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8.1 Introduction

Protein—protein interactions describe the biochemical events during which a
protein’s activity and function are modulated by one or more separate inter-
acting proteins. PPIs lead to measurable effects such as altering the kinetic
properties of enzymes, allowing for substrate channeling, changing between
active and inactive conformations, creating new binding sites, or serving as
regulators in upstream or downstream events." Complex networks of PPIs
are intrinsic to most cellular functions of living organisms, and abnormal
behavior of these proteins is often correlated with the commencement of var-
ious human diseases, like cancer.” Therefore, numerous studies have been
carried out to assess the therapeutic potential of this target class and to dis-
cover novel PPI inhibitors.
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PPI contact surfaces are often large (approximately 1500-3000 A%) com-
pared to those of protein-small molecule interactions (approximately 300-
1000 A?), and PPI interaction surfaces are usually flat and lack the grooves
and pockets of proteins, which engage in small molecule binding.’ Due to
the aforementioned reasons, twenty years ago PPIs were considered to be
“undruggable”.® Over the past two decades, there has been a considerable
amount of research in this area and a number of different approaches have
been reported for inhibiting PPIs.” One such approach is peptidomimetics,
which utilizes molecules designed to mimic the three-dimensional structure
of peptides or proteins, while having the ability to interact with the biologi-
cal target in the same way as the natural peptide or protein from which their
structure was derived. While native peptides provide an accessible start-
ing point for the design of peptidomimetics, peptides in isolation are poor
contenders. On their own, short peptides often do not retain their native
conformation, and hence binding capability, as there is a lack of structure
inherently provided by the rest of the protein. Additionally, peptides are sus-
ceptible to rapid proteolysis and often suffer from poor cell permeability.

Many studies have focused on cyclic peptides as competitive inhibitors of
PPIs as they are capable of selectively mimicking the protein contact.® There
are many effective peptidomimetic strategies described in the literature.””
In particular, stapled peptides, pioneered by Grubbs,'’ Verdine,' Walensky,'
and Sawyer," present a promising strategy to target “undruggable” thera-
peutic targets. Stapling as a form of macrocyclization refers to the process
in which certain amino acid side chains of a peptide are covalently bonded
for the stabilization of often, but not exclusively, a-helical structures in short
peptide sequences.' In theory, if the resultant length, position, and charac-
teristics of the staple are optimal, the problems with short peptides in isola-
tion may be overcome and binding affinity restored. Stapling can reinforce
a-helical secondary structures if the non-native amino acids are positioned
specifically on the same face of the helix, such as i, i + 4 and 7, i + 7 ° residues,
or simply provide a means of macrocyclization for unstructured peptides.
There are two general approaches: one-component and two-component sta-
pling techniques. Whilst one-component stapling involves the direct linking
of amino acid side chains, two-component stapling requires the use of a sep-
arate bi-functional linker to bridge the side chains of two non-proteogenic
amino acids (Figure 8.1).

One-component stapling was the first to be proposed, starting with mac-
rocyclization by lactamization via the incorporation of proteogenic amino
acids Lys and Glu/Asp."”” Seminal work on hydrocarbon stapling by Grubbs
and Blackwell led to the use of ring-closing metathesis as a method of sta-
pling utilizing olefin-bearing amino acids." Other techniques include the
reversible formation of disulfide bonds between two enantiomeric Cys res-
idues,' the use of an alkyne-bearing side chain and an azide-containing
side chain for macrocyclization by Cu(1)-catalyzed azide-alkyne cycloaddi-
tion (CuAAC)," and the formation of thioether bridges via a covalent linkage
between Cys and a-bromo amide side chains.*
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Figure 8.1 One- and two-component stapling techniques. Reproduced from ref. 16
with permission from The Royal Society of Chemistry.
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Scheme 8.1 Cu(1)-catalyzed double-click peptide stapling. Reproduced from ref. 16
with permission from The Royal Society of Chemistry.

Two-component stapling relies on two steps: the intermolecular coupling
of the bifunctional linker and peptide followed by an intramolecular cou-
pling to complete the cyclization. An alternative, competing pathway, which
is not possible in one-component stapling, results in double addition of the
linker forming a linear peptide. Advances in this area have led to coping
mechanisms such as conformational preorganization, varying the reacting
side chain positions, and dilutions.'® Despite this complication, there are
many advantages of two-component stapling, such as the ability to incorpo-
rate diverse staple linkages efficiently without the need to synthesize com-
plex side chain-bearing amino acids for use in solid phase peptide synthesis
(spps).

The Spring Group have devised a two-component stapling strategy termed
the “double-click” approach to peptide stapling (Scheme 8.1).%' The approach
is based on the robust nature of CuAAC, the archetypal click reaction
reported by Sharpless®* and Meldal** and based on the original 1,3-dipolar
cycloaddition developed by Huisgen.** This technique calls for the incorpo-
ration of two non-proteogenic azido amino acids into the peptide sequence of
interest. Dialkynyl linkers then allow the formation of bistriazole-containing
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macrocyclized peptides.*® A large variety of stapled peptides can be synthe-
sized by reacting the linear peptide with a library of dialkynyl linkers in a
divergent manner. Furthermore, the required azido amino acids are easy to
synthesize and are compatible with Fmoc chemistry and can be incorporated
into the peptide chain via regular Merrifield spps.?® In addition, the azide
functionality allows chemospecific reactions and is tolerant to many other
functional groups.

The remainder of this chapter will focus on the work of the Spring Group
in the area of two-component “double-click” stapling, specifically:

e Efficient synthesis of Fmoc-protected azido amino acids.

e Optimization of the peptide sequence and use of functionalized staple
linkages to modulate the cellular activity of stapled peptides.

e Metal-free strain-promoted peptide stapling.

e Theapplication of double stapling in targeting the substrate-recognition
domain of tankyrase to antagonize Wnt signaling, and the transcription
factor HNF1p/Importin a PPI, by using constrained non-a-helical pep-
tide inhibitors.

It is important to note that the stapling approach developed by the Spring
group has been used not only to constrain near-native peptidomimetics into
a-helices as in the p53/MDM2 PPI, but also to provide the benefits of mac-
rocyclization to unstructured peptidomimetics to target Tankyrase/Wnt and
the HNF1p/Importin o PPI.

8.2 Non-proteogenic Amino Acid Synthesis

Non-proteogenic amino acids containing azide groups are known to be use-
ful in the design of synthetic peptides and proteins as a biorthogonal han-
dle allowing for further functionalization via Staudinger ligation or CuUAAC
reactions. Azido amino acids have been used previously for the synthesis of
peptidomimetics including triazole-containing macrocycles via CuAAC.”’

Since each coupling during spps requires multiple equivalents of pure
amino acid, we sought to create a route to azido amino acids that was short,
scalable, and high yielding, starting from inexpensive, commercially avail-
able compounds. Although there are existing literature procedures® > for
the synthesis of azido amino acids, we decided to use copper-catalyzed
diazotransfer chemistry to design a more straightforward and atom-efficient
pathway.

To this end, amine bearing precursors, such as Fmoc-Dap’-OH (3),
Fmoc-Dab*OH (4), and Fmoc-Orn’-OH (8), were prepared. Primary amines
3 and 4 were synthesized via Hofmann rearrangement of readily available

"Dap = 2,3-diaminopropionic acid.
‘Dab = 2,4-diaminobutyric acid.
$0rn = Ornithine.
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Scheme 8.2 Synthesis of Fmoc-protected azido amino acids. Reproduced from
Y. H. Lau and D. R. Spring, Synlett, 2011, 1917-1919 ** with permis-
sion from Thieme; Copyright © 2011 Georg Thieme Verlag KG.

amino acids 1 and 2 (Scheme 8.2). Fmoc-Orn-OH (8) was synthesized via
the acid deprotection of Fmoc-Orn(Boc)-OH (7). Imidazole-1-sulfonyl azide
hydrochloride was chosen as the diazotransfer reagent as it is relatively less
explosive than triflyl azide, its synthesis is scalable, and it is stable over the
long term when stored at 4 °C.*!

From the primary amines and the diazotransfer reagent, a route was devel-
oped using a biphasic solvent mixture of H,0, MeOH, and CH,Cl, adjusted to
pH 9 with potassium carbonate to afford the azido amino acid 9 via CuUAAC
in relatively high yields. The synthesis can be performed on multigram scale
with >98% chromatographic purity following an aqueous workup.*> This
work serves as the sturdy foundation of all our experiments.

8.3 Peptide Sequence Optimization and Use of
Functionalized Staple Linkages for Modulating
the Cellular Activity of Stapled Peptides

By applying the double-click stapling concept to the p53/MDM2 interac-
tion, a validated target for anticancer therapeutics, it was shown that Pro-27
replacement by the staple is the most suitable position (P1, Figure 8.2a)" and
Orn(N;,) is the ideal side chain length to attain optimal binding affinity (3.21 +
0.38 nM) and cellular activity, when stapled with linker 10 (P1-10).* Substi-
tuting Orn(N;) with Aha and Lys(N;) as the side chain led to a decrease in the
binding affinity of the stapled peptide to 10.5 + 0.76 nM (P9-10) and 9.63 +
0.87 nM (P10-10), respectively. Moreover, it was observed that activity could
be induced in an otherwise impermeable p53 stapled peptide by incorpo-
rating a tri-arginine motif (11) on the staple linkage, rather than adjusting
the peptide sequence (Figure 8.2a).*" A series of linear aliphatic staples (12-14)

YAha = Azidohomoalanine; Lys = Lysine.
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Figure 8.2 (a) Diazido peptides for stapling with dialkyne linkers 10 and 11 (repro-
duced from ref. 33 with permission from The Royal Society of Chemis-
try). (b) Linear aliphatic dialkyne linkers (from Y. H. Lau, P. de Andrade,
G. J. McKenzie, A. R. Venkitaraman and D. R. Spring, Linear Aliphatic
Dialkynes as Alternative Linkers for Double-Click Stapling of p53-De-
rived Peptides,” John Wiley and Sons, Copyright © 2014 by John Wiley
& Sons, Inc.). (¢) A multifunctional linker for peptide stapling and pho-
toaffinity labelling (from Yuteng Wu, Lasse B. Olsen, Yu Heng Lau,
Claus Hatt Jensen, Maxim Rossmann, Ysobel R. Baker, Hannah F. Sore,
Suil Collins, David R. Spring, Development of a Multifunctional Benzo-
phenone Linker for Peptide Stapling and Photoaffinity Labelling, John
Wiley and Sons,*® Copyright © 2016 by John Wiley & Sons, Inc.).

that complement the aromatic linkers were also developed.”® Optimization
of the combination of staple and sequence suggested that the aliphatic scaf-
folds can lead to enhanced binding in vitro and superior p53 activation in
cells when combined with a phage-display-derived®® sequence PDO (Figure
8.2b). The results suggest that different staple linkages can lead to very dif-
ferent peptide bioactivity in cells.

A benzophenone moiety was also incorporated into our dialkyne linker
for photo-cross-linking. This novel multifunctional linker, 15, serves as both
a peptide stapling reagent and a photoaffinity probe with pulldown poten-
tial (Figure 8.2¢).>® The linker 15 can be accessed in four steps and the TMS
group was conveniently removed under click conditions to reveal the termi-
nal alkyne. Subsequent reaction with a biotinylated azide demonstrated its
pulldown capability. As a proof of concept, this methodology was applied to
a p53-dervied peptide, which was effectively cross-linked with MDM2 after
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UV irradiation. Current work is underway to extend this strategy to MDM2
labelling and pulldown in cell lysates or live cells, as well as applying it to
study other PPIs.

8.4 Metal-free Strain-promoted Peptide Stapling

In 2003, Carolyn Bertozzi founded the field of bioorthogonal chemistry,
involving reactions that can occur inside of living systems without interfer-
ing with native biochemical processes.’” Despite the widespread utility of
biorthogonal CuAAC reactions, their use inside living systems is limited due
to the cytotoxicity of the Cu(1) catalyst involved (Figure 8.3a). In vitro and cell
culture studies have demonstrated that metals like copper have the potential
to cause oxidative damage to the cell and disrupt critical cellular functions.*®
Therefore, a copper-free click reaction was developed by Bertozzi in 2004,
by utilizing a high-energy strained cyclooctyne molecule to increase the rate
of reaction without the need for a catalyst.*® As the ring strain of the cyclic
molecule drives the click reaction forward, the reaction is also referred to as
a strain-promoted azide-alkyne cycloaddition (SPAAC) (Figure 8.3b).*

Since then, a number of strained molecules have been synthesized and
applied to undergo metal-free click reactions in vitro and in vivo.*® In 2002,
Orita and co-workers""** reported the synthesis of strained Sondheimer-Wong
diyne® 16 by following a one-pot double-elimination protocol (Scheme 8.3).

This protocol was utilized by the Spring group to develop a metal-free dou-
ble-click peptide stapling methodology (Scheme 8.4).** The double-click sta-
pling of a p53-based diazidopeptide 17 with linker 16 in 1: 1 ‘BuOH/H,0 gave
stapled peptide 18 in 60% yield.

Strained
alkyne

(a) (b)

0@l 0o O
Q 8]

Figure 8.3 (a) General schematic of the Cu(1)-catalyzed click reaction by Sharp-
less and Meldal. (b) General schematic of the copper-free click reaction
developed by Bertozzi.

PhO,S
CIP(O)(OEt), (1.2 eq)

©\/\302Ph LiHMDS (2.0 eq) OOO LDA (5 eq) OOO
CHO -78°C,0.5h->rt,1.5h -78°C,2h —
THF THF
SO,Ph 16 61%

Scheme 8.3 Orita’s synthesis of a Sondheimer-Wong diyne. Reprinted with per-
mission from ref. 42. Copyright (2014) American Chemical Society.
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Scheme 8.4 Metal-free double-click peptide stapling.
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Figure 8.4 In situ strategy combining stapling and a primary biological assay in a
single step.**

HPLC analysis of the reaction mixture indicated that along with the major
product 18, there were other minor by-products with the same mass. These
were suggested to be non-interchanging conformations of syn and anti regio-
isomers of the stapled peptide. Later on, X-ray crystallography studies on the
MDM2-bound stapled peptide demonstrated the major isomer 18 to be the
anti-regioisomer, which also confirmed the a-helical conformation of the sta-
pled peptide. The stapled peptide 18 was found to be a potent helical inhibi-
tor of the p53-MDM?2 interaction. This methodology was extended to staple
multiple MDM2-binding peptides in parallel, directly in the culture medium
of a primary cell-based 96-well assay (Figure 8.4).** This in situ screening
process led to the rapid selection of an optimal candidate with nanomolar
binding affinity and enhanced proteolytic stability. This technique provides
a faster way of screening a large peptide library avoiding the need to perform
a separate stapling reaction for each peptide variant.

Two limitations of this stapling methodology are the poor water solubility
of the linker leading to its precipitation during stapling, and the lack of
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functional groups to which other motifs could be attached. Hence, current
work is underway towards the synthesis of different heteroatom-substituted
variants of the Sondheimer-Wong diyne 16, with the aim of improving its
solubility and providing a handle for further reactivity. Functionalization of
the linker will hopefully also impart novel properties to the stapled peptide
modifying its activity in cells and its binding affinity with MDM2.

8.5 Constrained Macrocyclic Non-o-helical Peptide
Inhibitors

Peptide stapling to date has mainly focused on the stabilization of a-heli-
cal peptides'"'>*>*” and B-sheets.”® >’ Generating mimetics of short peptide
sequences that have no clear secondary structure prior to association with
their binding partner is challenging,’® but has been achieved through mac-
rocyclization and hence stabilization of the short peptides to give so-called
constrained peptides. Constrained peptides can be synthesized through
head-to-tail, head-to-side chain, side chain-to-tail or side chain-to-side chain
cyclization (Figure 8.5).>

Numerous examples of such macrocyclic peptides with high potency and
cell permeability exist in nature,”® such as cyclosporin A,”*** antimicrobial
polymyxins®® and the hormone oxytocin.* In addition to mono-macrocyclic
peptides, naturally occurring bicyclic peptides®’° have inspired the syn-
thesis of synthetic bicyclic drug compounds.®”®" Macrocyclization of these
peptide sequences may be less efficient due to high conformational flexibility
compared to a-helical peptides and there are no structure-based rules to
follow (such as placing unnatural amino acids at i, i + 4 or i + 7 positions
for stapling the same face of a helical turn),"* as every irregularly structured
peptide is unique in its secondary structure when bound to the target pro-
tein. It is also difficult to predict the optimum linkage length for cross-link-
ing such peptides, since computational approaches become less accurate
in comparison to predictions for stapling o-helical peptides. Nevertheless,
synthetic stapling or macrocyclization allows the peptides to be constrained
in their bioactive conformation resulting in a lower entropic loss upon bind-
ing.®” Chemical modification of these irregularly structured peptides using

head-to-tail

side chain-to-side chain

l |
0 R, 0 Ry 0 Rg
H H
HN\.)LN/'\[rN\_)LN)\[(N\_)LN/S/
i H i H i Hg
R 0O R; O Rs
- —

head-to-side chain side chain-to-tail

Figure 8.5 Peptide cyclization strategies.
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Figure 8.6 Design of constrained peptide inhibitors with a non-o-helical structure.

side chain-to-side chain double-click macrocyclization can potentially help
to increase peptide stability towards proteasome-mediated degradation in
cells, as well as their cell-penetrating capability. Using in silico analysis to
scan through a peptide sequence for potential macrocyclization positions
can minimize the number of peptides and linkers to be synthesized, and fol-
lowing a rational approach to improve the macrocyclic peptides using the
information gained from protein crystallography and screening assays can
efficiently provide potential peptide inhibitors that are protease-resistant,
highly selective and bioactive in cells (Figure 8.6).

8.5.1 Design of Macrocyclic Peptide Inhibitors to Target
the Substrate-recognition Domain of Tankyrase and
Antagonize Wnt Signaling

Tankyrase (TNKS) is an ankyrin repeat-containing protein with a catalytic
poly(ADP-ribose) polymerase (PARP) domain (Figure 8.7).°*** The ankyrin-
repeat domain, known as an ankyrin repeat cluster (ARC), is responsible for
substrate recognition,®® whereas the PARP activity of TNKS proteins plays a
key role in controlling the axin level, a concentration-determining compo-
nentof the B-catenin destruction complexin Wnt signaling.®®*® It has been an
attractive therapeutic target for regulating B-catenin in many Wnt-dependent
cancers, such as colorectal cancer, gastric cancer, breast cancer, and hepato-
cellular carcinoma, where accumulation of B-catenin is often observed.®*”’
Small molecules developed for PARP inhibition of TNKS proteins prevent
the PARylation and thereby degradation of axin via the ubiquitin-proteasome
system, and axin in turn promotes the activity of the destruction complex,
which phosphorylates p-catenin for degradation. However, potential drug
resistance and target-specificity of these small molecule inhibitors remain
challenges in this field, as many other members of the PARP family share
homology in the PARP domain.”®® Peptide inhibitors that instead target the
substrate-recognition domain of TNKS represent an alternative approach to
intervene in Wnt signaling. An unstructured motif, REAGDGEE, recognized
by the TNKS ARC domain was determined by Guettler et al.®' and provided
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TNks1 [ HPD [ ARct H Arc2 H Arcs H Arca H Arcs | sam | pare |
190 315 662 940
TNKS2 [ Arc1 H Arc2 H arcs H Arcs H ARcs H sam  pare |

1

ANK1

Figure 8.7 Domain architecture of TNKS1 and TNKS2, comprising a homopoly-
meric run of histidine, proline and serine (HPS) residues, the ankyrin
repeat cluster (ARC), a sterile alpha motif (SAM), and catalytic PARP
domains. The structure of human TNKS2 ARC4 (grey cartoon) is shown
in complexwith a substrate peptide LPHLQRSPPDGQSFRS (purple; PDB
ID: 3TWR);*! for clarity, only the central part of the peptide (in bold) is
labelled. Adapted from Wenshu Xu, Yu Heng Lau, Gerhard Fischer, Yaw
Sing Tan, Anasuya Chattopadhyay, Marc de la Roche, Marko Hyvohen,
Chandra Verma, David R. Spring, and Laura S. Itzhaki, Macrocyclized
Extended Peptides: Inhibiting the Substrate- Recognition Domain of
Tankyrase, The Journal of American Chemical Society, 2017, 139, 2245-
2256,% © 2017 American Chemical Society. Published under the terms
of the CC BY 4.0 licence, https://creativecommons.org/licenses/by/4.0/.

the initial sequence basis for developing TNKS-specific peptide inhibitors to
disrupt the TNKS-axin interaction in order to abolish the subsequent axin
PARylation. In this work, the two-component double-click strategy has been
applied to macrocyclize the TNKS-binding peptides and lock their conforma-
tion in the active form, which is an extended, non-helical structure. The mac-
rocyclized peptides showed enhanced binding affinities, proteolytic stability
and cell permeability compared with the linear peptide, and one exhibited
dose-dependent inhibition of Wnt signaling in cells.

One challenge for the initial macrocyclized peptide design was to deter-
mine the cross-linking positions in the sequence as the TNKS-binding
peptides are non-helical and therefore the conventional rules for stapling
a-helical peptides do not apply here. Computational alanine scanning was
first carried out to assess which positions would be amenable to replacement
by an azido-functionalized unnatural amino acid (UAA) in the consensus
peptide (REAGDGEE, pep1 thereafter) without compromising the binding
interaction with the ARC domain of TNKS (Figure 8.8a). Based on the in silico
analysis, the first panel of peptides were synthesized, each with a pair of
azido-functionalized UAAs (Figure 8.8b and d) at different positions in the
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sequence. The successful double-click reaction (Figure 8.8c) was confirmed
by IR spectroscopy and high-resolution mass spectrometry, where only a sin-
gle product was present where the two azide groups on the peptide reacted
with one dialkynyl linker. From the first round of screening using a compet-
itive fluorescence polarization (FP) assay, the sequence containing UAAs at
positions 3 and 7 (cp4: REXGDGXE, where X stands for the UAA) was found
to provide the highest binding affinity among the series (Figure 8.8d), and
therefore this sequence was used for further optimizing the lengths of the
UAA side chain, as well as the dialkynyl linker (Figure 8.8b).

To rationally improve the macrocyclic peptide for binding to the ARC domain
of TNKS, the crystal structure of TNKS2 ARC4 in complex with a tight-bind-
ing macrocyclic peptide, cp4n4m5, was solved at 1.35 A resolution (Figure
8.9b). The crystal structure suggested that the flexibility of the cross-linking
allowed the peptide to adopt the same non-helical bioactive conformation as
the linear peptide, though the lengths of the linker as well as the side chains
of the UAAs could be shortened to provide more constraint and reduce the
entropic cost during the binding. A second panel of macrocyclic peptides were
then synthesized based on the optimal sequence cp4, in which the lengths
of the side chain in the azido-functionalized UAAs and the dialkynyl linker
were varied (Figure 8.9a and 8.8b). Two peptides, cp4n2m3 and cp4n2m3c,
with shorter and more constrained cross-linking moieties were shown to bind
more strongly than cp4n4mb5 and also the linear pep1 to TNKS2 ARC4 in an FP
assay (Figure 8.9a) and in isothermal titration calorimetry (ITC). The crystal
structure of TNKS2 ARC4 in complex with the tight-binding cp4n2m3 (PBD
ID: 5BXO) was subsequently solved at 1.33 A resolution, confirming the design
rationale that the smaller macrocycle size reduced the flexibility in the peptide
and improved the binding affinity (Figure 8.9b). Similar to a stapled a-helical
peptide, these macrocyclic peptides were shown to be much more resistant to
proteolytic degradation than the linear peptide when treated with AspN pepti-
dase, which cleaves between Gly-Asp of the sequence.

(peptide: cyan, linker: green) and cp4nd4m5 (peptide: orange, linker:
red). PBD IDs: 5BXO and 5BXU.* (c) Chemical structure of the active
peptide cp4n2m3c-Antp. (d) Confocal images of U20S cells after incuba-
tion with 10 pM of TAMRA-labelled peptides for 4 hours. Bar represents
10 pm. The linker of cp4n2m3c-Arg, contains a polyarginine CPP and
that of cp4n2m3c-Antp contains a penetratin peptide. (e) Dual-lucifer-
ase reporter assay showing the luciferase signal corresponding to the
B-catenin level in Wnt3a-activated HEK 293T cells treated with a selec-
tion of unlabeled peptides. Macrocyclized CPP-conjugated cp4n2ma3c-
Antp showed dose-dependent inhibition of luciferase activity. Adapted
from Wenshu Xu, Yu Heng Lau, Gerhard Fischer, Yaw Sing Tan, Anasuya
Chattopadhyay, Marc de la Roche, Marko Hyvonen, Chandra Verma,
David R. Spring, and Laura S. Itzhaki, Macrocyclized Extended Peptides:
Inhibiting the Substrate- Recognition Domain of Tankyrase, The Journal
of American Chemical Society, 2017, 139, 2245-2256,%2 © 2017 American
Chemical Society. Published under the terms of the CC BY 4.0 licence,
https://creativecommons.org/licenses/by/4.0/.
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The cell-penetrating capabilities of the macrocyclic peptides were
enhanced by coupling the linker to a selection of cell-penetrating peptides
(CPPs); this did not disrupt the peptide-protein interaction because the
cross-linking unit was pointing away from the protein surface according to
the two crystal structures (Figure 8.9b) The CPP-conjugated macrocyclized
peptides had significant cellular uptake even at 10 pM (Figure 8.9d) com-
pared to the unconjugated macrocyclic peptides and the linear pepl. The
unlabeled CPP-conjugated macrocyclic peptides did not exhibit any cytotoxi-
city at 100 uM. Treating HEK 293T cells in Wnt-activated conditions showed
that cp4n2ma3c-Antp, a macrocyclic TNKS-binding peptide conjugated with
the penetratin sequence (Figure 8.9c), antagonized Wnt signaling by decreas-
ing the p-catenin level in a dose-dependent manner (Figure 8.9¢). This is the
first example of a peptide inhibitor that directly targets the TNKS-axin bind-
ing interaction to antagonize Wnt signaling instead of blocking the catalytic
PARP activity of TNKS. This proof-of-concept method provides guidance
to develop future peptide inhibitors for TNKS in treating Wnt/B-catenin-
dependent cancers, and may overcome issues related to target-specificity
and off-target effects of small molecule PARP inhibitors.*

8.5.2 Development of Cell-permeable, Non-helical,
Constrained Peptides to Target a Key Protein-Protein
Interaction in Ovarian Cancer

Ovarian clear cell carcinoma (CCC) is a subtype of ovarian cancer.®** Prog-
nosis for patients with advanced stage or relapsed disease is poor due to
intrinsic resistance to platinum-based chemotherapy and the lack of tar-
geted therapies for CCC.*>* The development of novel, targeted therapeutics
for CCC is therefore of high priority. Transcription factor HNF1f is overex-
pressed in most, if not all, CCC cases®”* and proliferation in CCC cell lines
drops upon HNF1p knockdown, caused by induced apoptotic cell death in
CCC cells.®® Drugs targeting HNF1p have yet to be developed.

Human HNF1p protein consists of 557 amino acids and a nuclear localiza-
tion signal (NLS), which directs the nuclear import of the protein by interact-
ing with structured binding sites on the nuclear import protein Importin o,
is contained within the DNA-binding domain of HNF1p.%*™

Transcription factors are generally considered inferior drug targets,’* but
are highly attractive as key regulators of gene expression.””™ Interestingly,
49% of transcription factor sequences consist of intrinsically disordered
domains (IDDs).”® Therapeutic targeting of the nuclear import of transcrip-
tion factors provides a strategy for inhibiting transcription factor function,
since activity depends on successful localization to the nucleus for transcrip-
tion to take place.”'*® Competitive inhibition of the HNF1f NLS-Importin
a PPI by a constrained peptide inhibitor that is based on the HNF18 NLS
sequence may interfere with HNF1f transcription factor function as shown
in Figure 8.10. The self-inhibitory domain of Importin o binds to Importin
B to free up the NLS-binding sites on Importin o. The constrained peptide
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Figure 8.10 Targeting scheme of the nuclear import of transcription factor HNF1f
with a constrained peptide inhibitor based on the NLS sequence.
From Mareike M. Wiedmann, Yaw Sing Tan, Yuteng Wu, Shintaro
Aibara, Wenshu Xu, Hannah F. Sore, Chandra S. Verma, Laura Itzhaki,
Murray Stewart, James D. Brenton, David R. Spring, Development of
Cell-Permeable, Non-Helical Constrained Peptides to Target a Key
Protein-Protein Interaction in Ovarian Cancer,'” © 2016 The Authors.
Published by Wiley-VCH Verlag GmbH & Co. KGaA. Published under
the terms of the CC BY 4.0 licence, https://creativecommons.org/
licenses/by/4.0/.

competes with the HNF1 protein for Importin o binding, which is in com-
plex with Importin B in the cytoplasm. The trimer is imported through the
nuclear pore complex (NPC) in the nuclear envelope (NE) into the nucleus,
where it is released by RanGTP binding to Importin .

The HNF1f NLS peptide, which is located in a flexible surface loop in
between the two DNA-binding domains, was stapled to stabilize the NLS
in its binding conformation. The crystal structure of the mImportin al
AIBB with the HNF1f3 NLS peptide was determined and the HNF1f NLS
peptide sequence was used as a starting point for constrained peptide
design (Figure 8.11).

Three independently performed molecular dynamics (MD) simulations
revealed the most important binding interactions of the HNF1B NLS peptide
with two flanking residues on either side (1-TNKKMRRNRFK-11) with the
mImportin ol protein. Two discrepancies between the obtained crystal struc-
ture and the MD simulation results were identified. In the crystal structure,
the backbone carbonyl group of Thr1 interacts with Arg238 on Importin a,
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Figure 8.11 Crystal structure depicting interactions of the HNF1f NLS peptide
with mImportin o1 with tryptophan stacking. Generated by Dr Shin-
taro Aibara and reprinted with kind permission.®?

whereas in two out of three MD simulations, this interaction is lost and
H-bonding with Asp270 is observed instead (Figure 8.12A and B). Secondly,
Arg9 forms a salt bridge with Glu465 on Importin a in the crystal structure,
whereas a salt bridge with Glu107 was observed instead in all three MD sim-
ulations (Figure 8.12C and D). The results highlight the importance of using
MD simulations to eliminate the effect of crystal packing and non-physiolog-
ical contacts with neighboring proteins in the crystal, and to restore the pro-
tein structure in solution.'® In summary, the results suggest that residues
Thr1l and Arg9 should be retained to maintain the binding potency of the
constrained peptides.

The contribution of each HNF1f NLS residue to the binding was then
assessed by binding free energy decomposition.'” Residues Phe10 and
Lys11 contribute almost 0 kecal mol™ to the total binding free energy sug-
gesting that they can be removed from the peptide with minimal disruption
of the overall binding. Hence, the peptides are based on the following pep-
tide sequence: 1-TNKKMRRNRNR-9. Computational alanine scanning on
structures extracted from the MD simulations was then used to determine
suitable stapling locations. Each residue was mutated to alanine and the dif-
ference in the binding free energy between mutant and wild-type was cal-
culated, allowing the identification of residues that have little or negative
contribution to the binding. The analysis revealed that Thr1, Lys4, Arg6, Arg7
and Arg9 are the most important residues for binding, whereas Asn2, Asn8,
Phe10 and Lys11 only make negligible contributions to the binding. Since
the staple is preferably placed on residues with side chains that have little or
negative contribution to the binding, the staple may hence be placed at res-
idues Asn2 and Asn8, Phe10, or Lys11 which contribute almost 0 kcal mol™
to the total binding free energy. Based on the obtained crystal structure
(Figure 8.11), the staple is preferentially placed at residues Asn2 and Asn8 as
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Figure 8.12 Binding interactions of the HNF1B NLS peptide (orange) with mIm-
portin a1 (white) determined from X-ray crystallography and MD sim-
ulations. Trajectory structures shown are snapshots taken from the
end of the simulations. (A) Backbone carbonyl oxygen of Thr1 hydro-
gen bonds with the side chain of Arg238 in the crystal structure. (B)
Side chain of Thr1 hydrogen bonds with the side chain of Asp270 in
the MD simulations. (C) Arg9 forms a salt bridge with Glu465 from
a neighboring protein chain (pink) in the crystal structure. (D) Arg9
forms a salt bridge with Glu107 in the MD simulations. From Mareike
M. Wiedmann, Yaw Sing Tan, Yuteng Wu, Shintaro Aibara, Wenshu
Xu, Hannah F. Sore, Chandra S. Verma, Laura Itzhaki, Murray Stewart,
James D. Brenton, David R. Spring, Development of Cell-Permeable,
Non-Helical Constrained Peptides to Target a Key Protein-Protein
Interaction in Ovarian Cancer,'* © 2016 The Authors. Published by
Wiley-VCH Verlag GmbH & Co. KGaA. Published under the terms of
the CC BY 4.0 licence, https://creativecommons.org/licenses/by/4.0/.

their side chains point towards each other in the bound peptide, to minimize
constraint of the constrained peptide’s bound conformation by the staple.
The peptide sequence is therefore TAMRA-Ahx-**"TX, KKMRRX R**®, with X,
referring to non-proteogenic azido amino acids used for stapling.

All linear peptides are synthesized using Fmoc-spps and then stapled
using Cu(1)-click chemistry with three symmetrical dialkynyl linkers (Figure
8.13A and B). A direct fluorescence polarization assay is used to determine
the binding constants. The dye, in this case TAMRA-5, reports a lower mobil-
ity of the dye-labelled ligand as it binds to the much heavier and hence less
mobile protein, resulting in a higher degree of fluorescence polarization.'*
The linear HNF1f NLS peptide sequence (Ac-TNKKMRRNRFK-NH,) binds
mImportin a1 with a K; of 1.7 pM. TAMRA-5 alone binds mImportin o1 with a
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Figure 8.13 (A) Synthesized peptide sequences containing azido amino acids and
linkers A-C. (B) General structure of bis-triazole constrained peptides
with n =1 or 2 and m = 1-3. (C) Direct FP assay binding affinities for
(constrained) peptides in uM. From Mareike M. Wiedmann, Yaw Sing
Tan, Yuteng Wu, Shintaro Aibara, Wenshu Xu, Hannah F. Sore, Chan-
dra S. Verma, Laura Itzhaki, Murray Stewart, James D. Brenton, David
R. Spring, Development of Cell-Permeable, Non-Helical Constrained
Peptides to Target a Key Protein—Protein Interaction in Ovarian Can-
cer,'”" © 2016 The Authors. Published by Wiley-VCH Verlag GmbH &
Co. KGaA. Published under the terms of the CC BY 4.0 licence, https://
creativecommons.org/licenses/by/4.0/.

K, of approximately 125 pM, and is a useful control to establish if binding
takes place via the peptide motif or is attributed to the dye. Compared to the
linear wild-type peptide PepO there was a 2.5-fold improvement in the bind-
ing of Pepl. Constrained peptides Pep1A-Pep1C follow a rough trend with
the binding affinity increasing with increasing linker length (Figure 8.13C).
Constrained Pep2A bound with slightly improved binding affinity compared
to linear peptide Pep0 and bound more tightly than its unconstrained precur-
sor Pep2. This confirmed that an entropically-driven gain in binding affinity
was achieved for Pep2A.

The cell permeability of the synthesized TAMRA-labelled linear and con-
strained peptides was assessed in the normal ovarian cell line IOSE4 using
live-cell fluorescence microscopy. Pep1 and Pep2 displayed good cell perme-
ability, which was retained upon stabilization (Pep1B, Pep2A). In conclusion,
this work represents the first example of constraining an NLS peptide to tar-
get the nuclear import pathway. Further structural information on transcrip-
tion factor HNF1f binding to Importin o is required for the future design of
Importin o isoform-selective inhibitors.
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