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We report the first application of a photoinduced 1,3-dipolar cycloaddition reaction to ‘staple’ a peptide
dual inhibitor of the p53-Mdm2/Mdmx interactions. A series of stapled peptide inhibitors were efficiently
synthesized and showed excellent dual inhibitory activity in ELISA assay. Furthermore, the positively
charged, stapled peptides showed enhanced cellular uptake along with modest in vivo activity.

© 2011 Elsevier Ltd. All rights reserved.

The o-helix is one of the most common secondary structural
elements in proteins; approximately 40% of amino acids in proteins
are found as part of a-helices.! Furthermore, o-helices frequently
mediate the protein-protein interactions that regulate diverse cel-
lular processes.> Whereas short peptides may exhibit potent
in vitro activity and are generally devoid of toxicity, they are rarely
good drug candidates for intracellular targets because of their
unfavorable pharmacological properties, for example, low proteo-
lytic stability and inefficient cellular uptake. While the peptide
side-chain cross-linking through disulfide bond® and lactam
formations* were known long ago to increase the helicity and pro-
teolytic stability of peptides, the hydrocarbon stapling—direct
cross-linking of peptide side-chains via ring-closing metathesis—
has emerged as one of the most promising strategies reported to
date.® Despite its tremendous success, alternative stapling meth-
ods other than hydrocarbon stapling are still desirable because
they may offer stapled peptides with distinct physicochemical
properties. We recently reported a photoinduced 1,3-dipolar cyclo-
addition based stapling reaction for a model 3¢ helical peptide
carrying the tetrazole and alkene moieties, affording enhanced
peptide cell permeability.’ Here we report the application of this
stapling chemistry to dual-active peptide inhibitors of p53-
Mdm2/Mdmx interactions and the characterization of the inhibi-
tory activities of the stapled peptides both in vitro and in cancer
cells.
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The p53 tumor suppressor is a potent inducer of cell cycle ar-
rest, apoptosis, cellular senescence, and innate immunity. It is acti-
vated in response to oncogenic transformation, extrinsic stress, and
viral infection to protect higher organisms from cancer. Mdm2 and
Mdmx function as two key regulators of p53 by binding to its N-
terminus, inhibiting its transcriptional activity, and promoting its
degradation. Despite sharing high sequence and structural homol-
ogy, Mdm2 and Mdmx regulate p53 in distinct manners. Mdm2
serves as an E3 ligase and downregulates p53 activity by promot-
ing p53 ubiquitination and subsequent degradation.” In contrast,
Mdmx abrogates p53 function by sequestering it into the inactive
p53-Mdmx complex.® Both Mdm2 and Mdmx are overexpressed
in human cancers, making them attractive anticancer drug
targets.” However, despite their prominent roles in cancer progres-
sion, potent dual-active small molecules that disrupt both
p53-Mdm2 and p53-Mdmx interactions have not been reported.
By screening a phage library, we have recently discovered a potent
peptide dual inhibitor (PDI) of the p53-Mdm2/Mdmx interactions
with the sequence of LTFEHYWAQLTS.'® However, PDI was found
to be cell-impermeable, preventing its further development into
therapeutics. To overcome this limitation, we hypothesized that
by applying our photoinduced stapling chemistry,® we could ob-
tain cell-permeable analogs that retain dual inhibitory activity.

To identify suitable sites in the PDI sequence to append the al-
kene and tetrazole moieties, we first performed an acetyllysine
scan and found that Glu-4, His-5, Ala-8, GIn-9, and Thr-11 can be
substituted without significant loss in activity (Table S2 in Supple-
mentary data). This finding is consistent with the crystal structures
of PDI in complexes with Mdm2 and Mdmyx, in which these five
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residues are solvent exposed and do not make critical contacts
with either Mdm2 or Mdmx (Fig. 1a).!" After mapping these resi-
dues to the PDI helix wheel model (Fig. 1b), three possible stapling
schemes emerged: i,i+4 stapling between Glu-4 and Asp-8 and be-
tween His-5 and GIn-9, and i,i+7 stapling between Glu-4 and Thr-
11.'2 To expedite the synthesis of stapled peptides, alkene-(ot) and
tetrazole-modified lysine (B) were prepared from Fmoc-Lys-OH
(Scheme S1 in Supplementary data) and used directly in solid-
phase peptide synthesis. After cleavage from the resin and purifica-
tion by reverse-phase HPLC, linear peptides were exposed to a
handheld UV lamp (UVM-57, 302 nm, 115V, 0.16 A) in a mixed
acetonitrile/water (1:1) solvent for 2 h (Scheme 1). Three stapled
peptides, 1-3, embodying three stapling patterns were obtained
(Table 1). The conversions from linear precursors to stapled prod-
ucts were 82% for 1, 75% for 2, to 89% for 3, based on HPLC analysis
(Figs. S1-S3 in Supplementary data).

Previously, PDI was determined to inhibit the full-length p53
binding to Mdm2 and Mdmx with ICsy values of 44nM and
550 nM, respectively, in an ELISA assay.!'® To gauge the effect of
stapling on inhibitory activity, stapled PDI analogs 1-3 were eval-
uated and their inhibitory activity data were collected in Table 1.
Compared to PDI, 1 with the cross-linker connecting residues 4-8
showed similar activities against both Mdm2 and Mdmzx. The other
i,i+4 stapled PDI analog 2 with the cross-linker connecting residues
5-9 showed roughly fourfold drop in Mdm?2 activity and threefold
drop in Mdmx activity. Meanwhile, the i,i+7 stapled PDI analog 3
showed sevenfold increase in Mdm?2 activity together with a slight
improvement in Mdmx activity. To discern the effect of stapling
from that of residue substitution, we determined the activity of
its linear precursor, PDI-4a11, with ICso values of 1200 nM and
6300 nM against Mdm2 and Mdmx, respectivley. By comparing
the activity of 3 with that of PDI-4a11B, stapling led to roughly
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Figure 1. (a) Crystal structures of PDI bound to Mdm2 (PDB code: 3G03) and Mdmx
(PDB code: 3FDO). The proteins were rendered in surface model and PDI was shown
in ribbon and tube model. The side chains of three canonical residues, F3, W7 and
L10, were shown in blue. (b) Helical wheel diagram of PDI viewed from the N- to C-
terminus. The five possible stapling sites were colored in red. The pyrazoline cross-
linker structure formed after the cycloaddition reaction is shown on the right.
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Scheme 1. Representative synthesis of stapled peptide 1 using a photoinduced 1,3-
dipolar cycloaddition reaction. o and B denote the alkene and tetrazole-modified
lysine, respectively.

200-fold increase in the Mdm2 activity and 20-fold increase in
the Mdmx activity.

Since higher positive charges generally lead to improved cellu-
lar uptake,®®'3 we prepared a series of positively charged PDI ana-
logs by substituting the remaining non-essential residues (His-5,
Ala-8, GIn-9 and Thr-11) in 1 and 3 with either one (1a, 3a and
3b) or two arginines (1b, 3c and 3d) and determined their inhibi-
tory activities (Table 1). Compared to their parent peptides, these
positively charged analogs showed 2-6-fold drop in activity
against Mdm?2 and small changes against Mdmx (Table 1), indicat-
ing that arginine substitutions were largely tolerated. Furthermore,
we probed the effect of increased hydrophobicity at the binding
surface of PDI by replacing the canonical Trp with 6-chlorotrypto-
phan to derive 3e.'* Interestingly, 3e showed roughly twofold in-
crease in Mdm2 activity but twofold decrease in Mdmx activity
relative to 3d (Table 1), which can be attributed to the interaction
between 6-chlorine and Phe-86 of Mdm2, but not Mdmx, as de-
tected previously.'4’

To examine whether stapled PDI analogs penetrate into cancer
cells, we took advantage of the intrinsic fluorescence of the pyraz-
oline cross-linker® and monitored their cellular uptake by fluores-
cence microscopy. Our initial study revealed that the charge
neutral stapled peptide 3 was not cell-permeable (Fig. S6 in
Supplementary data). To our delight, treatment of U20S cells with
+1 charged stapled peptides 3a and 3b gave rise to a punctuated
fluorescence pattern (Fig. 2). This distribution pattern suggests that
stapled peptides are taken up by cancer cells via a pinocytotic
pathway where the majority of peptides are likely trapped in the
endosomes.'® On the other hand, treatment of U20S cells with
+2 charged stapled peptides 3¢, 3d and 3e produced more diffusive
fluorescence patterns, suggesting that increased positive charge
may facilitate the peptides to escape the acidic endosomes. Nota-
bly, stapled peptide 3c in which two arginines form a continuous
positive patch in an i,i+4 fashion showed a strong and uniform
fluorescence distribution in the cytosol, indicating that the charge
locations are also important in addition to the total charge. This
charge location dependency also suggests that the observed intra-
cellular fluorescence was not an artifact derived from the cell fixa-
tion. It is noteworthy that U20S cells treated with a linear
fluorescent peptide carrying +2 charge, 4 (see Table 1 for se-
quence), under identical conditions did not produce any intracellu-
lar fluorescence, confirming that stapling is essential for cellular
uptake (Fig. 2). In our preliminary circular dichroism study, stapled
peptide 3e showed 21% helicity compared to 13% for peptide 4 of
the same sequence (Fig. S7), indicating that stapling indeed in-
creases helicity, which is partly responsible for the enhanced cellu-
lar uptake.

To assess whether enhanced cellular uptake imparts in vivo
activity, U20S cells stably expressing a p53-dependent luciferase
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Table 1
Sequences and inhibitory activity of PDI analogs®

Name Sequence Charge 1Csp, Mdm2 (nM) ICs0, Mdmx (nM)
Nutlin-3° 600 No activity
PDI LTFEHYWAQLTS® -1 44 550

1 LTFaHYWBQLTS 0 61+5.2 540 + 55
1a LTFaHYWBRLTS +1 71+£39 22019
1b LTFeHYWBRLRS +2 160 + 8.6 390+ 25

2 LTFEaYWABLTS -1 170+ 15 1600 + 290
3 LTFaHYWAQLBS 0 6.2+15 340 £27
3a LTFeHYWARLBS +1 15+0.6 240+ 18
3b LTFeHYWRQLBS +1 18+0.9 210+23
3c LTFoRYWARL@S +2 39+14 550+ 58
3d LTFaRYWRQLBS +2 28+1.0 41038
3e LTFoRYWRQLBSY +2 14+1.2 810+95

4 LTFKA RYWRQLKpy,S¢ +2 2300 +220 34,000

2 ELISA assays were repeated three times in deriving average ICso values along with standard deviations.
P ICso values were taken from Ref. 10 where the same ELISA assays were performed.

¢ Residues tolerant of substitution were underlined.
4 W, = 6-chlorotryptophan.

¢ Kac = N®-acetyllysine; Kpy: = N®-pyrazolinelysine, see Table S1 in Supplementary data for structure.

-
Figure 2. Fluorescence images of fixed U20S cells after treatment with 20 pM of

stapled PDI-3a-e or linear PDI-4 for 4 h at 37 °C. A 20x oil immersion lens was
used.
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Figure 3. The p53-dependent luciferase transcriptional activation in U20S cells:
The luciferase activities were measured at least three times and the averaged
activities along with standard deviations were plotted.

reporter were treated with 20 uM of stapled peptides along with
the linear control peptides PDI and 4. We found that compared
to the linear control peptides which were inactive in this assay,
all positively charged stapled peptides showed modest, yet

reproducible activity in luciferase activation (Fig. 3). Stapled pep-
tide 3¢ showed the highest activity, giving rise to 1.6-fold increase
in luciferase activation, which is in good agreement with its excel-
lent cellular uptake (Fig. 2). By comparison, treatment of 5 uM of
nutlin-3, a cell-permeable small-molecule Mdmz2 inhibitor, gave
rise to a fourfold increase in luciferase activation, higher than all
the stapled peptides. Taken together, despite higher in vitro activ-
ity (Table 1), a large fraction of stapled peptides appear to get
trapped in the endosomes and likely degraded before they can
reach their targets.

In summary, we have demonstrated a facile synthesis of stapled
peptide dual inhibitors of the Mdm2/Mdmx interactions using a
photoinduced cycloaddition reaction. Compared to PDI, stapled
PDIs showed significantly higher inhibitory activities: up to seven-
fold against Mdm2 and 2.5-fold against Mdmx. The inhibitory
activity was found to depend on stapling site, charge number
and distribution, and overall hydrophobicity. Moreover, the posi-
tively charged, stapled peptides showed enhanced cellular uptake
along with modest in vivo activity.
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