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ABSTRACT: The overexpression of Hdm2 and HdmX is a
common mechanism used by many tumor cells to inactive the
pS3 tumor suppressor pathway promoting cell survival
Targeting Hdm2 and HdmX has emerged as a validated
therapeutic strategy for treating cancers with wild-type pS3.

Small linear peptides mimicking the N-terminal fragment of Engincered cyclotide
{MCo-PHI)

p53 have been shown to be potent Hdm2/HdmX antagonists.
The potential therapeutic use of these peptides, however, is
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limited by their poor stability and bioavailability. Here, we report the engineering of the cyclotide MCoTI-I to efficiently
antagonize intracellular pS3 degradation. The resulting cyclotide MCo-PMI was able to bind with low nanomolar affinity to both
Hdm?2 and HdmX, showed high stability in human serum, and was cytotoxic to wild-type pS3 cancer cell lines by activating the
P53 tumor suppressor pathway both in vitro and in vivo. These features make the cyclotide MCoTI-I an optimal scaffold for

targeting intracellular protein—protein interactions.

B INTRODUCTION

The transcription factor pS3 plays an essential regulatory role in
protecting cells from malignant transformation by inducing cell
cycle arrest and apoptosis in response to cellular stress and/or
DNA damage."” The stability and activity of p53 in humans are
negatively regulated by the oncogenic proteins Hdm2 and
HdmX.>* Both proteins are able to bind the N-terminal region
of p53 through p53 binding domains.”® Hdm2 is an E3
ubiquitin ligase that promotes p33 degradation through a
ubiquitin-dependent pathway,”” whereas HdmX inhibits p53
transactivation through protein interaction-mediated sequestra-
tion.”® The importance of this protective functionality of p53
“as guardian of the genome” is highlighted by the diversity of
molecular strategies used by cancer cells to prevent its activity
by promoting deletions, mutations, and its sequestration and/
or destruction.” Hence, the restoration of p53 activity remains
an attractive target for the development of more effective
cancer therapeutics.10

Structural determination of the molecular complex between
the transactivation domain of p53 and the pS3 binding domains
of Hdm2 or HdmX reveals that the protein—protein interaction
is mediated by the 15-residue a-helical transactivation domain
of pS3 that inserts into a hydrophobic cleft on the surface of
Hdm2 or HdmX.® These findings have led to the development
of a series of small molecules'' and peptides'*™'° able to
antagonize the interaction between p53 and Hdm2 and/or
HdmX. Disruption of this interaction stabilizes p53 reducing
the viability of cancer cells expressing wild-type p53. Short
peptides derived from the transactivation a-helical sequence of
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p53 and optimized by phage display have been shown to target
Hdm2 and HdmX with low nanomolar affinities."® Several
approaches have been used for the stabilization of the helical
structure and improving cell delivery of p53-derived lpelgtides by
grafting them onto different protein scaffolds'” 17 or by
“hydrocarbon stapling”.'* The utility of peptide-based ther-
apeutics, however, has typically been limited by their generally
poor stability and limited bioavailability.'® An exciting approach
for improving the stability of peptides is to take advantage of
the stability of disulfide rich backbone-cyclized polypeptides.'®
For example, several disulfide rich backbone-cyclized poly-
peptides have been recently used as molecular scaffolds for
stabilizing several biologically active short peptides directed
against extracellular receptors.”*”

Among the different naturally occurring disulfide rich
backbone-cyclized polypeptide scaffolds, the cyclotide frame-
work remains one of the most promising for the development
of polypeptide-based therapeutics.”* Cyclotides are a growing
new family of plant-derived peptides that share a unique head-
to-tail circular knotted topology of three disulfide bridges, with
one disulfide penetrating through a macrocycle formed by the
other two disulfides and interconnecting peptide backbones,
forming what is called a circular cystine knot (CCK) topology
(Figure la). The CCK framework provides a rigid molecular
platform™® with exceptional stability to physical, chemical, and
biological degradation. For example, some cyclotides have been
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Figure 1. Design and preparation of the MCo-PMI cyclotides used in this work. (a) The PMI peptide (red) was grafted onto loop 6 of cyclotide
MCoTI-L To facilitate the insertion of this peptide without disturbing its a-helical character or the cyclotide framework, its N-terminus was fused to
the apamin-derived linker Ala-Ser-Lys/Arg-Ala-Pro (green). The mutations F42A and W46Z (Z = 6-chlorotryptophan) are shown in blue. The
sequence common to MCoTI-I is shown in black. Conserved cysteine residues are marked in yellow and disulfide connectivities in red. The circular
backbone topology is shown with a green line. (b) Scheme summarizing the approaches used for the chemical synthesis (top) or recombinant
production (bottom) of MCo-PMI cyclotides. In both cases the cyclization/folding was performed using an intramolecular version of Native
Chemical Ligation in the presence of reduced glutathione (GSH) at pH 7.4. Under these conditions the linear MCo-PMI cyclotide precursors were
able to efficiently cyclize and fold in 24 h as shown in the analytical HPLC traces for the crude cyclization/folding reaction for MCo-PML

shown to be orally bioavailable®® and be able to cross by
mammalian cell membranes.””?® Recent studies have shown
that MCoTI-cyclotides can be uptaken by human cells through
macropinocytosis,27’29 although other endocytic mechanisms
are also involved depending on the cell type.”” Cyclotides are
also amenable to substantial sequence variation, making them
ideal substrates for molecular grafting of biological peptide
epitopes.19’3’0

In this work we report for the first time an engineered
cyclotide able to modulate an intracellular protein—protein
interaction. This cyclotide was designed to antagonize the
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interaction between pS3 and Hdm2/HdmX by grafting a p53-
derived helical peptide'® into one of the loops of the cyclotide
Momordica cochinchinensis trypsin inhibitor I (MCoT1-1, Figure
1a). The resulting cyclotide was able to fold correctly and bind
with low nanomolar affinity to the p53 binding domains of both
Hdm?2 and HdmX. More importantly, the engineered cyclotide
showed remarkable stability in human serum and induced
cytotoxicity in pS3 wild-type human cancer cells in a pS3-
dependent manner both in vitro and in vivo. Altogether, these
results highlight the potential of the cyclotide scaffold in the
design of novel peptide-based drug leads for cancer therapy.
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Figure 2. Binding activities of the MCo-PMI cyclotides. (a) Direct binding of FITC-labeled MCo-PMI peptides to recombinant Hdm2 (17—125)
and HdmX (17—116) was measured by fluorescence polarization anisotropy. (b) Competition experiments of MCo-PMI peptides and Nutlin-3 with
pS3 (15—-29) for binding to Hdm2 (17—125) and HdmX (17—116). Binding competition experiments were performed by titrating a solution of
YPet—pS3 (S M) and CyPet—Hdm2 (20 nM) or CyPet—HdmX (20 nM) with increasing concentrations of unlabeled inhibitor. The decrease in
FRET signal was measured at 525 nm (YPet) by excitation at 414 nm (CyPet). Data are the mean + SEM for experiments performed in triplicate.

B RESULTS

Engineering Cyclotide MCoTlI-I To Target p53—Hdm2/
HdmX. To engineer the cyclotide MCoTI-I for antagonizing
protein—protein interactions between pS3 and Hdm2 or
HdmX, we used the phage-selected a-helical peptide PMI
(Figure 1a)."”* This peptide conserves the residues Phel9,
Trp23, and Leu26 of pS3 required for the interaction with
Hdm?2 and HdmX and is able to bind the p53 binding domains
of Hdm2 and Hdmx with low nanomolar affinity."> The PMI
peptide was grafted onto the cyclotide scaffold using loop 6.
This loop has been shown previously to be more disordered in
solution®® and amenable to sequence variation.>! Interestingly,
loop 6 is missing in the STI family, suggesting the possibility
that long polypeptide sequences could be grafted in this
location without disturbing the overall fold of the MCoTI-I
scaffold. To facilitate the grafting of the PMI peptide into loop
6 without disturbing its a-helical character or the cyclotide
framework, the N-terminus of the PMI peptide was fused to the
linker Ala-Ser-Lys/Arg-Ala-Pro (Figure 1a). This linker is based
on the N-terminal region of apamin, a bee-venom neurotoxin
that adopts a coil-turn-a-helix structure stabilized by two
disulfides."> Apamin has also been recently used to correctly
display p53-derived helical peptides.'” On the basis of this
information, we hypothesized that grafting of this chimeric
peptide will make it possible to display the PMI peptide in the
correct biologically active conformation while minimizing the
disruption of the cyclotide scaffold. The engineered apamin—
PMI hybrid peptide was grafted between residues Ser3land
Gly33 to minimize any possible steric hindrance between the
grafted peptide and the MCoTI-I scaffold. The resulting grafted
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cyclotide was called MCo-PMI (Figure 1a). We also explored
the substitution of the tryptophan residue in the grafted
sequence of MCo-PMI by the unnatural amino acid 6-
chlorotryptophan to provide the cyclotide MCo-PMI-6CIW
(Figure 1la). Replacement of pS3 Trp23 by 6-subtituted
tryptophan residues has been shown to improve the binding
efficiency of p53-derived peptides to Hdm2.>* Substitution of
the residue Phe42 in the PMI segment, which is critical for the
interaction with Hdm2 and HdmX,"? by Ala yielded a negative
control for biological experiments.

Production and Characterization of MCo-PMI Cyclo-
tides. MCoTI-based folded cyclotides were produced by either
chemical synthesis or bacterial recombinant expression.
Chemical synthesis allowed the introduction of unnatural
amino acids, while recombinant expression made possible the
production of cyclotides labeled with NMR active isotopes like
BN and C to facilitate their structural analysis by
heteronuclear NMR. In both cases the backbone cyclization
was performed by intramolecular native chemical ligation
(NCL)*7 using the native Cys located on the beginning of
loop 6 to facilitate the cyclization.>!

Recombinant expression of MCo-based cyclotides was
performed by fusing the corresponding linear precursors in
frame at the C- and N-terminus to a modified Mxe gyrase A
intein and a TEV protease recognition sequence, respectively.
Once the intein precursor protein was expressed and purified,
the N-terminal TEV protease recognition peptide was
proteolytically removed. Backbone cyclization and oxidative
folding were performed with reduced glutathione (GSH) at
physiological pH in one single step (Figure 1b). Chemical

dx.doi.org/10.1021/ja405108p | J. Am. Chem. Soc. 2013, 135, 11623—11633
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Figure 3. Cell viability of cancer and normal cells exposed to MCo-PMI cyclotides. Different cancer cell lines expressing different levels of Hdm2 and
HdmX (HCT116 p53+/+, LNCaP, and JEG3), nonfunctional pS3 (HCT 116 p53—/—, DU14S, and PC3), and nontumor cells (HBL100 and
HEK293T) were treated with 0—100 M, Nutlin-3, MCo-PMI, MCo-PMI-F42A, and MCoTI-I for 48 h. Cell viability was assessed by using the
MTT assay. Data are the mean + SEM for experiments performed in triplicate.

synthesis of the linear precursor peptide thioesters was
accomplished using Fmoc-based solid-phase peptide synthesis
on a sulfonamide resin. After activation and cleavage of the
peptide—resin, the thioester precursors were cyclized and
oxidatively folded in one single step with GSH as described
above. The cyclization and oxidative folding of MCo-cyclotides
were remarkably efficient yielding in both cases the peptide as
the major product (Figure 1b). MCo-cyclotides were purified
by preparative reversed-phase (RP) HPLC, and purity was
determined by analytical RP-HPLC and electrospray mass
spectrometry (ES-MS, Figures S1 and S2).

Heteronuclear NMR spectroscopy was used to characterize
free MCo-PMI (Figure S3). Comparison between NMR
spectra of MCo-PMI and MCoT1I-I showed that the cyclotide
fold within MCo-PMI is mostly preserved. Changes in chemical
shifts are concentrated around loop 6, which accommodates the
PMI peptide segment required for the interaction with the p53-
binding domains of Hdm2 and HdmX. The differences in
chemical shifts between MCo-PMI and MCoTI-I backbone
amide protons from loops 1—5 are well within 0.2 ppm,
indicative of only minor changes in the backbone conformation
(Table S3 and Figure S3). These results are remarkable given
the size of the peptide grafted in loop 6 (25 residues versus the

dx.doi.org/10.1021/ja405108p | J. Am. Chem. Soc. 2013, 135, 11623—11633
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original loop sequence containing only 8 residues) and
highlight the robustness of this scaffold. The NMR analysis
of the cyclotide MCo-PMI segment corresponding to the PMI
peptide also reveals that although this segment has a
predisposition to adopt a-helical conformations as calculated
from the NH backbone chemical shifts (Figure S3G), the
absence of a typical a-helical nuclear Overhauser effect (NOE)
pattern indicates that it does not adopt a stable helical structure
(Figure S3).

Cyclotide MCo-PMI Binds with High Affinity to the
p53-Binding Domain of Hdm2 and HdmX. The biological
activity of MCo-PMI cyclotides was first tested by fluorescence
polarization anisotropy using the pS3 binding domains of
Hdm?2 and HdmX and FITC-labeled derivatives of MCo-PMI-
K37R, MCo-PMI-6CIW, and MCo-PMI-K37R-F42A (Figure
2a). FITC was site-specifically incorporated into loop 2 by
reacting with the e-NH, group of residue Lys6. Cyclotide MCo-
PMI-K37R displayed strong affinity for the p53 binding domain
of Hdm2 (Kp, = 2.3 + 0.1 nM) and HdmX (Kp = 9.7 + 0.9
nM). These affinities are similar to those reported for the
peptide PML"? thus confirming that the PMI peptide segment
can adopt a biologically active conformation when grafted onto
the cyclotide framework. Intriguingly, the binding affinity of
cyclotide MCo-PMI-6CIW for Hdm2 (K = 2.6 + 0.4 nM) was
similar to that of MCo-PMI-K37R, suggesting that the
replacement of the Trp residue in the PMI peptide is not
critical for improving the binding affinity to Hdm2. As
expected, cyclotide MCo-PMI-K37R-F42A did not interact
with either Hdm2 or HdmX in this dose range (Figure 2a).

We also performed competition binding assays with
unlabeled MCo-PMI cyclotides to test their ability to disrupt
the high affinity complexes between the transactivation domain
of pS3 and Hdm2 or HdmX (Figure 2b). This was
accomplished by using a FRET-based reporter formed by the
fluorescent proteins YPet and CyPet fused to a p53 peptide and
the pS3 binding domains of Hdm2/HdmX, respectively.
Cyclotides MCo-PMI and MCo-PMI-K37R were able to
compete with YPet—pS53 for Hdm2 and HdmX binding with
similar ICy, values (Figure 2b), indicating that as expected the
conservative mutation Lys to Arg did not affect the folding or
the biological activity of the resulting cyclotides. All wild-type
PMI grafted cyclotides showed ICs values for the inhibition of
the pS3—HdmX interaction that were around 3 times higher
than those for the inhibition of p53—Hdm2, which is in
agreement with the binding affinities shown for the wild-type
PMI grafted cyclotides (Figure 2a) and the values reported for
the PMI peptide.”> Interestingly, wild-type PMI grafted
cyclotides were about 3 times more effective disrupting the
p53—Hdm?2 complex than the selective Hdm2-inhibitor Nutlin-
3. This could be explained in part by the relatively larger
interaction surface of the PMI-grafted cyclotide compared to
that of the small molecule Nutlin-3. As expected, cyclotides
MCoTI-I and MCo-PMI-F42A did not disrupt the interaction
between p53 and Hdm2/HdmX. Taken together, these data
demonstrate that the PMI-grafted cyclotides target both Hdm?2
and HdmX in vitro and exhibit only a slight binding preference
(~3-fold) for Hdm2 over HdmX.

Cyclotide MCo-PMI Targets Both Intracellular Hdm2
and HdmX. We also investigated the ability of cyclotide MCo-
PMI to target intracellular Hdm2 and HdmX. This was
accomplished by using co-immunoprecipitation experiments in
LNCaP cells. LNCaP cells express wild-type pS3 and therefore
have been shown to be sensitive to the Hdm2-inhibitor Nutlin-

3.3 LNCaP cells were treated with FITC-labeled cyclotides
MCo-PMI-K37R and MCo-PMI-K37R-F42A for 30 h. After
cell lysis, FITC-labeled peptides were pulled down using an
anti-FITC antibody and the content of proteins Hdm2 and
HdmX analyzed by Western blotting. Endogenous Hdm2 and
HdmX specifically co-inmmuoprecipitated with FITC-labeled
MCo-PMI-K37R but not with the inactive mutant MCo-PMI-
K37R-F42A (Figure S8). Fluorescence scanning of the Western
blot confirmed that in both cases the FITC-labeled cyclotides
were able to efficiently penetrate LNCaP cells, therefore
confirming that MCo-PMI cyclotide can also target Hdm2 and
HdmX within cells.

Cyclotide MCo-PMI Is Cytotoxic to Cancer Cells with
Wild-Type p53 Expressing Hdm2 and/or HdmX. The
ability of the cyclotide MCo-PMI to target intracellular Hdm2
and HdmX prompted us to investigate its effect on cell viability
by treating a panel of solid tumor cells expressing wild-type pS3
and different levels of Hdm2 and/or HdmX. The cell lines used
in this study included the Hdm2- and HdmX-expressing
prostate and colon cancer cell lines LNCaP and HCT116 and
the HdmX-overexpressing human choriocarcinoma cell line
JEG-3. In order to study the p53 dependence on the cytotoxic
activity of MCo-PMI cyclotides, we used human prostate
cancer cell lines PC3 (bearing P274L and V223F pS3
mutations) and DUI14S5 (bearing a base pair deletion at
codon 138 that generates a stop codon at position 179)*” and a
p53 deficient HCT116 cell line.>® We also tested breast and
kidney epithelial cell lines HBL-100 and HEK293T to evaluate
the toxicity of MCo-PMI cyclotides to nontumorigenic cells.

Cytotoxicity assays were performed by treating cultured cells
during 48 h with serial dilutions of Nutlin-3, MCo-PMI, MCo-
PMI-F42A, and MCoTI-I. Cell viability was measured at the
end of the treatment by the MTT assay (Figure 3). The
cyclotide MCoTI-], used as scaffold to generate grafted PMI
cyclotides, showed no detectable cytotoxicity to any of the cells
tested in this study up to 100 uM. The lack of cytotoxicity
observed in MCoTI-based cyclotides is in agreement with
previous reports indicating that these cyclotides are not toxic at
concentrations up to 100 uM,”” confirming the preference of
this scaffold for the design of peptide-based therapeutics. The
cyclotide MCo-PMI showed dose-dependent cytotoxicity in all
three cell lines tested with wild-type pS3 phenotypes,
suggesting that MCo-PMI can reactivate the pS3 pathway
efficiently in cells expressing high levels of Hdm2, HdmX, or
both (Figure 3). The most sensitive cell line to MCo-PMI was
HCT116 (ECs, ~ 2 uM), while the HdmX-overexpressing
LNCaP and JEG3 cells lines were about 10-fold less sensitive
(Figure 3).

As expected, pS3-defficient PC3 and DU14S prostate cancer
cell lines were unaffected by MCo-PMI or Nutlin-3 treatments.
Genetic deletion of pS3 from HCT116 cells also had the same
effect. Importantly, we also found that the cyclotide MCo-PM],
showed little cytotoxicity to noncancerous HBL100 and
HEK293T epithelial cells (EC5, > 200 uM, Figure 3). In
contrast, Nutlin-3 was moderately cytotoxic to the normal
breast epithelial HBL-100 cell line (ECg, = 33 = S uM, Figure
3). It is also worth noting that the mutant cyclotide MCo-PMI-
F42A was completely inactive in all the cell lines tested in this
work, confirming the specificity and in-cell biological activity of
MCo-PMIL

Cyclotide MCo-PMI Activates the p53 Tumor Sup-
pressor Pathway. To investigate whether the in-cell biological
activity of MCo-PMI was derived from the stabilization of
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Figure 4. Cyclotide MCo-PMI activates the pS3 tumor suppressor pathway both in vitro and in vivo. (a) LNCaP cells were exposed to S0 uM
cyclotides MCo-PMI, MCo-PMI-F42A, MCoTI-], and Nutlin-3 for 1 h. After 48 h, the soluble cell extracts were analyzed by SDS—PAGE and
Western blotting for pS3, Hdm2, HdmX, and p21. (b) LNCaP cells were exposed to different concentrations of MCo-PMI (0—100 M) for 48 h.
Cell lysates were analyzed for pS3, Hdm2, HdmX, and p21 as described above. (c) LNCaP cells were treated with MCo-PMI (50 uM) for 1 h. The
amount of p53, Hdm2, HdmX, and p21 was evaluated by Western blot after 0—48 h of treatment. (d) Cyclotide MCo-PMI activates the pS3 tumor
suppressor pathway and blocks tumor growth in vivo. Cohorts (N = 3) of HCT116 p53*/* xenografts mice were treated with vehicle (3% dextrose in
water), MCo-PMI (40 mg/kg, 7.6 mmol/kg), or Nutlin-3 (10 mg/kg, 17.2 mmol/kg) by intravenous injection daily for up to 38 days. Tumor
volume was monitored by caliper measurement. Data are the mean = SEM (day 31: MCo-PMI/vehicle, p = 0.019, MCo-PMI/Nutlin-3, p = 0.022,
and Nutlin-3/vehicle, p = 0.223). (e) Tumors were excised on day 31 (vehicle), day 36 (Nutlin-3), and day 38 (MCo-PMI), and the level of pS3
transcriptional targets HDM2 and P21 was measured after RNA extraction by qRT-PCR (MCo-PMI/vehicle, p = 0.019, MCo-PMI/Nutlin-3, p =
0.022, and Nutlin-3/vehicle, p = 0.223). Data are the mean = SEM. (f) Tumors samples were also subjected to SDS—PAGE and analyzed by
Western blotting for pS3, Hdm?2, and p21. (g) The expression level of p53, Hdm2, and p21 was also assessed by immunohistochemical staining.
GAPDH was used as loading control in Western blots.

endogenous p53, we treated LNCaP cells for 48 h with vehicle cyclin-dependent kinase inhibitor p21. The levels of Hdm2 and
(PBS), Nutlin-3, and cyclotides MCoTI-], MCo-PMI, and p21 were unchanged in cells treated with the inactive cyclotide
MCo-PMI-F42A. The cellular extracts were analyzed by MCo-PMI-F42A when compared to vehicle, hence highlighting
Western blotting to visualize the amounts of p53, Hdm2, and the specificity of the cyclotide MCo-PMI to modulate the p53-

HdmX proteins. We also analyzed the intracellular level of p21, signaling pathway. Interestingly, the intracellular levels of
which is a regulator of cell-cycle progression at G, and is tightly HdmX were down-regulated by cyclotide MCo-PMI, whereas
controlled by the tumor suppressor protein p53. Treatment of no effect was observed with the inactive mutant MCo-PMI-

LNCaP cells with Nutlin-3 (20 #uM) and cyclotide MCo-PMI F42A. This result is consistent with the high affinity of MCo-
(50 uM) increased the levels of pS3 (Figure 4a). In contrast, PMI for both Hdm2 and HdmX, which inhibits binding of

treatment with the parent cyclotide MCoTI-I or the inactive endogenous p53 to the Hdm2—HdmX complex, preventing its
MCo-PMI-F42A at the same concentration had little effect on degradation. The stabilization of p53 up-regulates the
the level of intracellular pS3 when compared to the cells treated expression of Hdm2, which then can promote ubiquitination
with vehicle (Figure 4a). As expected, the level of endogeneous and degradation of HdmX.*

Hdm?2 also increased in cells treated with Nutlin-3 or cyclotide The up-regulation of Hdm2 and p353 showed a dose-
MCo-PMI. These results are consistent with an intact pS3— dependent relationship with ECs, values of ~20 uM (pS3) and
Hdm2 counter-regulatory mechanism where Hdm2 tran- ~15 uM (Hdm2) (Figure 4b), which is consistent with the
scription and expression are under the control of p53. Likewise, ECy, values obtained in the cell viability assay for this cell line

MCo-PMI and Nutlin-3 also induced up-regulation of the (Figure 3). The up-regulation of p21 and down-regulation of

11628 dx.doi.org/10.1021/ja405108p | J. Am. Chem. Soc. 2013, 135, 11623—11633



Journal of the American Chemical Society

Figure S. Solution structure of the MCo-PMI and Hdm2 (17—125) complex. (a) Ribbon representation of MCo-PMI (purple) and Hdm2 (cyan
blue) complex. The side chains of Phe42, Trp46, and Leu49 in MCo-PMI and the Hdm?2 residues shaping the hydrophobic binding pocket are
shown as sticks in purple and cyan blue, respectively. (b) Close-up view of the binding interface within the Hdm2—MCo-PMI complex. The
electrostatic potential at the molecular surface of Hdm2 is shown as positive in blue, negative in red, and noncharged in white. (c) Ribbon
representation of the backbone superposition of MCo-PMI (purple) and the PMI peptide (green) (PDB code 3EQS) complexed with Hdm2 (light
blue) and Mdm2 (blue), respectively. The key side chains of Phe, Trp, and Leu in the MCo-PMI cyclotide and PMI peptide are shown as sticks. The
residues lining the cavity of Hdm2 and Mdm?2 are also shown. (d) Close-up view of the HIm2—MCo-PMI complex reveals an additional salt bridge

interaction between Asp35 (MCo-PMI) and Lys51 (Hdm?2).

HdmX were also dose-dependent with ECs, values of around
30 uM. To investigate the kinetics of p53 activation, we treated
LNCaP cells with 50 uM MCo-PMI for 8—48 h and monitored
the pS3 protein levels by Western analysis (Figure 4c). Cells
exposed to MCo-PMI demonstrated increased pS3 levels that
peaked at 36—48 h after treatment. A similar trend was also
found for the up-regulation of Hdm2 and p21 and for the
down-regulation of HdmX (Figure 4c).

To determine whether MCo-PMI mediated stabilization of
pS53 could inhibit cancer cells by reactivating the apoptotic
pathway, we performed a caspase-3/7 assay using LNCaP cells
treated with MCo-PMI and MCo-PMI-F42A for 30 h (Figure
S9A). Analysis of caspase-3 activation showed that cyclotide
MCo-PMI induced dose-dependent caspase-3 activation that
could be blocked with a specific caspase-3/7 inhibitor. Cells
treated with MCo-PMI-F42A, on the other hand, did not show
any caspase-3/7 activity.

We also evaluated cell cycle arrest in LNCaP cells treated
with MCo-PMI, MCo-PMI-F42A, and Nutlin-3 for 24 h by
using the propidium iodide (PI) flow cytometric assay (Figure
S9B). Both Nutlin-3 and MCo-PMI impeded cell cycle
progression, resulting in a depression of the S-phase fraction.

This depression was slightly more marked in the cells treated
with Nutlin-3. The reduction in the S-phase was associated with
accumulation of cells in the G,/G, phase, suggesting that the
treatment in both cases impedes the cell cycle progression at
the G,/S checkpoint, which is in agreement with the up-
regulation of p21 observed in cells treated with MCo-PMI and
Nutlin-3. Altogether, these data confirm that the in-cell
disruption of the pS3—Hdm2 and p53—HdmX complexes by
MCo-PMI in LNCaP cells leads to the up-regulation of pS3
transcriptional targets (p21 and Hdm2), caspase-3/7 activation,
and induction of cell cycle arrest at the G,/S checkpoint.
Interestingly, the up-gregulation of Hdm2 combined with the
inhibition of the interaction between p53 and Hdm2/HdmX
also leads to the down-regulation of HdmX likely mediated by
the E3-ligase activity of the Hdm2—HdmX complex.*’
Stability of Native, Linear, and Grafted Cyclotides.
Cyclotide MCoTI-1 showed a half-life of more than 2 days (7,
=55 + S h) in human serum at 37 °C (Figure S6A). Naturally
occurring MCoTI-cyclotides present a very rigid structure,”
which makes them remarkably stable to proteolytic degrada-
tion. Remarkably, cyclotide MCo-PMI was only slightly less
stable (7;,, = 30 = 4 h) than the parent cyclotide. In contrast, a
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Table 1. NMR and Refinement Statistics Used for the Structure Calculation of the MCo-PMI-Hdm?2 Complex

MCo-PMI Hdm2

NMR Distance and Dihedral Constraints

distance restraints
total NOE
intraresidue
inter-residue
sequential (li — jl = 1)
nonsequential (li — jl > 1)
hydrogen bonds
MCo-PMI Hdm?2 intermolecular
total dihedral angle restraints
¢
W

357 648
117 226
240 422
114 206
126 216
22 61
35
91 159
45 80
46 79

Structure Statistics

violations (mean and sd)
distance constraint (A)
dihedral angle constraint (deg)
max dihedral angle violation (deg)
max distance constraint violation (A)
deviations from idealized geometry
bond length (A)
bond angle (deg)
average pairwise rmsd” (A)
heavy
backbone

“Compared to first structure, rmsd was calculated for 10 refined structures.

0.0153 + 0.0005
0.5494 + 0.3491
10.3 +2.22
1.03 + 0.52

0.0175 + 0.0024

0.001 0.001
0.2 0.2

1.67 + 0.21
1.07 £ 0.14

linearized, reduced, and alkylated version of MCo-PMI was
rapidly degraded under the same conditions (7;, = 0.7 + 0.1
h). The cyclotides MCoTI-I and MCo-PMI were ~80% and
99% bound to serum proteins, respectively, under the
conditions employed in our study. We also studied the
association and dissociation constant rates of MCo-PMI to
human serum proteins. The results indicated that MCo-PMI
binds serum proteins with association and dissociation constant
rates of 2.4 X 10° M™' s and 2.2 X 107> s7', respectively,
which corresponds to a relatively weak dissociation constant of
~10 uM (Figure S6B).

Suppression of Tumor Growth by Reactivation of the
p53 Pathway in Vivo. Encouraged by the previous results, we
tested whether the cyclotide MCo-PMI could also modulate
the pS3 tumor suppressor pathway in vivo and therefore inhibit
tumor growth. We accomplished this by using a murine
xenograft model. HCT116 p53*/* xenografts were established
by injecting 0.5 X 10° cells subcutaneously into the rear right
flanks of female nuce mice (nu/nu) mice. When the tumor
reached an average volume of ~100 mm?® as determined by
caliper measurements, cohorts (n = 3) were treated intra-
venously with vehicle (5% dextrose in water), MCo-PMI (40
mg/kg, 7.6 mmol/kg), or Nutlin-3 (10 mg/kg, 17.2 mmol/kg)
daily for up to 37 days. Treatment with MCo-PMI significantly
suppressed tumor growth when compared to animals treated
only with vehicle (85% reduction at day 31, p = 0.019) and
Nutlin-3 (75% reduction at day 31, p = 0.022) (Figure 4d). In
contrast, animals treated with Nutlin-3 showed only moderate
reduction in tumor growth (40% reduction at day 31, p =
0.223) when compared to vehicle (Figure 4d). At the end of
the treatment, the animals were sacrificed and the tumors
excised. Snap-frozen tumor samples were analyzed by qRT-
PCR using HDM2 and P21 primer sets. Treatment of the
tumors with MCo-PMI induced a statistically significant

transcriptional activation of HDM2 and P21 (Figure 4e).
Tumors treated with MCo-PMI peptide showed a marked
increase in p53, Hdm2, and p21 expression when compared to
vehicle-treated tumors (Figure 4fg). Mice treated with MCo-
PMI maintained healthy weight throughout treatment, and no
gross abnormalities were noted in any of the organs or tissues at
the time of necropsy (Figure S7).

Solution Structure of MCo-PMI Complexed to the
p53-Binding Domain of Hdm2. To better understand the
molecular interaction between MCo-PMI and Hdm2/HdmX,
we elucidated the three-dimensional structure of the molecular
complex between MCo-PMI and Hdm2 (17—116) (Figure S).
The structure was determined by heteronuclear NMR using
5N-labeled MCo-PMI and '*C,'*N-labeled Hdm2. The 10
lowest-energy structures (Figure S3D) are in good agreement
with the experimental constraints (Table 1), with no distance
and dihedral angle violations over 0.2 A and 4°, respectively.
The solution structure of Hmd?2 is in close agreement with the
crystal structure of Hdm2 in complex with PMI peptide'® with
a root-mean-square deviation (rmsd) between the C* atoms of
1.3 A (Figure Sc). The overall fold of MCo-PMI conserves the
parental Cys-knot topology of MCoTI-I with a more extended
loop 6 (Figure S). A superimposition of MCoTI-I and MCo-
PMI shows rmsd between the C* atoms in loops 1—-5 of ~2.0
A, confirming the tolerance of loop 6 to accept long
polypeptide grafts. As expected, the helical PMI segment in
loop 6 of MCo-PMI adopts an amphipathic a-helical
conformation, allowing the side chains of Phe43, Trp47, and
LeuSO to bury deep in the pS3-binding pocket of Hdm2
(Figure S).

MCo-PMI binding to Hdm?2 is very similar to that of PMI
and other p53-like peptide ligands. The side chain positions of
residues Phe42, Trp46, and Leu49 in MCo-PMI and the
equivalent residues in PMI occupy almost identical positions in
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the complex with Hdm?2 and also make identical interactions
with the residues of Hdm2 (Figure Sc). Superimposition of the
equivalent C* residues of the PMI peptide and PMI segment in
MCo-PMI yields an rmsd value of 1.5 A. The total buried
surface area (BSA) contributed by these three residues
represents around 34% of the total BSA in the complex. It is
worth noting that loop 2 of MCo-PMI is located within van der
Waals distance to Hdm2 and may favorably contribute to the
observed increase in the binding affinity of MCo-PMI for
Hdm?2 (Figure 5d). In 9 out of 10 lowest energy structures,
negatively charged Asp3$ of loop 2 is located within 2 A from
positively charged Lys116 of Hdm2 with the potential of
forming a salt bridge that stabilized the MCo-PMI-Hdm2
complex (Figure 5d).

B DISCUSSION

Although small peptides mimicking the N-terminal fragment of
pS3 have been shown to be powerful Hdm2/HdmX
antagonists, the use of peptide-based therapeutics is limited
by their poor stability and bioavailability. One approach for
improving the delivery of specific bioactive peptides to specific
targets is the use of disulfide rich backbone-cyclized
polypeptides.

In this work we have engineered the cyclotide MCoTI-I to
display an a-helical peptide derived from the N-terminal
fragment of pS3 to improve its stability and cellular uptake
properties. The resulting cyclotide MCo-PMI was able to bind
with low nanomolar affinity to both pS53-binding domains of
Hdm?2 and HdmX, showed high stability in human serum, and
was cytotoxic to wild-type pS3 cancer cell lines both in vitro
and in vivo by activating the pS3 tumor suppressor pathway.

The grafted cyclotide MCo-PMI was able to disrupt the
interaction between p53 and Hdm2/HdmX both in vitro and in
vivo. Given that both Hdm2 and HdmX bind to the
transactivation domain of pS3, targeting both pS$3-binding
domains has been shown to be critical for the activation of the
pS3 tumor suppressor in cancer cells overexpressing Hdm2
and/or HdmX." In agreement with this, the cyclotide MCo-
PMI was able to reactivate the pS3 tumor suppressor pathway
in different cancer lines expressing different levels of Hdm2
and/or HdmX and was not cytotoxic to noncancer cells or
cancer cells with disfunctional p53. Treatment of pS3 wild-type
cancer cells with the cyclotide MCo-PMI showed up-regulation
of p53 transcriptional targets confirming in cell activation the
pS3 pathway upon treatment. Remarkably, intravenous
administration of MCo-PMI to mice bearing an HCT116-
xenograft cancer tumor also triggered up-regulation of pS3
transcriptional targets and suppressed tumor growth. This
result is an agreement with the high stability of MCo-PMI in
serum and with its ability to reversible bind serum proteins.
Although more detailed studies are required to evaluate the
potential immunogenicity of particular engineered cyclotides,
this is generally considered not to be a major issue for small-
sized and stable microproteins.*"**

Previous studies have shown that the cyclotides MCoTI-1/II
and kalata Bl can be used for introducing novel biological
activities.”"*"**7* For example, Craik and colleagues have
recently grafted peptides fragments (<10 residues) from the
extracellular matrix proteins laminin, osteopontin, and VEGF
into loop 6 of the cyclotide MCoTI-II and the sunflower
trypsin inhibitor 1 (SFTI-1).*' The grafted cyclotides were
considerably more stable in human serum than the linear
grafted peptides and were able to maintain the angiogenic

activity (in the nanomolar range) of all linear sequences in vivo
using a chorioallantoic membrane (CAM) assay. The same
group has also reported the engineering of the cyclotide kalata
Bl by grafting the Argrich peptide epitope (RRKRRR)
involved in VEGF-A antagonism onto different loops of the
kalata B1.** These studies revealed that loops 3 and 6 were the
best suited for grafting of the VEGF-A peptide antagonist while
loops 2 and 4 yielded mostly misfolded conformers. The
cyclotide engineered in loop 3 was the most active in a cell-
based antiangiogenesis assay but showed rather a modest
activity (ICgo ~ 12 uM). The cyclotide kalata B1 used in this
work has been reported to be cytotoxic at concentrations above
10 uM. Interestingly, none of the grafted analogues showed the
cytoxicity of the parent cyclotide. Tam and colleagues have also
used the cyclotide kalata B1 to engineere cyclotides able to
antagonize the bradykinin (BK) B, receptor.” In this work, two
short BK-antagonist peptides (<10 residues) were successfully
grafted into loop 6 of kalata B1. The resulting cyclotides were
biologically active and able to specifically block the BK B,
receptor in cell assays. The grafted cyclotides were also active in
vivo showing significant inhibition of pain response in an
abdominal constriction animal model assay. Remarkably, the
cyclotides were also active when administered orally, while the
linearized versions of the cyclotides and the linear grafted
peptides showed poor or no inhibition, respectively. This
remarkable finding highlights the high stability of the circular
cystine-knot topology and its potential to be used as scaffold for
the design of orally bioavailable peptide-based drugs. Our group
has also recently reported the design of a MCoTI-based
cyclotide to target the extracellular cytokine receptor CXCR4.*
This was accomplished by grafting a topologically modified
version of the peptide CVX15, a disulfide cyclic peptide derived
from the horseshoe crab peptides polyphemusin-I/1II, into loop
6 of the cyclotide MCoTI-I. The most active compound
produced in this study was a potent CXCR4 antagonist (ICs, ~
20 nM) and an efficient HIV-1 cell-entry blocker (IC5, =~ 2
nM). This engineered cyclotide also showed high stability in
human serum, thereby providing a promising lead compound
for the design of a novel type of peptide-based anticancer and
anti-HIV-1 therapeutics. The biological activity of cyclotides
can be also modified by introducing single mutations or
sequence deletions. For example, Leatherbarrow and colleagues
have shown that the introduction of a single mutation on the
active loop (loop 1) and engineered truncations in loop 6 of
cyclotide MCoTI-II resulted in MCoTI-II analogues that
showed potent activity against two therapeutically significant
serine proteases, f-tryptase and human leukocyte elastase.*’
Here, we show the engineering of a cyclotide that can
effectively and selectively target intracellular protein—protein
interactions in animal models. Until now, the cyclotide scaffold
has been only used to §raft small loop- or f-hairpin-containing
peptide se§ment521’44’4 (<12 residues long) or introduce point
mutations®"***® to introduce new biological activities as
mentioned above. In this work we have also demonstrated
that by careful design, longer peptides (>20 residues long)
containing a-helical segments can be engineered into the
cyclotide framework. Protein—protein interactions involving a-
helical segments are quite abundant in nature, and therefore,
this approach should also be valuable for other intracellular
targets involving this type of interactions. Moreover, the fact
that cyclotides have five hypervariable loops opens the
possibility for sequence optimization of neighboring loops.
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B CONCLUSIONS

In summary, we have shown that the cyclotide MCoTI-I can be
successfully engineered to display and stabilize a-helical peptide
fragments and that the resulting cyclotide can be efliciently
used both in vitro and in vivo to target intracellular interactions.
These properties make engineered MCo-cyclotides superior in
many aspects to existing peptide- or miniprotein-based scaffolds
for antagonizing intracellular protein—protein interactions, thus
making this approach extremely valuable in the design of novel
peptide-based therapeutic leads.
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