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ABSTRACT: Stapled peptides have great potential as modulators of protein—protein interactions (PPIs). However, there is a
vast landscape of chemical features that can be varied for any given peptide, and identifying a set of features that maximizes
cellular uptake and subsequent target engagement remains a key challenge. Herein, we present a systematic analysis of staple
functionality on the peptide bioactivity landscape in cellular assays. Through application of a “toolbox” of diversified dialkynyl
linkers to the stapling of MDM2-binding peptides via a double-click approach, we conducted a study of cellular uptake and pS53
activation as a function of the linker. Minor changes in the linker motif and the specific pairing of linker with peptide sequence
can lead to substantial differences in bioactivity, a finding which may have important design implications for peptide-based
inhibitors of other PPIs. Given the complexity of the structure—activity relationships involved, the toolbox approach represents
a generalizable strategy for optimization when progressing from in vitro binding assays to cellular efficacy studies.

B INTRODUCTION represents the major challenge when pursuing this type of
modality as therapeutics.”'® Peptide sequence, charge, and
staple type have all been implicated as important variables for
cell penetration,”"*~"” and design strategies such as guanidium
and amphipathic patterning have emerged as promising ways
to promote endocytic uptake and release.'” Despite these
advances, studies on inhibitor optimization for intracellular PPI
targets are typically laborious and largely empirically driven,
relying on extensive peptide synthesis and evaluation.

An emerging paradigm is the importance of the linker

Protein—protein interactions represent an exceptionally rich
source of new potential drug targets. They are involved in all
essential cellular processes, and aberrant PPIs are associated
with many human diseases, such as cancer.' ™ However,
traditional small molecule library apé)roaches are often not
ideal for modulating PPI interfaces.’”

A promising strategy that has generated significant interest
within the scientific community is peptide stapling, in which a
linear peptide is cross-linked via the formation of a linking

motif (the “staple”) between two of its side chains.”® Stapling component of stapled peptides. In addition to performing
can constrain peptides into their bioactive conformation, and

when optimized, can generate potent in vivo inhibitors of Received: January 21, 2019

intracellular PPI targets.””'> However, cellular uptake mech- Accepted: January 31, 2019
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dynamic functions,"*" judicious selection of the linker from a

library of potential ozptions is a key consideration for achieving
optimal bioactivity.>~>* Although the archetypal stapling
technique utilizes ring-closing metathesis on olefinic amino
acids to form “all-hydrocarbon” stapled peptides,'"***° a range
of alternative stapling chemistries is now available.” Notably,
two-component reactions allow the staple and peptide to be
varied independently of each other, enabling facile access to

greater diversity of stapled peptides (Figure 1).2227731 e
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Figure 1. A linker toolbox for identifying bioactive peptide-linker
combinations. Two-component stapling chemistry enables a range of
functionalized dialkynyl linkers to be efficiently introduced, generating
peptides with a range of chemical and biological properties. Subtle
differences in the sequence and linker can lead to major differences in
terms of activity in cellular assays.

previously established a double-click protocol for two-
component stapling between diazidopeptides and dialkynyl
linkers.””*” Drawing inspiration from cell-penetrating cationic
peptides, we showed that cellular activity could be induced by
using linker 1 that was functionalized with a triarginine motif
(Figure 2). This strategy was used to design a cell-active
inhibitor of the pS3/MDM2 interaction, a validated drug target
for the treatment of cancers that have wild-type p53 and
overexpressed MDM2.*>**

In this work, we expand upon the limited set of
functionalized dialkynyl linkers evaluated in previous stud-
es.”””?° A collection of 18 linkers 2—19 covering a wide
range of functional motifs were applied to generate a small
diverse library of new MDM2 inhibitors (Figure 2), providing
valuable insights into the physicochemical factors that
determine the cellular uptake and efficacy of stapled peptides.
This linker collection has been used to study uptake in human
platelets,‘i’6 and its application to MDM?2 inhibition serves to
extend the generality of this “toolbox” for developing cell
permeable stapled peptide inhibitors of other intracellular
PPIs, tuning the efficacy through selection of the appropriate
combination of staple linker and peptide sequence.
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B RESULTS AND DISCUSSION

Amino Acid Functionalized Linkers. With the previously
reported triarginine R3 linker 1 as the starting point of our
investigation, we began by exploring linkers bearing different
types of amino acids, covering acidic (Glu), basic (Lys, His),
polar (Ser), and hydrophobic (Leu) residues. Staples 2—6 were
synthesized by solid-phase peptide synthesis and N-terminal
capping with 3,5-diethynylbenzoic acid (Figure 2). The linkers
were subsequently combined with the pS3-derived sequence A,
a peptide which was unable to activate cellular pS3 in its linear
form or when stapled with an unfunctionalized 3,5-
diethynylbenzene linker.””

Stapled peptides A2—A6 (i.e., peptide sequence A stapled
with linkers 2—6) were first evaluated for their ability to bind
MDM?2 in vitro using an established competitive fluorescence
polarization assay (FP, Table 1).7*7 All five peptides were
found to have comparable low-nanomolar binding affinity for
MDM2, indicating that the amino acid motifs did not interfere
with target binding in an in vitro setting. The ability of stapled
peptides A2—A6 to activate cellular pS3 was then assessed
using a T22 mammalian reporter cell line previously used
extensively by Lane and coworkers.”” Hydrocarbon stapled
peptides previously developed by Lane and coworkers were
able to induce p53 activation at around 5—10 uM,”” whereas
the peptides in this study showed activation at 25 uM (the
lowest concentration tested in the study). In contrast to the in
vitro binding results, stapled peptide A2 with the trilysine
functionalized K3 linker 2 was the only active compound in the
cellular reporter assay (Figure 3). This initial observation was
consistent with previous reports indicating the importance of
positive charge for cellular activity, although there are notable
examples that do not conform to this trend.”>*"

To further investigate the effect of net charge, linkers R3-
OH 7 and K3-OH 8 were synthesized by solid-phase peptide
synthesis on Wang resin to give the terminal acid function-
alized linker analogues of 1 and 2. Changing the amide to a
negatively charged acid group resulted in loss of activity for
both stapled peptides A7 and A8 in the pS3 reporter assay
(Figure 3), despite not affecting binding to MDM2 in the FP
assay in the case of A8 (Table 1). Extended tetrapeptide
linkers R4 9 and K4 10 with an additional positive charge were
also synthesized. While stapled peptide A10 maintained a high
affinity for binding MDM2 (Table 1), A9 showed a decrease in
apparent affinity in comparison to Al, potentially attributable
to a less optimal peptide conformation (Supporting
Information Figure $8.2.1). In the cellular reporter assay, K4
peptide A10 showed an improved pS3 response in comparison
to K3 peptide A2, while A9 showed no activity. In addition to
a reduction in alpha helicity, the lack of activity with A9 could
also be due to poor solubility, as precipitation was observed in
cell culture media during the assay (Figure 3 and Supporting
Information Table $9.2.1). Together, these observations are
consistent in suggesting that positive charge is an important
requirement for the cellular activity of stapled peptides based
on the wild-type pS3 sequence.

We also explored the effect of amino acid modification by
synthesizing side chain di- and trimethylated analogues 11 and
12 of the K3 linker 2, as further cationic linker variants. Both
modifications were again tolerated in terms of in vitro MDM2-
binding but eliminated activity in cells. This result demon-
strates that cationic charge alone is insufficient for cellular
activity and reveals that primary amine functional groups have
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Figure 2. A toolbox of functionalized dialkynyl linkers 1—19 for generating stapled peptides with different cellular bioactivity. Linkers 1—12 feature
amino acid motifs, 13—16 feature nonpeptidic cationic motifs, and 17—19 feature nuclear localization signal tags. In combination with MDM2-
binding peptides A—F, a small diverse library of stapled peptides was synthesized and evaluated in cell-based assays for p53 activation.

Table 1. In Vitro Binding Affinities of Stapled Peptides A1—
A19 (Peptide Sequence A Stapled with Linkers 1—19) for
MDM?2 as Measured by Fluorescence Polarization”

peptides MDM2 K; (nM) peptides MDM2 K, (nM)

Wt PS31720 821 + 56 Al0 21
A 16 + 1¢ All 9.1 +0.8
Al 12+1 Al2 6.7 + 0.6
A2 10+ 1 Al3 59+ 0.7
A3 3.0+ 04 Al4 7.0 + 0.8
A4 52 + 06 AlS 5.7 £ 0.7
AS 3.7+ 04 Al6 61 +9
A6 6.2 + 0.6 Al7 40+ 6
A7 39+2 Al8 48 +£7
A8 43 + 0.5 Al19 31+5S
A9 39+2

“Binding affinities of negative controls for this assay were determined
. . 27 b :

in a previous study.”” “The error shown is the standard error based on
triplicate experiments.

a potentially important function beyond simply introducing
positive charge (Table 1 and Figure 3).

As we postulated that the clear disparity between in vitro
binding and reporter assay activity was due to changes in
peptide uptake, we stapled the N-terminal TAMRA-labeled
analogue B with linkers 1, 2, 3, §, 8, and 10 (R3/K3/E3/S3/
K3-OH/K4, respectively) for qualitative assessment of cell
permeability in T22 mammalian cells by fluorescence confocal
microscopy. Initially, we had chosen to conduct confocal
microscopy on cells which had been fixed with paraformalde-
hyde prior to imaging, as had been rePorted in many previous
studies on stapled peptide uptake.”'"*”**~** These experi-
ments revealed that only peptides B1, B2, and B10 (R3/K3/
K4 functionality) had appreciable levels of intracellular
fluorescence, directly matching the observations from the
pS3 reporter assay (Supporting Information Figure S6.1.1).
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Figure 3. pS3 activation for diversified stapled peptides in a T22
mammalian cell reporter assay. Data is reported as fold activation over
1% DMSO vehicle control, with error bars representing the standard
deviation of triplicate experiments. The wild-type p53,,_,9 peptide
and unstapled peptide A are negative controls that both show no
activity in this assay.”’”

While the fixed cell experiments appeared to show diffuse
peptide localization throughout the cell, we also conducted
imaging of live unfixed cells, as fixation has previously been
shown to §ive misleading results in the field of cell-penetrating
peptides.” Upon direct comparison of images from fixed and
nonfixed cells, B1, B2, and B10 were still the only peptides
that showed appreciable fluorescence. However, the cellular
distribution of this fluorescence was markedly different (Figure
4 and Supporting Information Figure $6.2.1). There was a high
degree of punctuate fluorescence, which is indicative of
peptides being trapped in endosomes or lysosomes following
cell entry via an endocytosis-dependent mechanism (with
mitochondrial localization a possibility for B10). Also notable
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Figure 4. Examples of fixed cell (*B10) and live cell (B10, B16, and B19) confocal fluorescence microscopy images in T22 mammalian cells, with
only the live cell images showing punctuated fluorescence indicative of endosomal or lysosomal entrapment. Peptides are shown in red, and
Hoechst-stained nuclei are shown in blue. Scale bar: 25 ym. A full set of fixed and live cell images is presented in the Supporting Information

(Figures S6.1.1 and S6.2.1).

was the distinct lack of detectable fluorescence in the nucleus,
which is critical for inhibition of the nuclear p$3/MDM?2
interaction.”**> These results suggest that although these
peptides are taken up sufficiently to elicit a response in a p53
reporter assay, further modifications to promote cytosolic and
nuclear delivery of peptides could enhance target engagement
and therefore the therapeutic potential of these stapled
peptides.

Nonpeptidic Linkers. We designed a second series of
linkers 13—15 bearing nonpeptidic polyamines to mimic the
cell-permeabilizing role of lysine (Figure 2). Despite retaining
their in vitro binding affinity for MDM2, the polyamine stapled
peptides 13A—15A also resulted in loss of activity in cells
(Table 1, Figure 3). As the polyamine motifs were protonated
under the cellular assay pH, this result confirms that positive
charge alone is not a sufficient condition for peptide uptake.

Inspired by the series of small molecule carriers (SMoCs)
developed by Selwood and coworkers,**™** we also incorpo-
rated a SMoC group into the dialkynyl linker 16 (Figure 2).
The resulting stapled peptide Al6 gave an enhanced pS53
response in comparison to Al and A10 at lower concentrations
(25, 50 uM), although a drop in activity was noted at the
highest concentration of 100 M (Figure 3), potentially due to
toxicity effects at high concentration. Confocal imaging of the
TAMRA labeled analogue B16 revealed significant punctuation
in the fluorescence (Figure 4).

Nucleus-Targeted Linkers. With the aim of promoting
peptide delivery into the nucleus, we explored linkers 17—19
functionalized with a nuclear localization signal (NLS)
sequence PKKKRKV derived from the SV40 Large T-

529

antigen.*’ This sequence is known to bind to the major site
on importin @, which facilitates the transport of NLS-
containing proteins into the nucleus.’” A variable number of
6-aminohexanoic acid (Ahx) spacers was inserted to minimize
steric clash between the NLS and the MDM2-binding
sequence. Stapled peptides A17—A19 showed comparable
binding values for MDM2 (Table 1), and the TAMRA labeled
versions B17—B19 were found to have submicromolar affinity
for importin @ in a direct FP assay (B17: 81 + 10 nM, B18: 89
+ 7 nM, B19: 86 + 12 nM; Supporting Information Figure
§5.2.1).°" The reporter assay showed greater pS3 activation as
the number of Ahx spacers increased from one to three, with
peptides A18 and A19 both showing higher activity compared
to Al (Figure 3).

Endosomal escape still appears to be a major limiting factor
to appropriate target engagement. Confocal imaging of the
TAMRA labeled peptide B19 in T22 mammalian cells
indicated a high degree of punctuation was again present in
the signal, with minimal fluorescence detected in the nucleus
(Figure 4). The subcellular localization of TAMRA labeled
peptide B19 was interrogated in HeLa cells against Lysotracker
and Mitotracker labeling. With a Pearson’s colocalization
coefficient (PCC) of 0.66 (+ 0.03) with lysotracker, B19
exhibited partial lysosomal localization and no significant
mitochondrial localization (PCC = 0.01 + 0.01). This effect
appears to be independent of the fluorescent tag or cell line, as
similar observations were noted when localization experiments
were conducted using the FITC labeled analogue C19 in HeLa
cells. Further fluorescence colocalization imaging with
Lysotracker and Mitotracker dyes showed peptide C19 was
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Figure 5. Examples of live cell confocal fluorescence microscopy images in HeLa cells. The top row shows peptide C19 in green and lysosomes
(Lysotracker DeepRed) in red, with significant observable colocalization. The bottom row shows peptide C19 in green and mitochondria
(Mitotracker DeepRed) in red, with no significant colocalization. A vehicle-only negative control (DMSO) showed no observable FITC
fluorescence. Scale bar: 10 gm. Images for peptide B19 are shown in the Supporting Information Figure 6.5.1.

partially localized in the lysosomes (PCC = 0.47 + 0.04) after
1 h incubation with live HeLa cells (Figure S), with no
significant mitochondrial localization (PCC = 0.01 + 0.01).
The results suggest that while the NLS sequence is capable of
promoting cellular uptake, presumably by virtue of the
positively charged arginine and lysine residues in the sequence,
the majority of the administered stapled peptide remains
trapped in lysosomal trafficking pathways.

Peptide Sequence Variants. To evaluate if the most
promising staple linkers SMoC 16 and NLS-3 19 (Figure 6)
were compatible with different MDM2-binding sequences, we
investigated three MDM2-binding sequence variants D—F.
Peptide D was derived from the wild type pS3-derived
sequence without the K24R mutation found in peptide
A,>>>* while E and F were based on the phage-derived PDI
peptides previously studied for hydrocarbon stapling.” All six
compounds retained their binding affinity for MDM2
(Supporting Information Table $3.2.1) and elicited a positive
response in the cellular reporter assay (Figure 6). In particular,
stapled peptide F16 induced the greatest activation at the top
concentration for the SMoC linker 16 series, while peptide
D19 was superior within the NLS-3 linker 19 series.

We conducted a lactate dehydrogenase (LDH) leakage assay
to investigate the possibility that the stapled peptides could
cause general cytotoxicity.””>> The results were varied, but
gratifyingly did not display any clear correlation with observed
activity in the pS3 reporter assay (Supporting Information
Figure 7.1.1). This suggests that unwanted toxicity, independ-
ent of any pS3-driven mechanism, was occurring with only
some of the stapled peptides. In the NLS-3 linker 19 series for
example, peptide Al19 exhibited no general toxicity, whereas
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Figure 6. Cellular activity of stapled peptides based on different
sequences (A and D—F) combined with linkers 16 and 19 in the

cellular pS3 reporter assay. Data is reported as fold activation over 1%
DMSO control, with error bars representing the standard deviation of
triplicate experiments.

9% LDH leakage was detected for D19 at 100 uM, despite
both peptides having comparable activity in the reporter assay.
For the SMoC linker 16 series, F16 showed high levels of
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toxicity at 54% leakage, while the similarly potent peptide D16
displayed no such toxicity effects. Overall, the NLS-3 stapled
peptides with linker 19 were less toxic than the SMoC series
with linker 16. Our findings suggest that nonspecific toxicity
arises from a combination of staple linker and peptide
sequence and not necessarily either of them in isolation.
This feature enabled us to identify suitable combinations D16
and A19 that displayed potent cellular activity while
eliminating any unwanted toxicity. These peptides were
found to have submicromolar affinity for MDMX in a
competitive FP assay (D16: 71 + 6 nM, A19: 170 + 10
nM; Supporting Information Figure $4.3.1). Despite the large
NLS staple, A19 also displayed a moderate level of alpha
helicity by circular dichroism (Supporting Information Figure
$8.2.1).

B CONCLUSIONS

We presented a systematic analysis of staple functionality on
biological activity using the pS3/MDM?2 interaction as a model
system. Out of the 18 staples, five (10, 16, 17, 18, and 19)
were found to be comparable or superior to the first generation
activity-enhancing staple 1. While most of the stapled peptides
have similar in vitro binding affinities for MDM2, remarkable
variability in cellular activity can be attributed to differences in
cellular uptake. The two most effective uptake-promoting
linkers in this study are SMoC 16 and NLS-3 19, although
crucially, their activity and toxicity is highly dependent on the
match-up with a specific peptide sequence variant. Finally,
confocal microscopy experiments indicate that promoting
endosomal release and nuclear uptake would further improve
the therapeutic potential of these p53-derived stapled peptides.

Lessons from applying this toolbox to a variety of PPIs will
help to map out the landscape of physicochemical factors that
affect cellular efficacy. This study provides strong evidence that
there exists a complex interplay between many physicochem-
ical parameters that determines cellular efficacy, and that subtle
changes in either linker or peptide sequence can have a
substantial impact on activity. The linker toolbox serves to
further our understanding of these influential parameters,
toward the ultimate goal of being able to employ more rational
optimization strategies when conducting future studies on
stapled peptides in the cellular context and beyond.

B METHODS

Full experimental methods and characterization data are provided in
the Supporting Information.

Fixed Cell Imaging. T22 cells were seeded in an 8-chamber glass
slide (8000 cells/chamber in 250 uL, Lab-Tek). Cells were incubated
at 37 °C in a 5% CO, atmosphere for 24 h before the medium was
removed, and new medium containing the fluorescent peptides (20
uM) was added. The cells were incubated for a further 18 h before the
medium was removed and cells were washed with 100 L PBS. The
cells were fixed in 100 uL of 4% paraformaldehyde in PBS for 10 min,
before being washed twice with 100 yL of PBS. The chambers were
then removed and a coverslip with Vectashield mounting medium
containing DAPI (Vector Laboratories) was applied. The cells were
then imaged on a Leica SPS confocal microscope using a 63X
objective. Final images are generated as a maximum intensity
projection of at least ten Z-stacked images.

Live Cell Imaging. T22 cells were seeded in glass-bottom dishes
(64000 cells/dish in 2 mL, Mat-Tek). Cells were incubated at 37 °C
in a 5% CO, atmosphere for 24 h before the medium was removed,
and new medium containing the fluorescent peptides (20 uM in 1
mL) was added. The cells were incubated for a further 3.5 h before
Hoechst 33342 dye (4 ug per well) was added to the medium for a
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further 0.5 h. Cells were then washed with 1 mL PBS before adding
fresh Dulbecco’s modified Eagle’s medium with serum (1 mL) for
B1-B10 or Hanks’ Balanced Salt Solution without serum (1 mL) for
B15—B19. The cells were then immediately imaged on a Leica SP$
confocal microscope using a 63X objective. Final images are generated
as a maximum intensity projection of ten Z-stacked images.

Live Cell Colocalization Imaging. HeLa cells were seeded in
glass-bottom dishes (60 000 cells/dish in 2 mL, Mat-Tek). Cells were
incubated at 37 °C in a 5% CO, atmosphere for 24 h before the
medium was removed, and new medium containing the fluorescent
peptides (10 uM in 1 mL) was added. The cells were incubated for a
further 1 h before Mitotracker DeepRed (250 nM) or Lysotracker
DeepRed (250 nM) was added to the medium for a further S min.
Cells were then washed thrice with 1 mL PBS before adding fresh
Dulbecco’s modified Eagle’s medium (without phenol red). The cells
were then immediately imaged on a Leica SPS confocal microscope
equipped with white light laser using a 100X oil objective with a 2X
zoom. Images were analyzed using FIJI Image] by drawing a region of
interest over the entire cell. Colocalization analyses on five
independent images were performed using FIJI Image] Coloc2
Plugin, and PCC was used to quantify the extent of overlap between
the localization of the peptide and the tracker dyes.

B ASSOCIATED CONTENT
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