent. The combination therapy of the present invention may also be
administered to an individual having recurrent or metastatic cancer with disease progression or
relapse cancer and who is undergoing chemotherapy or who has completed chemotherapy.

The chemotherapy mayv include a chemotherapy agent selected from the group
consisting of

(1) alkvlating agents, including but not himited to, bifunctional alkylators,
cyclophosphamide, mechlorethamine, chlorambucil, and melphalan;
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{(i1) monofunctional alkylators, including but not limited to. dacarbarine,
nifrosoureas, and temozolomide {oral dacarbazine);

(i1} anthracychlines, including but not limited to, daunorubicin, doxorubicin,
epirubicin, idarubicin, mitoxanirong, and valrubicin;

(iv) cvtoskeletal disruptors (taxanes), including but not limited to, paclitaxel,
docetaxel, abraxane, and taxotere;

(v} epothilonas, including but not limited to, ixabepilone, and utidelone;

{(vi} histone deacetylase inhibitors, icluding but not imited to, vorimostat, and

romidepsin;
{vit) mhibitors of topoisomerase 1, including but not limited to, irinotecan, and
topotecan;

{viit} inhibitors of topoisomerase 11, including but not limited to, etoposide,
teniposide, and tafluposide;

(ix) kinase ihibitors, including but not hmited to, borteromib, erlotinib, gefitinid,
mmatinib, vemurafenib, and vismodegib;

{(x} nucleotide analogs and precursor analogs, including but not limited to,
azacitidine, azathioprine, fluoropyrimidines {e.g., such as capecitabine, carmofur, doxifluridine,
fluorouracil, and tegafur) cyvtarabine, | gemcitabine, hydroxvyurea, mercaptopurine, methotrexate,
and tioguanine (formerly thioguanine);

(x1) peptide antibiotics, including but not limited to, bleomyc¢in and actinomycin;
a platinum-based agent, including but not limited to, carboplatin, cisplatin, and oxaliplatin;

{xi1) retinoids, mcluding but not limited to, tretinoin, alttretinoin, and bexarotene;
and {xi11} vinca alkaloids and derivatives, including but not limited to, vinblastine,
vinecrisiing, vindesine, and vinorelbine.

Selecting a dose of the chemotherapy agent for chemotherapy depends on several
factors, including the serum or tissue turnover rate of the entity, the level of sympioms, the
immunogenicity of the entity, and the accessibility of the target cells, tissue or organ in the
individual being treated. The dose of the additional therapeutic agent should be an amount that
provides an acceptable level of side effects. Accordingly, the dose amount and dosing frequency
of each additional therapeutic agent will depend i part on the particular therapeutic agent, the
severity of the cancer being treated, and patient characteristics. Guidance in selecting appropriate
doses of antibodies, cyvtokines, and small molecules are available. See, e. g, Wawrzynczak
(1996} Antibody Therapy, Bios Scientific Pub. Ltd, Oxfordshive, UK Kresina {ed.) (1991}
Monoclonal Antibodies, Cytokines and Arthritis, Marcel Dekker, New York, NY; Bach (ed.)
(1993} Monoclonal Antibodies and Peptide Therapy in Autoimmune Diseases, Marcel Dekker,
New York, NY: Baert er o/, (2003} New Engl J Med. 348.601-608; Milgrom ef af. (1999} New
Fngl. J. Med 341:1966-1973; Slamon ef af. {2001) New FEngl J Med 344.783-792;
Beniaminovitz ef al. {2000y New Fngl J Med. 342:613-619; Ghosh ef ¢i. (2003) New Engl J.
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Med. 348:24-32; Lipsky ef al. (2000) New Engl. J Med 343:1594-1602; Physicians' Desk
Reference 2003 (Physicians' Desk Reference, 37th Ed); Medical Economics Company; ISBN:
1563634457, 57th edition (November 2002). Determination of the appropriale dose regimen may
be made by the chinician, e.g., using parameters or factors known or suspected in the art to affect
treatment or predicted to affect treatment, and will depend, for example, the individual's clinical
history {e.g., previous therapy), the type and stage of the cancer to be treated and biomarkers of
response to one or more of the therapeutic agents in the combination therapy.

The present invention contemplates embodiments of the combination therapy that
include a chemotherapy step comprising platinum-containing chemotherapy, pemetrexed and
platinum chemotherapy or carboplatin and either pachitaxel or nab-paclitaxel. In particular
embodiments, the combination therapy with a chemotherapy step may be used for treating at
feast NSCLC and HNSCC.

The combination therapy may be used for the treatment any proliferative disease,
in particular, treatment of cancer. In particular embodiments, the combination therapy of the
present mvention may be used to treat melanoma, non-small cell lung cancer, head and neck
cancer, urothelial cancer, breast cancer, gastrointestinal cancer, multiple mveloma, hepatoceliular
cancer, non-Hodgkin lvmphoma, renal cancer, Hodgkin lymphoma, mesothelioma, ovarian
cancer, small cell lung cancer, esophageal cancer, anal cancer, biliarv tract cancer, colorectal
cancer, cervical cancer, thyroid cancer, or salivary cancer.

in another embodiment, the combination therapy may be used to {reat pancreatic
cancer, bronchus cancer, prostate cancer, pancreatic cancer, stomach cancer, ovaran cancer,
urinary bladder cancer, bram or central nervous system cancer, peripheral nervous system
cancer, uterine or endometrial cancer, cancer of the oral cavity or pharynx, liver cancer, kidnev
cancer, testicular cancer, hiliary tract cancer, small bowel or appendix cancer, adrenal gland
cancer, osteosarcoma, chondrosarcoma, or cancer of hematological tissues.

In particular embodiments, the combination therapy may be used to treat one or
more cancers selecied from melanoma (metastatic or unresectable), primary mediastinal large B-
cell lvmphoma (PMBCL), urothehial carcinoma, MSIHC, gastric cancer, cervical canger,
hepatocellular carcinoma (HCC), Merkel cell carcinoma (MCC), renal cell carcinoma (including

advanced), and cufanecus squamous carcinoma.

Additional Combination Therapies

The peptidomimetic macrocycles disclosed herein mayv be used in combination
with other therapies. For example, the combination therapy may include a composition
corprising a peptidommmetic macrocycle co-formulated with, and/or co-admmnistered with, one
or more additional therapeutic agents, e.g., hormone treatment, vaccines, and/or other
immunotherapies. In other embodiments, the peptidomimetic macrocyele is admunistered in

combination with other therapeutic treatment modalities, mcluding surgery, radiation,

28



10

20

Lo
j

WO 2020/257133 PCT/US2020/037834

cryosurgery. and/or thermotherapy. Such combination therapies may advantageously utilize
lower dosages of the admiuustered therapeutic agents, thus avoiding possible toxicities or
complications associated with the various monotherapies.

By "in combination with," it is not intended to imply that the therapy or the
therapeutic agents raoust be admunistered at the sarne tine and/or formulated for delivery together,
although these methods of delivery are within the scope described herein. The peptidomimetic
macrocvele may be administered concurrently with, prior to, or subsequent to, one or more other
additional therapies or therapeutic agents. The peptidomimetic macrocycle and the other agent
or therapeutic protocol mav be administered in any order. In general, each agent will be
adnunistered at a dose and/or on a time schedule determuned for that agent. In will further be
appreciated that the additional therapeutic agent utilized in this combination may be admimistered
together in a single composition or admunistered separately in different compositions. In general,
it is expected that additional therapeutic agents utilized in cornbination be utilized at levels that
do not exceed the levels at which they are atilized individually. In some embodiments, the levels
utilized in combination will be lower than those uiilized individually.

In certain embodiments, a peptidonumetic macrocvele described herem is
administered in combination with one or more check point inhibitors or antagonists of
programmed death receptor 1 (PD-1) or its igand PD-L1 and PD-L2. The inhibitor or antagornist
may be an antibody, an antigen binding fragment, an imnunoadhesin, a fuston protein, or
oligopeptide. In some embodiments, the anti-PD-1 antibody is chosen from nivolumab
{(OPDIVO, Bristol Myers Squibb, New York, New York), pembrolizumab (KEYTRUDA, Merck
Sharp & Dohme Corp, Kentlworth, NJ USA), cetiplimab (Regeneron, Tarrvtown, NY) or
pidilizumab (CT-011}. In some embodiments, the PD-1 inhibitor is an immunoadhesin (e.g., an
mmmuncadhesin comprising an extracellular or PD-1 binding portion of PD-L1 or PD-L2 fused
{0 a constani region {e.g., an Fe region of an timmumoglobulin sequence}). In some embodiments,
the PD-1 inhibitor is AMP-224. In some embodiments, the PD-L1 inhibitor is anti-PD-L1
antibody such durvalumab (IMFINZI, Astrazeneca, Wilmington, DE), atezolizumab
(TECENTRIQ, Roche, Zurich, CH), or avelumab (BAVENCIO, EMD Serono, Billerica, MA).
In some embodiments, the anti-PD-L1 binding antagonist is chosen from YW243.55 870,
MPDL3280A, MEDI-4736, MSB-0010718C, or MDX-1105.

The following examples are intended to promote a further understanding of the
present mvention.
GENERAL METHODS
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Available crystal structure of the linear "PMI (PPMI-8) peptide co-crystalized
with MDM4 {pdb 3PTX] [51] was used to model the stapled (single and double) and stitched
peptides. All these models were subjected to MD simulations for further refinement. MD
stmulations were carried out on the free peptide and peptide — MDM2 complexas. The Xieap
module of AMBERI16 [68] was used to prepare the system for the MD simulations. Hydrogen
atoms were added and the N-terminus, C-terminus of the peptide was capped with the residue
ACE and NHE. The parameters for the staple hinkers were taken from our previous study {53].
All the strmudation systems were neutralized with appropriate numbers of counter ions. The
neutralized system was solvated in an octahedral box with TIP3P [69] water molecules, leaving
at least 10 A between the solute atoms and the borders of the box. M) simulations were carried
out with the pemed module of the AMBER 16 package i combination with the ff14SB force
field | 70]. All MDD simulations were carried out in explicit solvent at 300K. During all the
simulations the long-range electrostatic mnteractions were treated with the particle mesh Ewald
171} method using a real space cut off distance of 9 A The settle {72} algorithm was used {o
constrain bond vibrations involving hydrogen atoms, which allowed a time step of 2 {5 during
the simulations. Solvent molecules and counter 1ons were initially relaxed using energy
minimization with restrainis on the protein and peptide atoms. This was followed by
unrestrained energy mininuzation to remove any steric clashes. Subsequently the system was
gradually heated from 0 to 300 K using MD stimulations with positional restraints (force
constant: 50 keal mol™t A™) on protein and peptides over a period of 0.25 ns allowing water
molecules and ions to move freely followed by gradual removal of the positional restraints and a
2ns unrestrained equilibration at 300 K. The resulting systems were used as starling structures
for the respective production phase of the MD simulations. For each case, three independent
{using different imitial random velocities) MD simulations were camied out starting from the well
equilibrated structures. Each MD simudation was carried out for 250 ns and conformations were
recorded every 4ps. To enhance the conformational sampling, each of these peptides were
subjected to Biasing Potential Replica Exchange MD (BP-REMD) simulations. The BP-REMD
techmque s a type of Hamiltonian -REMD methods which mcludes a biasing potential that
promote dihedral transitions along the replicas {55,56]. For each system, BP-REMD was carried
with eight replicas including a reference replica without any bias. BP-REMD was carried out for
30ns with exchange between the neighbouring replicas were attempted for every 2ps and
accepted or rejected according to the metropolis criteria. Conformations sampled at the reference
replica (no bias) was used for further analysis.  Stmudation trajectories were visualized using

VMD [73] and figures were generated using Pymol [74].

Binding Energy calculations and energy decomposition analysis:
Molecular Mechanics Poisson Boltzmann Surface Area (MMPBS A} methods

were used for the calculation of binding free energies between the peptides and their partner
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proteins 250 conformations extracied from the last 50 ns of the simulations were used for the
binding energy calculations. Entropy calculations are computationally intensive and do not
converge easily and hence are 1gnored. The effective binding energies were decomposed into
contributions of individual residues using the MMGBSA energy decomposition scheme. The
MMGBSA calculations were carried out in the same way as in the MMPBSA calculations. The
polar contribution to the solvation free energy was determined by applving the generalized born
(GB) method (1gb =2) | 681, using mbondi2 radii. The non-polar contributions were estimated
using the ICOS A method [68] by a solvent accessible surface area (SASA) dependent term using
a surface tension proportionally constant of 0.0072 kcal/mol A2. The contribution of peptide
residues was additionally explored by carrving out in-silico alanine scanming in which each of
the peptide residue 1s mutated to D-alanine in each conformation of the MD simulation and the

change with respect to the binding energy of the wild type peptide is calculated using MMPBSA.

Peptide Synthesis

Peptides were synthesized using RINK Resin and Fmoc-protected amino acids,
coupled sequentially with FIC/HOBT activating agents. Double coupling reactions were
performed on the first amino acid and also at the stapling positions. At these latter positions, the
activating reagents were switched to DIEA/HATU for better coupling efficiencies. Ring closing
metathesis reactions were performed by first washing the resin 3 timnes with DCM, followed by
addition of the 1% generation Grubbs Catalvst (35 mg dissolved into 5 mL DCM) and allowed to
react for 2 hours (all steps with Grubbs Catalyst were performed in the dark). The ring-closing
metathesis (RCM) reactlion was repealed to ensure a complete reaction. After the RCM was
complete a test cleavage was performed (o ensure adequate vield. Peptides were cleaved and
then purified with RP-HPLC.

MDM2 Protein production
A human MDMZ2 1-125 sequence was cloned into a pNIC-GST vector. The TV
cleavage site was changed from ENLYFQS (SEQ 1D NG 1340 ENLYFQG (SEQ ID NGO 14)

to give a fusion protein with the following sequence:

MSDKHHSPILGYWRIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPN
LEYYIDGDVRKLTQSMAIIRYIADKHNMLGGUPKERAEISMLEGAVLDIRYGVSRIAYSKD
FETLKVDFLSELPEMLKMFEDRLCHETYELNGDHVTHPDFMLYDALDVVLYMDPMCLD
AFPKLVCFKKRIEAIPQIDPKYLKSSKYIAWPLOQGWQATFGGGDHPPKLEVEFQGHMHHH
HHHSSGVDLGTENLYFOQOMOCNTNMSVPTDGAVTTSQIPASEQETLVRPKPLLLKLLKSY
GAQKDTYTMKEVLIFYLGOYIMTERLYDEKQOHIVYCSNDLLGDLFGVPSFSVEKEHRKI
YTMIYRNLVVVNQQESSDSGTSVSEN (SEQ ID NO: 12}

3)-
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The corresponding plasmid was transformed into was BL21 (DE3) Rosetta T1R
E. coli cells and grown under kanarmycin selection. Bottles of 750 mL TERRIFIC BROTH
supplemented with appropriate antibiotics and 100 uL of antifoam 204 (Sigma-Aldrich) were
moculated with 20 mi seed cultures grown overnight. The cultures were incubated at 37°C in the
LEX system {(Harbinger Biotech) with aeration and agitation through the bubbling of filtered air
through the cultures. LEX system temperature was reduced to 18°C when culture GD600 reached
2. and the cultures were induced after 60 minutes with 0. 5mM IPTG. Protein expression was
allowed o continue overnight. Cells were harvestied by centrifugation at 4000 g, at 15°C for
10min. The supernatants were discarded and the cell pellets were resuspended in lysis buffer (1.5
mk, per gram of cell pellet). The cell suspensions were stored at -80°C before purification work.
The re-suspended cell pellet suspensions were thawed and sonicated {(Sonics Vibra-cell) at 70%
amplitude, 3s on/off for 3 minutes, on ice. The lvsate was clarified by centrifugation at 47000g,
4°C for 25 munutes. The supernatants were filtered through 1.2um syringe filters and loaded ounto
AKTA Xpress system (GE Healthcare). The purification regime is briefly described as follows.
The lysates were loaded on to 1 mL Ni-NTA Superflow column {(iagen) that had been
equilibrated with 10 coluron volumes of wash 1 buffer. Overall buffer condition were as
follows: IMAC wash 1 buffer: 20 mM HEPES, 500 mM NaCl, 10 mM Imidazole, 10 % (v/v})
glyecerol, 0.5 mM TCEP, pH 7.5; IMAC wash 2 buffer: 20 mM HEPES, 500 mM NaCl, 25 mM
Imidazole, 10 % (v/v} glycerol, 0.5 mM TCEP, pH 7.5; IMAC Elution bufter: 20 mM HEPES,
300 mM NaCl, 500 mM Imidazole, 10 % (v/v) glycerol, 0.5 mM TCEP, pH 7.5. The sampie was
loaded until air was detected by air sensor, O &mb/minutes. The colunm was then washed with
wash | butter for 20 column volurnes followed by 20 column volumes of wash 2 buffer. The
protein was ghuted with 5 column volumes of elution buffer. The eluted proteins were collected
and stored in sample loops on the system and then injected into Gel Filtration (GF) colurons.
Ehution peaks were collected in 2mL fractions and analyzed on SDS-PAGE gels. The entire
purification was performed at 4° C. Relevant peaks were pooled, TCEP was added to a total
concentration of 2 mM. The protein sample was concentrated in Vivaspin 20 filter concentrators
(VivaScience) at 15°C to approximately 13mg/mL. (< 18kDa - SK MW{C0, 19-49kDa - 10K
MWCO, >50kDa - 30K MWCO). The final protein conceniration was assessed by measuring
absorbance at 280nm on Nanodrop ND-1000 (Nano-Drop Technologies). The final protein purity
was assessed on SDS-PAGE gel. The final protein batch was then aliquoted into smaller

fractions, frozen in liquid nitrogen and stored at -80°C.

MDM4 protein productien

MDM4 protein was cloned into pNIC-GST vector and expressed in LEX system
{Harbinger Biotech) at Protein Production Platform (PPP) at NTU School of Biological Sciences.
Using glycerol stocks, inoculation cultures were started in 20 mL TERRIFIC BROTH with 8g/L

glycerol supplernented with Kanamycin. The cultures were incubated at 37 °C, 200rpm
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overnight. The following moming, bottles of 750 mL Terrific Broth with 8g/L glycerol
supplemented with Kanarovcein and 100 pl of antifoam 204 (Sigma-Aldrich) were inoculated
with the cultures. The cultures were incubated at 37 °C n the LEX system with aeration and
agitation through the bubbling of filtered air through the cultures. When the OD600 reached ~2,
the termperature was reduced to 18°C and the cultures were induced after 30 to 60 nunutes with
0.5mM IPTG. Protein expression was allowed to continue overnight. The following morning,
cells were harvested by centrifugation at 4200 rpm at 15°C for 10 minutes. The supernatants
were discarded and the cells were re-suspended in tysis buffer (100 mM HEPES, 500 mM Na(l,
10 mM Inudazole, 10 % glveerol, 0.5 mM TCEP, pH &.0 with Benzonase {(4ul per 750mL
cultivation} and 250U/pL Merck Protease Inhibitor Cocktail Set 1, EDTA free (1000x dilution
in lysis buffer) from Calbiochem) at 200 rpm, 4°C for approximately 30min and stored at -80°C.
The re-suspended cell pellet suspensions were thawed and sonicated {Sonics Vibra-cell} at 70 %
amplitude, 3s on/off for 3minutes, on ice. The lysate was clarified bv centrifugation at 47000g,
4°C for 25 minutes. The supernatants were filtered through 1.2 pm syringe filters and loaded
onto AKTA Xpress svstem {GE Healthcare) with a Iml Ni-NTA Superflow (Qiagen) IMAC
column. The column was washed with 20 colunmn volume (CV) of wash buffer 1 (20 mM
HEPES, 500 mM Na(Cl, 10 mM Imidazole, 1¢ % (v/v) glveerol, 0.5 mM TCEP, pH 7.5} and 20
CV of wash buffer 2 (20 mM HEPES, 500 mM Na('l, 25 mM Imidazole, 10 % (v/v) glvcerol,
0.5 mM TCEPR, pH 7.5) or until a stable baseline for 3 min and delta base SmAU (0.8mL/min)
was obtained respectively. MDM4 protein was eluted with elution buffer (20 mM HEPES, 506
mM Na(l, 500 mM Imidazole, 10 % (v/v) glycerol, 0.5 mM TCEP, pH 7.35) and eluted peaks
(start collection: >S0mAU, slope >200mAU/minutes, stop collection: <S50mAU, stable plaieau of
0.5mn, deita plateau SmAU) were collected and stored in sample loops on the system and then
mjected into equilibrated Gel Filtration (GF) colurmn (Hil.oad 16/60 Superdex 200 prep grade
{GE Healthcare)) and eluted with 20 mM HEPES, 300 mM NaCl, 10% (v/v) glycerol, 0.5 mM
TCEP, pH 7.5 at a flowrate of 1.2mL/minmues. Elution peaks (start collection: >20mAU, slope
>10mAU/min, stop collection: < 20mAU, slope >10mAU/mimnutes, minimum peak width
0.5min) were collected in 2 mL fractions. The entire purtfication was performed at 4 °C.
Relevant peaks were pooled and TCEP was added to a final concentration of 2 mM. The protein
sample was concentrated in Vivaspin 20 filter concentrators (VivaScience) at i5°Cio
approximately 15mg/mL. The final protein concentration was assessed by measuring absorbance
at 280nm on Nanodrop ND-1000 (Nano-Drop Technologies). The final protein purity was
assessed by SDS-PAGE and purified MDM4 protein was frozen in hquid nitrogen and storved at ~
807C.

Circular Dichroism (D)
Prior to the experiment, 5 pl of the 10 mM stock peptide was mixed with 45 pl of 100 %
methanol, and dried for 2 hours in the SpeedVac concentrator { Thermo Scientific). The dried

“33.



10

20

Lo
j

WO 2020/257133 PCT/US2020/037834

peptide was reconstitufed in buffer, containing 1 mM HEPES pH 7.4 and 5 % methanol, to a
concentration of 1 mM. The peptide sample was placed in a quartz cuvetie with a path length of
0.2 cm and the CD spectrum was recorded from 300 to 190 nm at 25°C, using the Chirascan-plus
qCD machine {Appliad Photophysics). The actual concentration of the peptide was deternuned
by the absorbance of the peptide at 280 nM. An estimate of the secondary structure components
of the peptide was carried out by converting the CD spectium to mean residue ellipticity, before
deconvoluting using the CDNN software (distributed by Applied Photophysics). All experiments

were done in duplicates.

Isothermal Titration Calorimetry (ITC)

All experiments were performed in duplicates using the MicroCal PEAQ-ITC
Automated svstem. 100-200 pM of peptide was titrated into 20 pM of purified recombinant
human MDM2 protein {(amino acids 1-125), over 40 injections of 1 pul each. For peptides that
are msoluble at high concentrations, reverse ITC was carried out by fifrating 200 uM of MDM2
protein into 20 uM of peptide. All protein and peptides were dialvzed overnight in buffer
containing 1 x phosphate-buffered saline (PRS) pH 7.2, 3 % DMSO, and 0.001 % Tween-20.
Data analysis was carried out using the MicroCal PEAQ-ITC Analysis Software.

Surface plasmeon resonance (SPR)

SPR experiments were performed with Biacore T100 (GE Healthcare} at 25°C. The site-specific
mono-biotinyiated MDM2 were prepared by sortase-mediated ligation. SPR buffer consisted of
PBS pH 7.2, 1 mM DTT, 0.01% Tween 20, and 3% DMSQO. The CMS chip was first conditioned
with 100 mM HCL, followed by 0.1% SDS8, 50 mM NaOH and then water, all performed twice
with 6 second injection at a flow rate of 100 uL/mun. With the flow rate set to 10 pL/minutes,
streptavidin (84762, Sigma-Aldrich) was immobilized on the conditioned chip through amine
coupling as described in the Biacore manual. Fxcess protein was removed by 30 second injection
of the wash solution (S0 mM NaQOH + 1 M Na(l) for at least 8 times. The immobilized levels are
34003700 RU. The biotinylated MDM?2 were captured o the streptavidin, to alevel of ~400
RU for MDMZ2. Flow cell consisted of only sireptavidin was used as the reference surface. Using
a flow rate of 30 pl/munutes, peptides dissolved in the SPR buffer are injected for 180 sec. The
dissociation was monitored for 300 seconds. For muidti-cycle kinetics, each peptide injection is
followed by a similar injection of SPR buffer to allow the swrface to be fully regenerated. For
single-cyele kinetics, five peptide concentrations were injected consecutively for 180 seconds,
followed by a 4000 second dissociation. Similar injection of SPR buffer was followed to allow
the surface to be regenerated, though not completely. After the run, responses from the target
protein surface are transformed by (i) correcting with DMSQO calibration curve, (1t) subtracting
the responses obtained from the reference surface, and (111) subtracting the responses of buffer

mjections from those of peptide injections. The last step is known as double referencing which
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corrects the systematic artefacts. The resulting responses were subjected to kinetic analysis by
global futting with 1:1 binding model.

MDM2 Binding Assay

Purified MIDM?2 (1-125) protein was titrated agamst 50 nM carboxyfluorescein
(FAM)-labeled 12/1 peptide13 (FAM-RFMDYWEGL-NH2). Dissociation constants for titration
of MDM?2 against FAM-labeled 12/1 peptide were determined by fitting the experimental data o

a 111 binding model equation shown below:

Equation 1

(K +[L] +[P])~ . K, +[L], +[P])* - 4[L] [P]

{ Y v d ts f
ro= r{) o Uﬁh - ;f” ) X - i

[P} 1is the protein concentration (MDM2), [L] is the labeled peptide concentration, 1 is the
anisotropy measured, 10 is the anisotropy of the free peptide, b is the anisotropy of the MDM2-
FAM-labeled peptide complex, Kd is the dissociation constant, [L}t is the total FAM labeled
peptide concentration, and [P}t 1s the total MIDM2 concentration. The deternuned apparent Kd
value of FAM-labeled 12/1 peptide {13.0 nM) was used to determine the apparent Kd values of
the respective competing ligands in subsequent competition assays in fluorescence anisotropy
experiments. Titrations were carried out with the concentration of MIDM2 held constant at 250
M and the labeled peptide at 50 nM. The competing molecules were then titrated against the
complex of the FAM-labeled peptide and protein. Apparent Kd values were determined by fitting

the experimental data to the equations shown below:
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0 = ar o 2d* +9de —27 f }

2+f (d” —=3e)

{L]st and [L}t denote labeled ligand and total unfabeled ligand iput concentrations, respectively.
Kd2 is the dissociation constant of the interaction between the unlabeled ligand and the protem.
In all competition experiments, it is assumed that {Pjt > {List, otherwise considerable amounts of
free labeled ligand would always be present and would interfere with measurements. Kdl is the
apparent Kd for the labeled peptide used and has been experimentally determuned as described in
the previous paragraph. The FAM-labeled peptide was dissolved in dimethyl sulfoxide {(BMSQO)
at 1 mM and diluted into experimental buffer. Readings were carried out with an Envision
Muditlabel Reader (PerkinElmer). Experiments were carried out tn PBS (2.7 mM KCI, 137mM
NaCl, 10 mM NapHPO,4 and 2 mM KHyPOy (pH 7.4)) and 0.1% Tween 20 buffer. All titrations
were carried out in triplicate. Curve-fithng was carried out using Prism 4.0 (GraphPad). To
validate the fitting of a 111 binding model we carefully ensured that the anisotropy value at the
beginning of the direct titrations between MDM?2 and the FAM-labeled peptide did not differ
significantly from the anisotropv 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 the 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.
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p33 Beta-lactamase Reporter Gene Assay

HCT116 cells were stably transfected with a p33 responsive f-lactamase reporter,
were seeded into a 384-well plate at a density of 8,000 cells per well. Cells were maintained in
McCoy's SA Medium with 10% fetal bovine serum {FBS), Blasticidin and
Pemcillin/Streptomycin. The cells were incubated overnight and followed by removal of cell
growth media and replaced with Opti-MEM etther containing 0% FBS or 10% FBS. Peptides
were then dispensed to each well using a liquid handier, ECHO 5335 and incubated for 4/16
hours. Final working concentration of DMSO was 0.53%. B-lactamase activity was detected using
the ToxBLAzer Dual Screen (Invitrogen) as per mamufacturer’s instructions. Measurements were
done using Envision multiplate reader (Perkin-Elmer). Maximoum p53 activity was defined as the
amount of B-lactamase activity induced by 50 uM azide-ATSP-7041 (stapled pS3 peptide;
Atleron Therapeutics, Inc.). This was determined as the highest amount of pS3 aclivity induced
by azide-ATSP-7041 by titration on HCT116 cells.

Lactate Dehvdrogenase Release Assay

HCT116 cells were seeded into a 384~-well plate at a density of 8000 cells per
wel. Cells were maintained in McCov’s 5A Medium with 10% fetal bovine serum (FBS),
Blasticidin and Penucilliny/Streptomycin. The cells were incubated overnight followed by removal
of cell media and addition of Opti-MEM Medium without FBS. Cells were then treated with
peptides for 4/16 hours in Opti-MEM either in 10% FBS or serum free. Final concentration of
DMSO was 0.5%. Lactate dehvdrogenase release was detected using CyvtoTox-ONE
Homogenous Membrane Integnity Assay Kit (Promega) as per manufacturer’s instructions.
Measurements were carried out using Tecan plate reader. Maximum LDH release was defined as
the amount of LDH released induced by the Ivtic peptide (DN AT9) and used to normalize the

results.

Tetracycline Beta-lactamase Reporier Gene Assay (Counterscreen)

Based on Jump-In ™ T-REx™ CHO-K1 BLA cells and contain a stably
integrated B-factamase under the control of an inducible CMV promoter. Cells were seeded into
a 384-well plate a density of 4000 cells per well. Cells were mamtained in Dulbecco’s Minimal
Eagle Medium (BMEM) with 10% fetal bovine serum (FBS), Blasticidin and
Penicillin/Streptomycin. The cells were incubated for 24 hours, followed by cell media removal
and replacernent with Opti-MEM etther containing 10% FBS or 0% FBS. Peptides were then
dispensed to each well using a liquid handier, ECHO 555 and incubated for 4/16 hours. Final
working concentration of DMSO was 0.5%. B-lactamase activity was detected using the
ToxBLAzer Dual Screen (Invitrogen) as per manufacturer’s mstructions. Measurements were
carried out using Enviston multiplate reader {Perkin-Flmer). Counterscreen activity was defined

as the amount of B-lactamase activity induced by tetracvchine.
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HCT-116 Western blot analysis

Preparation of compound Stock and working Solutions: 10 mM or 1 mM
stock solutions of compounds were prepared in 100% DMSO. Each compound was then serially
diluted in 100% DMSO and further diluted 10-fold mto HPLC grade sterile water to prepare 10X
working solutions in 10% DMSO/water of each compound. Depending on the required volume
used in the relevant assay, compounds were added to vield final concentrations as indicated in
the relevant figure with a residual BMSO concentration of 1% v/v.

HCT116 cells (Thermo Fisher Scientific) were cultured in DMEM cell media,
which was supplemented with 10% foetal calf serum (FBS) and pemcillin/streptomyvein. All cell
lines were maintained in a 37°C humdified incubator with 5% CO4 atmosphere. HCT116 cells

rere seeded mto 96 well plates at a cell density of 60,000 cells per well and incubated overnight.
Cells were also maintained in DMEM cell media with 10% fetal bovine serum (FBS) and
penicillin/streptomycin. Cell media was then removed and replaced with cell media containing
the various compounds/vehicle conirols at the concentrations indicated in DMEM cell media
with 2% FCS. After the stated incubation time (4 or 24 hours) cells were rinsed with PBS and
then harvested in 100 ul of Ix NuPAGE LD sample buffer supplied by Invitrogen (NPOUOS).
Samples were then sonicated, heated to 90 °C for 5 minutes, sonicated twice for 10 seconds and
centrifuged at 13, 000 rpm for § munuies. Protein concentrations were measured by BCA assay
{Pierce}. Samples were resolved on Tris-Glycine 4-20% gradient gels (BIORAD) according to
the manufacturer’s protocol. Westemn transfer was performed with an Immuno-blot PYDF
membrane {Bio-Rad) using a Trans-Blot Turbo system (BIORAD). Western blot staining was
then performed using antibodies against actin {A{L-15, Sigma} as a loading control, pZ1 {118
mouse monoclonal), MDM?2 (2 A9 mouse monoclonal antibody) and p53 (DO-1 mouse
monoclonal antibody).

EXAMPLE 1
Cenformational landscape of PPMI-S peptide in apo and MDM2-bound states.

We sought to rationally design stapled "PMI-S analogues that would stabilize
helical structure and preserve or enhance hinding affinities. Accordingly, we applied molecular
dynamics (MD) simulations to the published co-crystal structure of the MDM2-"PMI-§ complex
to understand its structural details critical for the maintenance of the binding motif. During the
sirnulation, the bound conformation of the "PMI-8 peptide remained stable with an RMSD of <
2A relative to its starting conformation | Fig. 2A]. The bound "PMI- peptide retained its
crystallographic a-helical conformation throughout the stroulation (>95% a-helicity). The
peptide bound state of MDM2 also remained stable with an RMSD of < 2A [Fig. 2B]. The
bound conformation of the peptide is stabilized by hydrogen bonds and hydrophobic interactions.
A hydrogen bond observed in the crystal structure between the side chain N of 6-F-°Trp3 and the
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backbone O of GIn72 |Fig. 1B/, is preserved in ~80% of the simulation. Other hvdrogen bonds
seen in the crystal structure and reflected in the simulations but for shorter durations included 1)
the side chains of Gln72(MDM2) and Thri(PPMI-3§}, i1} the side chains of LysO4/HisO6(MDM?2)
and Glu8{"PMI-8}, iii) the side chains of His96/Tyrl 00(MDM2) and the backbone carbonyl of
Leul 1{°PMI-8) [Fig. 1B]). As expected. the three critical residues of p53, 6-F-°Trp3, p-CF3-
PPhe7 and "Leuld from PPMI-8 were buried into the hydrophobic binding pocket in MDM2
[Fig, 2] throughout the simulation.

Peptide design was also imformed by understanding the conformational landscape
of the free "PMI-5 peptide in solution. Simulations were carried out starting from the bound
conformation of the peptide extracted from the crystal structure of the MDM2- PPMI-& complex.
Biasing Potential Rephica Exchange MD (BPREMD), a Hamultonian Replica Exchange Method
that has been used successfully to explore peptide landscapes {55, 56}, was used to enhance the
conformational sampling of the peptide. Unsurprisingly, the free peptide exhibited increased
fexibility with RMSD ranging between 2-6 A [Fig, 2B]. The two peaks (3-4 A and 6 A)
correspond to the partially folded and unfolded states of the peptide, a rapid loss in a-helicity is
seen resulting in a state where only ~21% of the sampled conformations are alpha helical. This
prediction was expenimentally confirmed by circular dichroism (CD) spectroscopy, which
showed the peptide was ~20.4% helical in solution [Fig, 2E]. This was also expected and

consistent with the linear peptides derived from the natural p53 sequence.

EXAMPLE 2
Besign and Synthesis of stapled D-peptides.

Relative to the above simulations, we sought to design stapled analogues of
PPMI-§ that would maximize helicity in solution and maintain target binding. To identify
appropriate positions on the PPMI-S peptide for the introduction of the hydrocarbon linkers, we
sought to determine residues that, upon mutation, would result in minimal perturbation to the
peptide-MDM?Z interaction. The overall binding energy of the peptide to MDM2 during the MD
stmnulations is decomposed into the energetic coniributions of each residue of the
peptide. Unsurprisingly, 6-F-"Trp3, p-CF3-"Phe7 and "Leull are the major contributors to the
total binding energy followed by PTyr4 and Leul0 [Fig. 3A]. The contributions from the other
seven residues are either negligible or even slightly destabilizing. We next carried out
computational alanine scans of the residues of the peptide by mutating each residue to D-alanine
and computing the change in the binding energy for each conformation sampled during the MD
simulation and averaging the changes |Fig. 3B|. The results mirror the residus-wise
contributions {Fig. 3A] n that the D-alanine mutations were most deleterious at positions that
contributed most, i.e. 6-F-°Trp3 and p-CF3-PPhe7 of PPMI-8 (> ~ 10 keal/mol) [Fig. 3B while
substitutions at positions "Tyr4, PGlu® and PLeul resulted in foss of ~2-5 keal/mol in the
overall binding energy [Fig. 3B]. In contrast the other positions were quite tolerant to I>-Ala
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substitutions. Overall, these studies suggest 7 positions where staples could be incorporated
without significant perturbations to target binding. The incorporation of staples requires careful
selection of sidechains with appropriate stereochemistry. As stapling of the left-handed aipha-
helices that are formed by all-D3 peptide has not been conducted previously, we first needed 1o
select the appropniate stereccenters. We reasoned that the stereo-centers should be a mirror-
image of the standard sirategies that have proven effective for stapling night-handed alpha-
helices (i.e, 8510 85 for (1, i+4} hinkages, and R8 to S5 for (i, 1+7) linkages). Accordingly, we
choose to employ R5 to RS and 88 to RS hinkages. Using these linkages and the simulation to
guide staple placement, we designed several stapled versions of PPMI-6 (details are shown in
Fig. 4).

EXAMPLE 3
Peptide stapling increases helicity,

BP-REMD stmulations suggested that all of the designed stapled "PMI-8
analogues should have increased solution-based helicity. Specifically, we predicted solution
helicities between 24-39%: values that were increased compared to the predicted and measured
values of ~21% for the unstapled parent sequence (vida supraj. The values for the stapled
analogues agreed well with those obtained experimentally via CD spectroscopy {ranging from
24.5 % t0 38%)i Fig. SA] This increase in helicity upon stapling mirrors what has been reported

for stapling all-L amino acid peptides [57-58].

EXAMPLE 4
Stability and binding affinity are improved upon peptide stapling,

We next carried out MD simulations of the stapled PPMI-8 peptides bound to
MDM2. Using the linear "PMI-§ peptide/MDM2 co-crystal structure as a starting point, staples
were modelled into the all-D peptide at six sets of residues and subject to MD simulations. The
stapled peptides remained stable during the MD siroulations and remained largely (~95%)
helical. The three critical residues 6-F-"Trp3, p-CF3-"Phe and PLeul 1 remained buried in the
hydrophobic pocket/binding site of MDM2 [Fig, 6] The hydrocarbon linkers remained largely
exposed to solvent without engaging the MDM2 surface; this contrasts with some of the L-anuno
acid stapled peptides where the staples contributed to the binding by engaging with the surface of
MDM?2 [52-53].

Mext, the ability of these peptides to bind MDM2 was measured using
fluorescence polarization [FP], surface plasmon resonance (SPR), and isothermal titration
calorimetry [ITC] experiments. For the binding assays, MDM2 (residues 17-125) was used 1n
conjunction with linear and stapled PPMI-8 peptides. We used a stapled all-L-peptide, ATSP-
7041 {59}, a validated MDM2 binder, as a positive control and found that it binds strongly o
MDM?2 with Kd 2 nM in this version of our FP assay. In our hands, the linear "PMI-8 peptide
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displayed strong affinity for MDM2 with Kd of 36 nM. Two of the six stapled "PMI-3 peptides
displayed strong affinity towards MDMZ, two stapled peptides PPMI-8¢/-3) and PPMI-8(5-

12} binding with Kd of 13 and 39 nM respectively. In contrast, peptides PPMI-6(2-6), PPMi-
8(5-9). PPMI-8¢6-10) and PPMI-5¢2-9} displaved no binding in the FP assay (Fig. SB. Table 1).
The SPR binding data mirrored the FP assay, with the linear and stapled "PMI-8 (1-5 staple. and
5-12 staple) binding strongly with Kd of < InM, whereas the other stapled "PMI-8 peptides
displaying reduced affinity with "PMI-3 (2-6) as a non-binder (Table 1).

Table 1
Secondary structure, binding and cellular activity of stapled, double stapled and stitched PPMI-3
peptides determined through various biophysical and biochemical methods.
Ch FPKd | FPKd SPR P33 LDH Counter-
Peptide (Yohelicity) | (M) (nM) Kd activity release screen
MDM2Z | MDM4 | (aM) ECsq EC3q EC3q
(uM) (M) (uM)
(2% (2% 2%
FBS) FBS) FBS)
16H 16H 16H
DpMI-& 20.4 36.2 43.8 <1 50 30 30
DPMI-8({-3) 247 13.2 4.5 < 13.7 24 30
UPMI-G (2-6) 46.7 10000 | 10000 | >300 50 17.7 13.9
PPMI-(2-9) 26.5 3350 10000 7.4 30 30 30
UPMI-3(5-9) 38.0 10000 | 10000 29 50 465 47
PPMI-3(6-10) 399 10000 | 10000 359 30.3 18.5 39
PPMI-8(5-12) 318 38.73% 295 <1 213 50 30
DPMI-&(J-3-12) 2% 10006 | 100006 | >500 50 50 30
{scrambled)
UPMI-8(/-5-12} 52.1 4.25 12.5 <1 4 50 50
PPMI-&(I-3, 9-12) 20 G.7 2.1 <1 34.6 50 30
ATSR-7041 496 492 45 <1 1.8 50 30

Models provided an explanation for the lack of binding of PPMI-8(2-6) and "PMI-§(2-9); akey
hydrogen bond between the backbone of 6-floro-"Trp at position 3 and the sidechain of Q72 is
lost when the residue at position 2 is replaced with a stapled linker as the alpha-methyl interferes.
Our models are unable to demonstraie whether this is a kinetic effect or a thermodynamic effect;
nevertheless, ATSP-7041 is also known o lose affinity when Thr2 is mutated to either amino-
1sobutvric {Aib) or N-methyl Threonine.

The 1:1 stoichiometric binding was further confirmed by Isothermal titration
calorimetry (ITC) experiments. Both the linear and stapled "PMI-S peptides bound to MDM?2
with (AG =~ -10 kcal/mol} [Table 1], with the enthalpy of binding {AH) ranges from -15.8
keal/mol for the PPMI-8(7-5) to -8.25 keal/mol for the PPMI-3¢3-/2). Both the linear "PMI-3
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peptide and "PMI-8(/-5) stapled peptide fess helical in solution, had a favorable enthalpy
contribution for the binding. The favorable enthalpy corapensates for the entropic penalty paid as
the disordered peptide gets ordered during binding to MDM2. On the other hand, stapled
peptides PPMI-8¢5-72) which had increased helicity {34% helicity)} has favorable entropic
contributions for the binding that compensate for the loss in favorable enthalpy contributions
and therefore the binding is retained.

Next the proteolyvtic stabilities of the stapled and unstapled "PMI-5 peptides were
mvestigated by incubating these molecules in whole cell homogenate. As expected, the ali-D
configuration a-amino acids composition rendered all peptides {linear and stapled} resistant to
proteolvtic degradation. Specifically, >90% of each peptide remained detectable 1o the
homogenate during the 4-hour incubation time (Fig, 18). Small decreases in peptide
concentrations over fime were atiributed to sample loss due to binding to labware and instrument

surfaces rather than through proteclysis.

EXAMPLE 5
Cellular uptake of stapled all-D configuration u~-amino acid peptides.

To investigate the effect of peptide stapling in the celiular context, linear and
stapled "PMI-8 peptides were added to HCT116 cells with a stably transfected p33-responsive
B-lactamase reporter gene. Afier 16 hours of peptide incubation, no p53 activation was observed
for the linear "PMI-& peptide, even at the high concentiration tested (50uM)}. In contrast, three of
the six stapled "PMI-8 peptides showed dose responsive increases in p33 activity, while the other
three were inactive across the range of peptide concentrations fested (Fig. 7A).

Cellular activity correlated well with the biophysical and biochemical data.
Stapled peptides "PMI-8(7-5) and "PMI-8(35-/2) bound MDM?2 well (with Kds of 13 and 39 nM
respectively from FP assay) and also demonstrated measurable cellular activation of pS3 with
ECsos of 17.5 and 23.2 uM respectively {Table 1]. While these peptides clearly cross the cell
membrane in order to activate p33, peptides VPMI-5(3-9), PPMI-8(2-6) and PPMI-8(2-9) were
unable to activate cellular pS3, perhaps due their lack of binding affimity (Kd in pM range).
Interestingly peptide "PMI-8(6-70) a non-binder of MDM2 (from FP assay) demonstrated
measurable cellular activation with ECso of 30.3uM.

EXAMPLE G
Membrane distribution and counterscreen activity of stapled
all-Dy configuration g-amino acid peptides,
Macrocychic peptides that are cell permeable are often hvdrophobic in nature {60},
a property that can impart an ability to disrupt the outer membrane and result in cellular leakage
{61} To assess whether the results from our p33 reporter assav [Fig, 7A] were potentially

comprormised by mernbrane damage, we carried out a membrane integrity assay {Lactate
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dehydrogenase release, LDH) | Fig. 78] under identical conditions to our p53 cellular assay.

The linear "PMI-5 peptide which did not show any p53 celtular activity [Fig. 7A} also did not
show any LDH leakage at concenirations as high as 50uM [Fig. 7B} The stapled peptides,
PPMI-§¢2-9) and PPMI-3(5-9) also did not cause LDH leakage. even at even at concentrations as
high as 50uM. The stapled peptide "PMI-3(2-9) which was weak binder in biochemical assays
and did not result i any cell activity also did not cause LDH release, suggesting that it is cell
impermeable. Interestingly the most cell active stapled peptide VPMI-§(5-72), didn’t cause any
LDH leakage [Fig. 7B, suggesting that the activity observed in the p53 receptor activation assay
1s through intracellular target engagement and or has the appropriate secondary structure to
minimize cell lysis. Stapled peptides "PMI-8¢1-5}, PPMI-3(2-6) and PPMI-8/6-10) all caused
LDH leakage with ECso of 24uM, 17.7 pM and 18.5 pM respectively [see Fig. 7B]. Peptide
PPMI-5¢2-6), a non-binder of MDM?2 and without any measurable cell activity, induced LDH
leakage with ECso 17.7 uM. Peptides "PMI-8/6-70), a non-binder of MDM2 and "PMI-3¢/-5) a
potent binder of MDMZ with cell efficacy, also resulted in considerable LDH leakage. In fact,
the BECsp observed in the p33 reporter activity assays 1s sinlar to the ECso observed for the LDH
leakage assays, indicating that these two stapled peptides cause membrane disruption and the
readout of the pS3 reporter assay may not be due to intracellular target engagement but instead
due to the nonspecific cviotoxicity resuiting from plasma membrane lvsis. Thus, we demonstrate
that "PMI-8(5-12) enters the cells without membrane disruption, engages the MDM2:p33
complex, resulting in p53 reporter activity.

To further validate intraceliular target engagement, we carried out a counterscreen
assav with an identical reporter gene but one whose expression 15 independent of p33 activation.
Most of the stapled "PMI-6 peptides including the linear peptide had ECso values > 50pM |Fig.
7C1. For the linear "PMI-§ peptide and stapled peptides PPMI-8 (5-9} and "PMI-5(2-9), this
result was unsurprising as these molecules appear to be cell impermeable. Interestingly, stapled
peptides PPMI-6¢/-5} and PPMI-8(6-10) each demonstrate significant activity in the reporter
assay and LDH leakage assay and didn’t exhibit activity or were weakly active (PPMI-5(6-70)
39uM) in counterscreen assay. CPMI-8(5-72) displayed neghgible cyiotoxicity with ECso >
S0uM, suggesting that it 15 not cytotoxic and acts mechamistically through disruption of the

mtracellular MDM2-p33 complex.

EXAMPLE 7
Design, synthesis, binding and cellular activity of double staple and stitched peptides.
Encouraged by the results stapled "PMI-3 peptides, with particular interest in
PPMI-8¢5-12) which showed on-target cellular activity without confounding activities in the
LDH release or counterscreen assays, we wonder whether incorporation of an additional staple
would confer further improvements in binding and cellular activity. Recent studies have

highlighted the limtations of peptides carrying single staples including low cell permeability,
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low proteolytic stability and low cellular activity and have shown that these can be overcome
with the introduction of an additional staple [39, 40, 62]. In such bicyclic arrangements, two
pairs of hvdrocarbon stapling residues are incorporated into a single peptide sequence. To avoid
any cross reactivity during olefin metathesis, sufficient spacing between the two pairs of non-
natural amino acid staple precursors are required, ofien resulting in a longer peptide sequence.

Several double-stapled peptides have been shown to successfully inhibit pathways
in HIV-1 [39], Ral GTP-ase |63, Rabh&a GTP-ase {64}, estrogen receptor-u {65], Respiratory
Svneytial Virus Entry [40, 62} and BCLY [66]. All these peptides exhibited increased helicity,
increased proteolviic resistance and increased binding as compared to the corresponding single
stapled peptides. Some of these double-stapled peptides even demonsirated enhanced cell
permeability. Double-stapled peptides can also be designed with a common
attachment/anchoring point and peptides with such contiguous hvdrocarbon staples are also
referred to as “stitched” peptides {67]. Recentlv XY Z reported the synthesis of stitched peptides
using RCM reactions that exhibited improvements in thermal and chemical stability, proteolytic
stability and cell permeability [66]. From the six stapled peptides designed, we found that two,
PPMI-8¢/-5) and PPMI-3(5-/2), both exhibited improved binding and cellular properties. We
introduced an addition staple between positions 9 and 12 (i+3) in PPMI-§(7-5) resulting in a
PpMI-§¢7-5.9-12) double stapled peptide [Fis. 8A]. Combining "PMI-8/7-5) and "PMI-5(5-
12) resulted in a stitched peptide, PPMI-8¢7.5, 12), with the common attachment point for the
two staples localized at residue 5 |Figs. 8A]. As expected the UD spectra of the stitched "PMI-
&(1,5,12} showed increased helicity {(52% helicity, Table 1} This agrees with reports on other
peptides showing that the stitched and double stapled peptides often display increased helicity
compared to the single stapled pepiides {39, 40, 62-67]. In conirast the double staple, peptide
didr’t enhance helicity in PPMI-8(/-5,9-12).

Both the double-stapled PPMI-8(7-3,9-12) and stitched bicyelic peptides PPMI-
&(1,5,12) bound MIDM?2 with Kd of 4 and 0.7 nM in FP assayv, a 10- to 100-fold increase in
affinity as compared to "PMI-8(7-5) and "PMI-3(3-/2) [Fig. 8C, Table 1]. This confirms that
the additional staple enhances the target engagement of these peptides. PPMI-8¢7. 5,12} displayved
enhanced cellular activity with ECsq of 4 pM, at 16 hours, a five-fold increase compared to the
single stapled peptides. Similar increases in cell permeability for a stitched peptide have been
reported earlier |66]. However, the double-stapled peptide "PMI-8(7-5,9-12} didn’t have
significant cellular activity with an ECs¢ of 34.6 pM, at 16 hours. Although recent studies have
reporied that the double-stapled peptides appear (o follow the same trend as their single-stapled
counterparts {39, 40, 62-65], lack of cell activity observed for the double-stapled peptide here,
demonstrate that enhanced cellular activity 1s not uniform. Although the molecular mechanisms
behind the increased cell permeability of the stitched and double-stapled D-peptides are unclear,
it could be attributed to the increased conformational rigidity and/or increased hydrocarbon

content of these peptides. No detectable LDH leakage was observed, even at concentrations as
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high as 50 uM [Fig. 8E], and there was negligible counter screen activity |Fig, 8F|, confirming
that the designed double stapled PPMI-871-5 9-712) and stitched peptides "PMI-8(7,5 12} enter
cells without membrane disruption and result in the activation of p53 by inhibiting the MDM2-
p53 complex. The intracellular target engagement of stitched "PMI-6(1.5,12) peptide as further
validated using westem-blot analysis [Fig, 11} Stabilization of MIDM?2 and activation of p33
was observed for PPMI-8(1,5,12) and ATSP-7041 (stapled p53 peptide; Aileron Therapeutics,
Inc.}, whereas the "PMI-§ linear peptide failed to do so.

EXAMPLE 8
Bual inhibition by stapled and stitched all-D configuration g-amino acid peptides.

MDMX is homologous to MDM2 and s also a negative regulator of p53, often
found overexpressed in some cancer cells. Studies have shown that dual inhibition {of MDM?2
and MDMX) appears to be critical for full activation of p53-dependent tumor suppression. Thus,
we were interesied to know if the all-D configuration a-amino acid peptides had dual-inhibitory
properties. As a control, the single stapled peptide ATSP-7041, a validated MDM2/MDMX
binder, was observed to bind to MDMX with Kd 4.5 nM. The structure of MDMX is highly
similar to MDM2 |Fig. 9A], so we generated a model of the "PMI-& peptide bound to a structure
of MDMX using the "PMI-3:MDM2 structure as template. Models of the stapled/stitched VPMi-
& peptide bound to MDMX were generated by incorporating appropriate linkers in the "PMI-
&:MDMX structure. We next carried out MD simulations of the (un)stapled/stitched "PMI-&
peptides bound to MDMX. The stapled peptides remained stable during the MD simulations and
remained largely (~95%) helical. The three critical residues 6-F-PTrp3, p-CF3-"Phe and PLeut 1
remained buried in the hydrophobic pocket/binding site of MDMX [Fig, 98] The hydrocarbon
linkers remained largely exposed to solvent without engaging the MDMX swrface. The binding
of PPMI-5 peptides with MDMX was further confirmed by FP assay [Fig. 9C].

The MDMX binding data mirrored the MDM2Z binding FP assay, with the linear
and stapled "PMI-5 (1-5 staple, and 5-12 staple) binding strongly with Kd of 43.8 nM, 4.5 nM
and 29.5 oM respectively. The other four stapled peptides PPMI-§ (2-6), PPMI-8/5-9), "PMI-§
(2-9), PPMI-8(6-10) displaved no binding (Table 2) in the FP assay. Both the stitched "PMI1-&
(1.5.12) and double-stapled "PMI-§ (1-3, 9-12) peptides displayed strong affinity towards
MDMX, with Kd of 12.5 and 2.1 nM respectively. In conclusion, the stitched "PMI-5 (1,5,12}
and double-stapled "PMI-5 (1-5, 9-12) peptides are high affinity dual inhibitors of MDM2 and
MDMX.

Table 2:
Binding of stapled & stitched "PMI-S peptides with MDM?2 protein

determinad through SPR and ITC experiments.
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SPR Kd (nM) 1TC (keal/mol)
Peptide

AH TAS AG
PPMI-5 <] 13.8 3.04 -10.8
UPMI-G(/-5) <} -158 3.04 -11.6
PPMI-S (2-6) >500 n.d. n.d. .
UPMI-(2-9) 74 n.d. n.d. nd.
PPMI-3(3-9) 29 n.d. n.d. n.d.
PPMI-3(5-1D) <} -8.25 -1.83 -10.1
DPMI-&(6-10) 39 -933 -1.86 -11.2
SPMI-8(/-3-12 <] n.d. n.d. nd.
UPMI-G(1-3, 9-12) <] n.d. n.d. n.d.
ATSP-7041 <} n.d. n.d. nd.

EXAMPLE©

Summary of results shown in Examples 1-8.

Peptide based inhibitors are remerging as next generation therapeutic modalities
because of high target specificity, high biocompatibility and low toxicity. However, liabtlities
such as conformational stability, proteolytic sensitivity and cell permeability hinder thewr
potential. Peptide stapling to consirain peptides in ils active/bound conformation resulls in
several benefits such as improved stability, target binding and cell permeability. Although
stapling L-amino acid peptides can confer resistance to protease-mediated degradation, the effect
is often not complete, especially for residues located outside of the staple. On the other hand, D-
amino acid peptides show complete resistance {o proteolysis, increased stability and
bioavailability, hence appear to be suitable for oral adminstration. Unfortunately, just hike most
linear peptides, all-D peptides generally lack membrane permeability and cellular activity.

We reasoned that a combination of the two strategies (i.e., all-D configuration o~
amino acids and stapling) might provide a robust molecule satisfying all the required criteria for
intracetular target engagement. Accordingly, we embarked on introducing a hydrocarbon staple
ito an all-D a-amuno acid peptide inhibitor of the p33: MDM2/MDMX interaction that had been
discovered using mirror — image phage display [41] . Guided by the available crystal structure of
PPMI-§ bound to the N-terminal domain of MDM2, we designed six stapled "PMI-§ peptides
using a combination of modelling and molecular simulations. All six stapled peptides displaved
helicity ranging from 24% to 45% which compared with ~21% for the linear counterpart. Two
peptides demonstrated increased affinity for MDMZ in biophysical and biochemical experiments.
These peptides also showed enhanced cell uptake without detectable merbrane disruption and
disrupted the MDM2-pS3 complex, leading to activation of p53. No correlation was apparent
between helicity and binding as was also reported for L-amino acid peptides or with cell activity.

We next decided to introduce a second staple generating a double stapled peptide
and a stitched peptide. The stitched peptide displayed the highest helicity {52%) while double
stapled peptide remained unchanged at 20%), similar to the linear peptide. Nevertheless, both
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these peptides displayed increased binding to MDM?Z, suggesting that the binding mechanism of
these peptides are different from each other. However only the stitched peptide displaye
mcreased celiular activity, probably due to increased cell permeability while the double stapled
peptide appears unable to cross the cell membrane. Although stapling resulted in increased
helicity, mncreased affinity and more importantly enables cell perreability, it is not clear how this
latter 1s achieved. Increased hydrophobicity resulting from the hydrocarbon hinker of the stitched
peptide could be a major driving force, however the lack of permeability for the double stapled
peptide which has a longer hydrophobic hinker casts doubt on the hydrophobicity — permeability
link. Therefore, understanding cell permeability wairants further studies to systematically
mvestigate the factors enabling cell permeability of these peptides.

While stapling appeared to impart cell permeability, it also resulted in membrane
disruption by some of the peptides. Curiously, while all the stapled and stitched peptides
displayed reporter activity at 4 hours, only four peptides {1-3, 5-12, 6-10 and 1,5,12 stitched)
continued fo show activity at 16 hours. However, the 6-10 stapled peptide 15 known {o not bind
MDM?2 and 1s also known to cause membrane disruption {(from LDH release agsays) and hence it
likely results in activation of p33 due o membrane disruption. At the same time, the 1-3 stapled
peptide, which is a potent binder of MDM2, also causes LDH leakage and hence it is unclear
what results in p53 activation: target engagement or membrane disruption, likely some
combination of the two.

A counterscreen assay, with an identical read out io the primary cellular screen
but that is independent of p53 activation, was carried out o find peptides with off-target effects
and we found that 6-10 which 1s a non-binder of MDBM2, vet activated pS3 even at 16 hours,
appears 1o have off-target effects. The 2-6 stapled peptide, also a non-binder of MDM2, caused
membrane disruption, showed counter screen activity (which could result from membrane
disruption or off-target activity). In contrast the 5-12 stapled and the 1,5,12 stitched peptide
showed no membrane disruption and off target activity, activating p53 through intraceliular
target engagement. The on-target engagement of the stapled and stitched peptide was further
validated 1n western blot assays. Thus, it s important to use a combination of LDH leakage,
counter screen assays and target engagement/reporter activation 1o rule out false positives (that
result from off-target engagement and membrane disruption}.

Stapling also enabled the peptide to bind to MDMX with high affinity, The
MDMX binding data mirrored the MDM2 data, resulting in a cell permeable dual inhibitor of
MDM2/MDMX. H is possible that in the activation assays, binding to MDMX likely contributes
1o pS3 activation. Several studies have shown that dual inhibition of MDM?2 and MDMX appears
to be critical for full activation of p33-dependent tumour suppression.

In conclusion, by stapling all-D configuration a-amino acids peptides, the
examples demonsirate that stapling can enhance both binding and cellular properties of all-Dd
linear peptides, as has been reported for the L-amino acid peptides. The use of all-D-peptides
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leveraging intrinsic stability and macrocyclization as described here imparts enhanced target
binding and cellular activity o advance a novel stapled peptide modality having sigraficant

therapeutiic potential for p53-dependent cancers.
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Table of Sequences
SEQ
D Description Sequence
NG

1 | PPMI-S TAXYANXEKLLR
Xaa3 is 6-F-Trp
Xaa7 1s p-CFy-Phe
Xaal-Xaal2 all alpha-amino acids
thereof have a D configuration
Xaal2 optionally has a C-terminal
amide

2 DPMI-8(1-5) XAXYXNXEKLLR
Xaal is RS
Xaa3 is 6-F-Trp
Xaa$5 is RS
Xaa7 is p-CF3-Phe
Xaal-Xaal2 all alpha-amino acids
thereof have a D configuration
Xaal2 optionally has a C-terminal
amude
Xaal optionally has a N-terminal
acvl

3 DpMIE-3(2-6) TXXYAXXEKLLR
Xaa2is R3
Xaa3 is 6-F-Trp
Xaa6 is RS
Xaa7 1s p-CF3-Phe
Xaal-Xaal2 all alpha-amino acids
thereof have a D configuration
Xaal2 optionally has a C-terminal
amude
Xaal optionally has a N-terminal
acyl

4 i PPMI-8(2-9) TXXYANXEXLLR
Xaa2is S8
Xaa3 15 6-F-Trp
Xaa7 1s p-CFy-Phe
Xaa9is RS
Kaal-Xaal2 all alpha-amimo acids
thereof have a D configuration
Xaal2 optionally has a C-terminal
amide
Xaal optionally has a N-terminal
acyl

5 DpPMI-5(5-9) TAXYXNXEXLLR

Xaa3 is 6-F-Trp
XaaSis RS
Xaa7 1s p-CFy-Phe
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Table of Sequences

Kaa®is RS

Xaal-Xaal2 all alpha-amino acids
thereof have a D configuration
XaalZ optionally has a C-ternuinal
amide

Xaal optionally has a N-terminal
acyl

G

DPMI-&(5-12)

Xaa3 15 6-F-Trp

Xaasis 88

Xaa7 is p-CF3-Phe

KaalZ s RS

Xaal-Xaal2 all alpha-amino acids
thereof have a [ configuration
Xaal2 optionally has a C-terminal
anude

Xaal optionally has a N-terminal
acvl

TAXYXNXEKLLX

~J

DpMI-3(6-10)

Xaa3 is 6-F-Trp

Xaat s RS

Xaa7 is p-CF3-Phe

XaalGis RS

Xaal-Xaal2 all alpha-amino acids
thereof have a D configuration
Xaal2 optionally has a C-terminal
amide

Xaal optionally has a N-terminal
acyl

TAXYAXXEKXLR

PpMI-8(1,5.12)

Xaal is R3

Xaa3 15 6-F-Trp

Kaasis BS

Xaa7 is p-CF3-Phe

XaalZ is R8

Xaal-Xaal2 all alpha-amino acids
thereof have a D configuration
XaalZ optionally has a C-ternuinal
amide

Xaal optionally has a N-terminal
acvl

XAXYXNXEKLLX

9

DpMI-8(1-5, 9-12)
Xaalis RS

Xaa3 s 6-F-Trp
Xaas5is RS

Xaa7 1s p-CF3-Phe
Xaa®is 55

Xaal2 s R8

KAXY XNXEXLLX
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Table of Sequences

Kaal-Xaal2 all alpha-ammo acids
thereof have a D configuration
Xaal2 optionally has a C-terminal
amide

Xaal optionally has a N-terminal
acyl

10 | N-terminal domain of MDM2 MCONTNMSVPTDGAVTTSQIPASEQGETLVRPK
All-L amuno acids PLLLELLKSVGAQRKDTYTMKEVLEFYLGQOY!
MTKRLYDREKQQHIVYCSNDLLGDLFGYPSFS
/REHRKIVTMIYRNLVVVNQQOESSDSGTSVS
EN
11 | N-terminal domain of MDM4 MTSFSTSAQUSTSDSACRISPGQINQVRPKLP
{(MDMX)} LLKILHAAGAQGEMFTVKEVMHYLGOYIMY
All alpha-amino acids have an L KOQLYDQOQEQHMVYCGGDLLGELLGRQSFSY
configuration KDPSPLYDMLRKNLYVTLATATTDAAQTLAL
AQD
12§ Human MDM2 1-125 sequence MSDKHHSPILGYWRKIKGLVQPTRLLLEYLEE
All alpha-amino acids have an L KYEEHLYERDEGDEKWRNKKFELGLEFPNLP
configuration YYIDGDVKLTOSMANRYIADKHNMLGGCPK
ERAFISMLEGAVLDIRYGVSRIAYSKDFETLK
/DFLSKLPEMLKMPEDRLCHEKTYLNGDHVT
HPDFMLYDALDYVVLYMDPMCLDAFPKLVC
FRKKRIEAIPQIDKYLKSSKYIAWPLOGWQAT
FGGGDHPPKLEVEFQGHMHHHHHHSSGYDL
GTENLYFOOMCOCNTNMSVPTDGAVTTSQIPA
SEQETLVRPKPLLLKLLKSVGAQKDTYTMK
EVLFYLGOYIMTKRLYDERKQOHIVYCSNDLL
GDLFGVPSFSYKEHRKIYTMIYRNLYVVY VNG
ESSDSGTSVSEN
13§ TV cleavage site ENLYFQS
All alpha~-amino actds have an L
configuration
i4 | TV cleavage site with 87G ENLYFQG
substitution
Al alpha-amino acids have an L
configuration
15 | Human p533 protein MEEPQSDPSVEPPLSQETFSDLWEKLLPENNY

All alpha-amino acids have an L
configuration

LSPLPSQAMDDLMLSPDDIEQWERTEDPGPDE
APRMPEAAPRVAPAPAAPTPAAPAPAPSWPL
SSSVPSQKTYQGSYGFRLGFLHSGTAKSVTC
TYSPALNKMFCOQLAKTCPVQLWVDSTPPPG
TRVRAMAIYKOQSQHMTEVVRRCPHHERCSD
SDGLAPPQHLIRVEGNLRVEYLDDRNTFRHA
VVVPYEPPEVGSBCTTIHY NYMONSSCMGG
MNRRPILTHTLEDSSGNLLGRNSFEVHVCAC
PGRDRRTEEENLRKKGEPHHELPPGSTKRAL
SMNNTSSSPOPKKKPLDGEYFTLOIRGRERFEM
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Table of Sequences
FRELNEALELKDAQAGKEPGGSRAHSSHLES
KKGOSTSRHKKLMFKTEGPRSD
16 | PPMI-3 variant XAXYXNXEXLLX
Xaal is an alpha-amino or an
alpha,alpha-disubstituted amino acid
Xaa3 is 6-F-Trp
Xaa5 is an alpha-amino or an
alpha,alpha-disubstituted amino acid
Xaa7 1s p-LCF3-Phe
Xaa9 is an alpha-amino or an
alpha,alpha-disubstituted amino acid
KaalZ is an alpha-amino or an
alpha,alpha-disubstituted amino acid
Xaal~-Xaal2 all alpha~-amino acids
thereof have a D configuration
Xaal2 optionally has a C-ternunal
amide
Xaal optionally has a N-termunal
acyl
17 | PPMI-&(1-5) XAXYXNXEKLLR
Xaal s RS
Xaa3 is 6-F-Trp
Xaas s RS
Xaa7 is p-CF3-Phe
Xaal~-Xaal2 all alpha~-amino acids
thereof have a D configuration
XaalZ has a C-terminal anude
18 | PPMI-8(2-6) TXXYAXXEKLLR
XaaZ is RS
Xaa3 is 6-F-Trp
Xaab is R3
Xaa7 1s p-LCF3-Phe
Xaal-Xaal2 all alpha-amino acids
thereof have a D configuration
Xaal2 has a C-terminal amide
19 | UPMI-8(2-9) TXXYANXEXLLR
Xaa2 is 88
Xaa3 is 6-F-Trp
Xaa7 is p-CF3-Phe
XaaY s RS
Xaal-XaalZ all alpha-amino actds
thereof have a D configuration
Xaal2 has a C-terminal amide
20 | PPME-5(5-9) TAXYXNXEXLLR
Xaa3 is 6-F-Trp
XaaSis RS
Xaa7 1s p-CFy-Phe
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Table of Sequences

Kaa®is RS

Xaal-Xaal2 all alpha-amino acids
thereof have a D configuration
Xaal2 has a C-terminal amide

21

CPMI-§(5-12}

Xaa3 is 6-F-Trp

Xaa51s 88

Xaa7 is p-CF3-Phe

Xaal2is RS

Xaal-Xaal2 all alpha-amino acids
thereof have a D configuration
Xaal2 has a C-terminal amide

TAXYXNXEKLLX

22

DPMI-3(6-10)

Xaa3 is 6-F-Trp

Xaa6 1s RS

Xaa7 is p-CF3-Phe

Xaal0is R3

Xaal-XaalZ all alpha-amino actds
thereof have a D configuration
XaalZ2 has a C-terminal amide

TAXYAXXEKXLR

23

DpMI-5(1,5.12)

Xaalis RS

Xaal3 is 6-F-Trp

Xaa5 is B3

Xaa7 is p-CF3-Phe

XaalZ s RE

Xaal-Xaal2 all alpha-amino acids
thereof have a [ configuration
Xaal2 has a C-terminal amide

XAXYXNXEKLLX

24

DPMI-8(1-5, 9-12)

Xaalis RS

Xaa3 is 6-F-Trp

Xaa5 s RS

Xaa7 is p-CF3-Phe

Xaa%is 85

Xaal2 13 R8

Xaal-Xaal2 all alpha-amino acids
thereof have a D configuration
Xaal2 has a C-terminal amide

XAXYXNXEXLLX

R5 is (R)-2-(4’-pentenyl}-alanine
R8s (R3-2-(7 ~octenyl}-alanine
S5 1g (§)-2-(4 -pentenvi)-alanine
S8 15 (8)-2-(7 -octenvi)-alanine
B5 is 2,2-(4 -penenvi)-glvcing
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While the present invention is described herein with reference to illustrated
embodiments, it should be understood that the invention is not limited hereto. Those having

ordinary skill in the art and access to the teachings herein will recogmize additional modifications

[ ]

and embodiments within the scope thereof. Therefore, the present invention is limited only by

the claims attached herein.
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WHAT IS CLAIMED:

1. A peptidomimetic macrocycle comprising:

a peptide of D configuration g-aming acids having the amino acid sequence set
forth i SEQ 1D NO:16 and two staples or one stitch, wherein each staple comprises a
hvdrocarbon crosshinker linking the g-carbons of two w,o-~disubstituted amino acids separated by
at least two g-amino acids and each stitch comprises two hydrocarbon crosslinkers linking the a-
carbons of two a,u~disubstituted amino acids to the u~carbon of a common o, a-disubstituted

amino acid situated between the two o.g-disubstituted amino acids.

2. The peptidomumetic macrocycle of claim 1, wherein each o,0~
disubstituted amino acid comprises one or two a-carbon-finked reactive groups wherein the
reactive group of a first a,g-disubstituted arino acid is capable of reacting with the reactive

group of a second o,o~disubstituted amino acid to form a crosslinker.

3. The peptidommetic macrocycle of claim 2, wherein the reactive groups

each comprises a terminal olefin group.

4. The peptidomirmetic macrocycle of claim 1, wherein the peptide comprises
a stitch 1 which a first crosshinker links the a-carbon of an o, a-disubstituted amino acid at
position 1 to the a-position of a common o g-disubstituted anuno acid at position 5 and a second
crosshinker hinks the a-position of an a,u~disubstituted amino acid at position 12 to the a~position

of the common q,a-disubstituied amino acid at position 5.

s, The peptidomirmetic macrocycle of claim 4, wherein the o,o-~disubstituted
amino acid at position 1 1s (R)-2-(4"-pentenviialanine, at position 12 13 (R)-2-(7 -octenyl)alanine,
and at position 5 15 2,2-{4 -pentenvliglvcine.

6. The peptidomimetic macrocycle of claim 1, wherein the peptidonumetic
macrocyele comprises the amine acid sequence set forth in SEQ 1D NQ: 8.

~
!

The peptidomimetic macrocycle of claim 1, wherein the peptidomimetic

macrocycle comprises the formula

-50.
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(SEQ ID NO:23)

5 8. The peptidomumetic macrocycle of claim 1, wherein the peptide comprises
two staples wherein the first staple comprises a crosslinker that links the a-position of an o0~
disubstituted amino acid at position | 1o the a-position of an g,a~-disubstituted amuno acid at
positton § and the second staple comprises a crosshinker that links the o~-position of an v, 0~
disubstituied amino acid at position 9 to the a-position of an a,a-disubstituted amino acid at

10 position 12,

9. The peptidomimetic macrocycle of claim 8, wherein the o, u-disubstituted
amine acids at positions | and 3 are each (R)-2-(4"-pentenyijalanine and the amino acids at
positions 9 and 12 are (S }-2-(4 -pentenyijalanine and {(R)-2-(7 -octenylyalanine, respectively.

15
10. The peptidommetic macrocycle of claim 1, wherein the peptidomimetic
macrocycle compiises the amino acid sequence set forth in SEQ ID NO: 9.
il.  The peptidomimetic macrocyvele of claim 1, wherein the peptidomimetic
macrocyvele comprises the formula
20

(SEQ ID NO: 24},
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12, The peptidomimetic macrocycle of claim 1, wherein at least one o0~

disubstituted amino acid of the peptidomimetic macrocyele has a b configuration.

13.  The peptidomimetic macrocycle of claim 1, wherein the peptidomimetic
macrocycle binds both mouse double minute 2 (MDM2) and mouse double nunute X (MDMX),
is protease resistant and cell permeable with no detectable disruption of the cell membrane as
deternuned by a lactate dehydrogenase (LIDH) release assay, and activates p53 intraceliularly.

14. A peptidomimetic macrocycle comprising the formula

(SEQ ID NO: 21).

15, A composition comprising the peptidomimetic macrocyele of any one of

claims 1-14 and a pharmaceutically acceptable carrier or excipient.

16. A composition comprising a peptidomimetic selected from the group
congisting of SEQ ID NO: 17 having the formula

SEQ ID NO: 18 having the formula

51-
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and, SEQ 1D NO: 24 having the formula
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and, a pharmaceutically acceptable carrier or excipient.

17. A method for treating cancer in a subject comprising adminisiering to the

subject a peptidomirnetic macrocycle of any one of claims 1-14.

18. The method of claim 17, wherein the cancer is selected from the group
consisting of melanoma, non-small cell lung cancer, head and neck cancer, urothelal cancer,
breast cancer, gastrointestinal cancer, mudtiple myeloma, hepatocellular cancer, non-Hodgkin
lymphoma, renal cancer, Hodgkin lvmphoma, mesothelioma, ovarian cancer, small cell lung
cancer, esophageal cancer, anal cancer, biliary {ract cancer, colorectal cancer, cervical cancer,
thyroid cancer, salivary cancer, pancreatic cancer, bronchus cancer, prostate cancer, pancreatic
cancer, stomach cancer, ovarian cancer, unnary bladder cancer, brain or central nervous system
cancer, peripheral nervous systern cancer, utering or endometnial cancer, cancer of the oral cavity
or pharvnx, liver cancer, kidney cancer, testicular cancer, hliary tract cancer, small bowel or
appendix cancer, adrenal gland cancer, osteosarcoma, chondrosarcoma, and cancer of

hematological tissues.

v A method of modulating the activity of p33 and/or MDM?2 and/or MDMX
in a subject comprising administering o the subject a peptidomimetic macrocycle of any one of

claims 1-14 or a composition of claim 15,

20. A method of antagonizing the interaction between p53 and MDM2 and/or
between p33 and MDMX in a subject comprising administering to the subject a peptidomimetic

macrocvele of any one of claims 1-14 or a composition of claim 15,

21, Use of a peptidonumetic macrocycle of anv one of claims 1-14 for the

preparation of a medicament for treating cancer.

22 The use of claim 21, wherein the cancer 1s selected from the group

consisting of melanoma, non-smaki cell lung cancer, head and neck cancer, urothelial cancer,
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breast cancer, gastrointestinal cancer, multiple myeloma, hepatocellular cancer, non-Hodgkin
lymphoma, renal cancer, Hodgkin lvmphoma, mesothelioma, ovarian cancer, small cell lung
cancer, esophageal cancer, anal cancer, biliary tract cancer, colorectal cancer, cervical cancer,
thyroid cancer, salivary cancer, pancreatic cancer, bronchus cancer, prostate cancer, pancreatic
cancer, stomach cancer, ovarian cancer, urinary bladder cancer, brain or central nervous system
cancer, peripheral nervous system cancer, uterine or endometrial cancer, cancer of the oral cavity
or pharynx, liver cancer, kidney cancer, testicular cancer, biliary tract cancer, small bowel or
appendix cancer, adrenal gland cancer, osteosarcoma, chondrosarcoma, and cancer of

hematological tissues.

23. A peptidonumetic macrocycle of any one of claims 1-14 for the treatment
of cancer.
24, The peptidomimetic macrocyele of claim 23, wherein the cancer is

selected from the group consisting of melanoma, non-small cell lung cancer, head and neck
cancer, urothelial cancer, breast cancer, gastrointestinal cancer, roultiple raveloma, hepatoceliutar
cancer, non-Hodgkin lvmphoma, renal cancer, Hodgkin lymphoma, mesothelioma, ovarian
cancer, small cell lung cancer, esophageal cancer, anal cancer, biliarv tract cancer, colorectal
cancer, cervical cancer, thyroid cancer, salivary cancer, pancreatic cancer, bronchus cancer,
prostate cancer, pancreatic cancer, stomach cancer, ovarian cancer, urinary bladder cancer, brain
or central nervous sysiem cancer, peripheral nervous system cancer, uterine or endometrial
cancer, cancer of the oral cavily or pharynx, liver cancer, kidney cancer, testicular cancer, biliary
tract cancer, small bowel or appendix cancer, adrenal gland cancer, osteosarcoma,

chondrosarcoma, and cancer of hematological fissues.

25. A combination therapy for treating cancer comprising administering to a
subject a therapeutically effective amount of a peptidomimetic macrocvele of any one of claims

1-14 and a therapeutically effective dose of a chemotherapy agent or radiation.

26, The combination therapy of claim 23, wherem the chemotherapy agent or
radiation is administered to the subject followed by administration of the peptidomimetic
macrocyele; the peptidonumetic macrocycle is administered to the subject followed by
admunistration of the chemotherapy agent or radiation; or the chemotherapy agent or radiation is
administered to the subject simultaneously with administration of the peptidomimetic

macrocvcle.
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27, A combination therapy for the treatment of a cancer comprising a
therapeutically effective amount of a peptidomimetic macrocycle of any one of claims 1-14 and a

therapeutically dose of a chemotherapy agent or radiation.

28. The combination therapy of claim 25, 26, or 27, wherein the
chemotherapy agent is selected from the group consisting of actinomycin, all-trans retinoic acid,
alitretinoin, azacitidine, azathioprine, bexarotene, bleomycin, bortezomib, carmotur, carboplatin,
capecttabine, cisplatin, chlorambucil, cyclophosphamide, cytarabine, dacarbazine, daunorubicin,
docetaxel, doxifluridine, doxorubicin, epirubicin, epothilone, etoposide, fluorouracil, gemcitabin,
hydroxyurea, idarubicin, tmatinib, ixabepilone, irtnotecan, mechlorethamine, melphalan,
mercaptopurine, methotrexate, mitoxantrone, nitrosoureas, oxaliplatin, paclitaxel, pemetrexed,
romidepsin, tegafur, temozolomide(oral dacarbazine), teniposide, ioguanine, topotecan,
utidelone, valrubicin, vemurafenib, vinblastine, vincristine, vindssine, vinoretbine, and

vorinostal.

29. A combination therapy for treating cancer comprising adomnistermgto a
subject a therapeuiically effective amount of a peptidomimetic macrocvele of any one of claims

1-14 and a therapeutically effective amount of a checkpoint inhibitor.

30. The combination therapy of claim 29, wherein the checkpoint inhibitor is
an anti-P1 antibody or an anti-PD-L1 antibody.

31 The combination therapy of claim 29, wherein the therapy further includes
administering to the subject a therapeutically effective dose of a chemotherapy agent or

radiation.

32. A treatment for cancer comprising admunistering 1o a subject having the
cancer a vector comprising a nucleic actd molecule encoding a wild-type pS3 protein or p53
variant with transcriptional activation activity followed by one or more administrations of a

therapeutically effective amount of a peptidomimetic macrocycle of any one of claims 1-14.

33, The treatment of claim 32, wherein the vector is a plasmid, a retrovirus,

adenovirus, or adeno-associated virus.

34 The treatment of claim 32, wherein the subject is adnunistered a
chemotherapy or radialion treatment prior to administering the vector to the subject or

subsequent to administering the vector to the subject.
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35. The treatment of claim 32, 33, or 34, wherein the therapy further includes

adronistering to the subject a checkpoint indubitor.
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INTERNATIONAL SEARCH REPORT International application No.

PCT/US2020/037834

Box No. I Nucleotide and/or amino acid sequence(s) (Continuation of item 1.c of the first sheet)

1. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search was
carried out on the basis of a sequence listing:

a. m forming part of the international application as filed:
EI in the form of an Annex C/ST.25 text file.
E] on paper or in the form of an image file.
b. D furnished together with the intenational application under PCT Rule 13¢er. 1(a) for the purposes of international search
only in the form of an Annex C/ST.25 text file.
c. D furnished subsequent to the international filing date for the purposes of international search only:
|:] in the form of an Annex C/ST.25 text file (Rule 13zer. 1(a)).
D on paper or in the form of an image file (Rule 13ter.1(b) and Administrative Instructions, Section 713).

2. In addition, in the case that more than one version or copy of a sequence listing has been filed or furnished, the required
statements that the information in the subsequent or additional copies is identical to that forming part of the application as
filed or does not go beyond the application as filed, as appropriate, were furnished.

3. Additional comments:
SEQ ID NOs: 8, 9, and 16-24 were searched.

Form PCT/ISA/210 (continuation of first sheet (1)) (July 2019)



INTERNATIONAL SEARCH REPORT International app]ication No.

PCT/US2020/037834

Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. Claims Nos.: 18, 20, 28, 35

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2019)



INTERNATIONAL SEARCH REPORT

International application No.
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A.

CLASSIFICATION OF SUBJECT MATTER

IPC(8) - AB1K 38/08; A61K 38/10; A61K 38/12; CO7K 7/06; CO7K 7/08 (2020.01)
CPC - A61K 38/08; A61K 38/10; A61K 38/12; CO7K 7/06; CO7K 7/08; GO1N 2333/4748 (2020.08)

According to International Patent Classification (IPC) or to both national classification and IPC

B.

FIELDS SEARCHED

see Search History document

Minimum documentation searched (classification system followed by classification symbols)

see Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

see Search History document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A WO 2016/154058 A1 (AILERON THERAPEUTICS, INC.) 29 September 2016 (29.09.2016) 1-18, 21-27, 29-34
entire document

A US 2012/0328692 A1 (LU et al) 27 December 2012 (27.12.2012) entire document 1-18, 21-27, 29-34

A~ |ZHAN et al. "An Ultrahigh Affinity D-Peptide Antagonist of MDM2,” Journal of Medicinal 1-18, 21-27, 29-34
Chemistry, 13 June 2012 (13.06.2012), Vol. 55, No. 13, Pgs. 6237-6241. entire document

A WO 2008/095063 A1 (DANA-FARBER CANCER INSTITUTE, INC. et al) 07 August 2008 1-18, 21-27, 29-34
(07.08.2008) entire document

A ~|NEOCHORITIS et al. "Design of indole- and MCR-based macrocycles as p53-MDM2 1-18, 21-27, 29-34
antagonists,” Beilstein Journal of Organic Chemistry, 20 February 2019 (20.02.2019), Vol. 15,
Pgs. 513-520. entire document

P,A ~|KANNAN et al. "Macrocyclization of an all-D linear peptide improves target affinity and imparts  { 1-18, 21-27, 29-34

cellular activity: A novel stapled a-helical peptide modality," bioRxiv, 12 September 2019
(12.09.2019), Pgs. 1-37. entire document

D Further documents are listed in the continuation of Box C.

I:I See patent family annex.

*

“A”

“«p»
“g»

“Lr

«0”
wpr

Special categories of cited documents:

document defining the general state of the art which is not considered
to be of particular relevance

document cited by the applicant in the international application

earlier application or patent but published on or after the international
filing date

document which may throw doubts on priority claim(s) or which
is cited to establish the publication date of another citation or other
special reason (as specified)

documentreferring to an oral disclosure, use, exhibition or other means
document published prior to the international filing date but later than
the priority date claimed

Bl

D'

wy”

g

later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

document of particular relevance; the claimed invention cannot
be considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

document member of the same patent family

Date of the actual completion of the international search

10 September 2020

Date of mailing of the international search report

14 0CT 2020

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, VA 22313-1450

Facsimile No. §71-273-8300

Authorized officer

Blaine R. Copenheaver

Telephone No. PCT Helpdesk: 571-272-4300

Form PCT/ISA/210 (second sheet) (July 2019)
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