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ARTICLE INFO ABSTRACT
Key words: Peptide stapling, by employing a stable, preformed alpha-helical conformation, results in the production of
Staple peptide peptides with improved membrane permeability and enhanced proteolytic stability, compared to the original

Therapeutic peptide drug
o-helical peptide
Targets

peptides, and provides an effective solution to accelerate the rapid development of peptide drugs. Various re-
views present peptide stapling chemistries, anchoring residues and one- or two-component cyclization, however,
therapeutic stapled peptides have not been systematically summarized, especially focusing on various disease-
related targets. This review highlights the latest advances in therapeutic peptide drug development facilitated
by the application of stapling technology, including different stapling techniques, synthetic accessibility,
applicability to biological targets, potential for solving biological problems, as well as the current status of
development. Stapled peptides as therapeutic drug candidates have been classified and analysed mainly by re-
ceptor- and ligand-based stapled peptide design against various diseases, including cancer, infectious diseases,
inflammation, and diabetes. This review is expected to provide a comprehensive reference for the rational design
of stapled peptides for different diseases and targets to facilitate the development of therapeutic peptides with
enhanced pharmacokinetic and biological properties.

1. Introduction chemical sciences [1]. To date, about 80 peptide drugs on the global
market have been utilised for the treatment of various diseases,

Peptides play a significant role in the advancement of the modern including cancer, diabetes, osteoporosis, and viral infections. The search
pharmaceutical industry, as well as in the fields of biological and for new peptide therapeutics has steadily continued, with approximately
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150 peptides currently in clinical development and > 400 peptides in
preclinical studies [2-4]. Over the past 60 years, the number of peptide
therapeutics on the market has steadily increased, and peptide sales
have continued to rise, along with the expansion of the therapeutic
market [4]. Although there has been progress in the development of
peptide drugs in recent years, their limitations, which include short
circulation time, poor cellular penetration, and conformational flexi-
bility, decrease their affinity to specific targets and hinder their rapid
development. To overcome these limitations of peptides as therapeutic
agents, several chemical modification strategies have been developed
[5-11]. These approaches include N-terminal capping, D-amino acid
substitution, pegylation, lipidation, and macrocyclization [4,12-14].

Macrocyclisation improves cell permeability and provides enhanced
protein hydrolytic stability. However, the clinical application of cyclic
peptides remains challenging, prompting researchers to extensively
investigate their physicochemical properties [15,16]. The stapling
strategy is one of the most common methods of macrocyclisation strat-
egy, which enhances the peptide a-helical conformation [17]. In gen-
eral, the peptide stapling method is a strategy that involves the
cross-linking of the side chain of the amino acid residue to the termi-
nus of the peptide or the side chain of the amino acid residue to the side
chain of the amino acid residue in the native peptide [12,18-22]. The
two amino acids selected or replaced are located on the same helical
face, and their side chains can be covalently cross-linked to each other.
[23-26] For every 3.6 residues in a-helices, i/i+3, i/i+4 (one-turn sta-
ple), i/i+7 (two-turn staple), and i/i+11 (three-turn staple) positions
are aligned along the same helical face, and the covalent connection of
these side chains can stabilize the helical conformation (Fig. 1 A).
Several chemical reactions have been employed in the development of
peptide stapling (Fig. 1B) [27]. The all-hydrocarbon stapling strategy is
considered one of the most promising approaches for addressing
undruggable targets. The term stapled peptide was first introduced by
Verdine et al. (2000). They synthesised several olefin tethers-containing
a,a-disubstituted unnatural amino acids and determined the optimal
side chain length and the stereochemical properties of ring-closing
metathesis (RCM), catalysed by ruthenium in linear peptides [28].
Subsequently, Blackwell and Grubbs expanded on this pioneering work
by using Grubbs catalysts to establish a staple between two O-allylserine
residues of a linear peptide through RCM reaction [29].

In addition to all-hydrocarbon stapling, a growing number of sta-
pling strategies utilising different forms of macrocyclisation chemistry
have been developed over the past 20 years. With the rapid development
of peptide stapling strategies, they have been increasingly used in drug
research. The stapling strategy has two main aspects. On the one hand, it
is used to design drugs with well-defined drug targets, including intra-
cellular and extracellular targets, mainly for regulating protein-protein
interactions (PPIs) (Fig. 2A) [27,30-33]. Up to 40% of PPIs occur be-
tween a protein domain and a short peptide structural region, while
about 60% of peptides bind to the protein in helical or helical-like
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conformations. Peptides that are involved in these PPIs are potential
lead candidates for the development of PPI inhibitors [34]. Furthermore,
stapled helical peptides have attracted much attention because of their
increased affinity with target proteins, the enhanced cell penetration,
and proteolytic resistance. In contrast, stapling strategies have been
applied to peptides of natural products that have broad-spectrum ac-
tivity and are widely found in nature, including endogenous host
defence peptides (HDPs) and exogenous toxin peptides (Fig. 2B)
[35-41]. These peptides mainly use electrostatic interactions to bind to
negatively charged cell membranes and further disrupt them due to their
active effects. There are three types of transmembrane pore models:
barrel-stave pore, toroidal pore, and carpet model [42-44]. The use of
stapling strategies to address the challenges associated with the
undruggable properties of peptides has resulted in significant progress in
the field of stapled peptide-based therapeutics. This progress has led to
advancement in drug research.

In this review, we briefly introduce the reported peptide stapling
technologies for drug development in terms of their synthetic avail-
ability, potential to solve biological problems, and current status of
development. Furthermore, recent advances in the development of sta-
pled peptides as therapeutic drug candidates have been classified and
analysed mainly by receptor- and ligand-based stapled peptide design
against different diseases, including cancer, infectious diseases,
inflammation, diabetes, and others (Fig. 3 and Fig. 4). The purpose of
this review is to provide a comprehensive reference for the rational
design of stapled peptides for the treatment of different diseases and
protein targets, including the choice of different anchored amino acids
and various functional cross-linkers. This will facilitate the development
of therapeutic peptides with higher synthetic efficiencies and improved
biochemical and pharmacokinetic properties.

2. Stapling techniques

The initial peptide side chain cyclisation method mainly uses the
reaction between natural amino acids, such as lysine, to form the amide
bond with glutamic acid or aspartic acid side chain (Fig. 5A) [45].
Currently, many new stapling methods have emerged to synthesize
stapled peptides using unnatural amino acids, natural amino acids, or a
combination of unnatural and natural amino acids (Fig. 5) [28,29,46].
These methods involve a variety of chemical reactions, not only to
enrich the structure of the stapled peptide, but also to identify
a-helix-mediated inhibitors for PPIs. The stapling method with the most
significant impact in this field is an all-hydrocarbon stapling strategy
that utilizes olefin-bearing unnatural amino acid residues for the design
of natural peptides for the treatment of a wide variety of diseases [21,27,
47]. A summary of each methodology and some examples are provided
below.
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Fig. 1. (A) Amino acid residues on the same helical face are shown in green with i, i + 4/7/11 spacing. (B) Stapling strategies by utilising different macro-
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Fig. 2. (A) Regulation model of stapled peptides in PPI. (B) Three kinds of transmembrane pore models, including barrel-stave pore, toroidal pore, and carpet model.

Cancer
P53/p-catenin/WASF3
. Beclin 1/autophagy .
Bacteria Bcl-2 family proteins Virus
v . & NOTCH ternary complex - *
(WA, e g
SRS S g % WX ow HF oy
-/ @, ** ¥y ok
; . * %

LN ! —d \ - ~,'\*..-'}- * v
Cell membrane " S protein/Capsid protein
Toxin protein ...g.;—  paia f el ‘ﬂ‘“ﬂ"‘ gp41/Integrase
Transcription factor ? RSV-F protein/CD81/GP2

LA 25 o
GLP-2/Interleukin GLP-1/VPAC2
Synaptotagmin-2 (\ EN 1“{0 PPARY/Glucokinase
e «1}“)&.. wrfym
SED
- Ay o3 i
Inflammation Diabetes
(i
Osteoporosis Neuro

Tat-Beclin 1/RXFP3

GSK-3p/PTHrP
vr K-opioid receptor

Fig. 3. Stapled peptides for the treatment of various diseases.

2.1. Lactamization

The first stapling strategy of peptides is to form a lactam bridge be-
tween the existing amino acid residues Lys and Asp or Glu (Fig. 5A) [48].
Many studies characterized by lactamization have investigated amide
bonds with different side chain lengths and localization to optimize the
helix stability of different peptide systems [21,49-51]. Although both
Asp-Lys and Lys-Asp lactam bridges improve helical stability, Lys-Asp
lactamization is preferred because of its improved helix-inducing ef-
fect. In addition, the i, i+4 spacing is the optimal helically constrained
structure in stapled peptides with lactam, Lys, and Asp/Glu residues.
This configuration cannot be achieved through one-component stapling
reactions at the i, i+7 position [52]. In addition to the lactamization

a Percentage of stapled peptides in different diseases

Anti-inflammatory

Diabetes—l

Other diseases

Antibacterial—| Antitumour

Other Strategies —,

between Lys and Asp/Glu, two Lys can also act as stapling amino acids in
peptide stapling mediated by two-component lactamization (Fig. S5H).
Two NHS ester-containing functional cross-linkers were linked to the
amino groups of the initialised Lys-Lys residues to provide the
bi-lactam-containing stapled peptide [53-55].The optimal peptide he-
lical stability obtained using the Lys-Lys initialized stapling strategy
through lactamization positively correlated with the crosslinkers pos-
sessing appropriate rigidity and length. However, high reaction effi-
ciency and reduced byproducts are the main bottlenecks of this stapling
method. Similar to Lys-Lys as stapling residues, Glu-Glu-anchored
paired residues can also generate a bi-lactam staple through the for-
mation of bisamide (Fig. 5I) [32,56-60]. In addition, Ugi
four-component reactions (Ugi-4CRs) were adopted to synthesize
Asp-Asp or Glu-Glu stapled peptides, and the results suggested that
Glu-Glu stapled peptides had higher helical stability and binding activity
than Asp-Asp stapled peptides [32]. In the Glu-Glu or Asp-Asp initialized
stapling strategy, the systematic chemical selectivity for other amino
acids was not investigated. However, high Ugi staple diversity is a
promising strategy for modulating the pharmacological properties and
activity of peptides [32].

2.2. Ring-closing metathesis (RCM)

RCM consists of coupling between two terminal alkenes, which re-
sults in the formation of a macrocycle connected by a double bond while
losing an ethylene molecule (Fig. 5C) [27,47,61]. Both amino acid as-
sembly and RCM reactions were performed on a solid support, and the
simple operation procedures make this classical stapling method widely
used for various peptide sequences. All-hydrocarbon stapling chemistry
based on the RCM reaction has been widely used as a potential thera-
peutic strategy for designing effective peptide inhibitors. They can
target extracellular/intracellular PPIs with shallow binding surfaces,
which were previously considered undruggable using small molecular
ligands [22,62]. This strategy has also been widely used to improve the
enzymatic stability, the broad-spectrum activity, the therapeutic effects,
and the drug resistance of linear peptides for cancer and infectious
diseases [38-40].
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Fig. 4. Application of staple peptides in various diseases.
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Fig. 5. Representative one-component and multi-component stapling strategies for the preparation of stapled peptides. (A) Lactamisation. (B) Disulphide bridge
between two Cys residues. (C) Ring-closing metathesis. (D) Copper(I)-catalysed azide-alkyne cycloaddition. (E) Pd-catalysed C-H activation. (F) Thioether formation.
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Met-Met initialised stapling strategy.

2.3. Cu(D-catalysed azide-alkyne cycloaddition (CuAAC)

CuAAC, often known as Huisgen cycloaddition or click chemistry, is
a critical reaction in biochemistry. Unnatural stapling amino acids,
including w-azido- and w-yl-a-amino acids, are necessary for the for-
mation of triazole-staple (Fig. 5D). Chorev et al.[63] reported the cre-
ation of helical structure, for the first time, through the click chemistry
at i, i + 4 position in a parathyroid hormone-related peptide. A com-
parison of side-chain lengths revealed that a staple ring with 5-6
methylene units was able to stabilize the peptide helix; in contrast, other
lengths led to random coil conformations. The i, i+4 spacing of paired
residues L-Nle(e-N3)/D-Pra is the optimal choice in one-component
peptide stapling with triazole [64]. A significant advantage of the
CuAAC chemistry is the high tolerance for various functional groups, so
that peptides with unprotected functional groups are able to act as linear
precursors for the formation of triazole-staple. Given its high biocom-
patibility and efficiency, CuAAC is the preferred strategy for peptide
stapling [52,65].

2.4. C-H activation

C-H activation reaction is employed for the formation of a C(sp3)-C
(sp2) bond between the aryl groups in the iodine-containing Phe and
the f-carbon in Ala with phthaloyl-protected amino acid (Fig. 5E)
[66-68]. Liquid-phase cyclisation of various tetrapeptides by using

C-terminal m-iodine-containing phenylalanine and N-terminal Ala
showed that the C-H activation reaction tolerated almost all natural
amino acids containing common protected or unprotected groups. It is
worth noting that this C-H activation stapling reaction has good con-
versions in the solid phase when transferred from solution. Furthermore,
staples with 6-or 7-atom-length at the i, i+3 or i, i+4 positions can be
obtained through the C-H activation reaction on the resin, where the
paired residues Ala-Phe are not located at the N-terminal or C-terminal,
respectively [69]. This strategy enables direct stapling through the C-H
activation reaction of complex peptides and lays a foundation for the
stapling of novel peptides.

2.5. Cys-Cys initialized stapling strategy

The Cys-Cys initialized stapling strategy mainly involves Cys-
alkylation and Cys-arylation, which can be easily and conveniently ob-
tained by cross-linking two thiols with suitable bifunctional agents
(Fig. 5G) [70]. Cys-Cys stapled peptide synthesis typically begins with
conventional solid-phase assembly and cleavage with global depro-
tection to provide an unprotected peptide precursor, followed by two
thiol cyclisations in solutions with suitable bifunctional linkers.
Reducing reagents (TCEP, GSH, and DTT) are generally co-incubated
with linear peptide precursors containing Cys before stapling to avoid
additional oxidation [71,72]. Although an extra synthetic step and
possibly one additional purification step may be required for Cys-Cys
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initialised stapling strategy, this approach offers the advantage of
avoiding the use of expensive unnatural amino acids or amino acids
which contain orthogonal protecting group [73]. Another significant
advantage of the Cys-Cys initialized stapling strategy is the ability to
easily modify and functionalise stapled peptides using a facile-modified
crosslinker.

2.6. Other strategies

While the most established techniques utilize the five aforemen-
tioned stapling strategies, other stapling reactions also show promising
applications for stapled peptide synthesis, including thioether formation
(Fig. 5F) [74-77], Lys-Lys initialized N-alkylation or N-aromatisation
(Fig. 5H) [78-80], Lys-Cys initialised peptide stapling (Fig. 5J), and
Met-Met through chemoselective bis-alkylation (Fig. 5K) [81-84].
Several studies have highlighted the progress made in these fields [20,
21,27,33,34,47,85]. Herein, we mainly focus on a summary and dis-
cussion of the broad application of peptide stapling in the treatment of
various diseases to further promote the rational design of peptide sta-
pling and development of stapled peptide drugs.

3. Current application of stapled peptides in diseases
3.1. Stapled peptides in the treatment of tumour

Tumours are one of the main causes of death worldwide, and
chemotherapy is the most common therapeutic strategy [86-88]. Pep-
tide drugs have higher activity and selectivity than small molecule drugs
and lower cost than protein drugs [89-91]. However, the inherent na-
ture of peptides, which makes them susceptible to enzymatic degrada-
tion, limits the clinical application of anti-tumour peptide drugs. The
stapling strategy provides a promising modification solution to improve
the stability and selectivity of peptide drugs (Table 1) [92-95]. In the
following section, we summarise the progress in the use of stapling
strategy for the development of anti-tumour drugs, offering insights for
future anti-tumour peptide drug development.

3.1.1. Anti-tumour stapled peptides based on p53-MDM2

p53 is an important oncogene, and deletions and mutations in the
p53 gene are important causes of tumourigenesis [113,114]. MDM2 and
MDMX negatively regulate p53 and inhibit p53 activity, leading to the
occurrence of tumours [115,116]. The peptide sequence p5314 29
located at the p53 N-terminal end can bind and regulate interactions
with the hydrophobic cleft of MDM2 [117,118]. Verdine’s group [97]
designed 10 stapled peptides based on p53;14929 using an
all-hydrocarbon stapling strategy. The results showed that stapled
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peptides displayed increased o-helicity. The preferred stapled peptide,
SAH-p53-8 (Fig. 6a), can transmigrate through cell membranes to
induce apoptosis in tumour cells. Subsequently, Verdine’s group [98]
conducted an in-depth study and found that SAH-p53-8 effectively in-
hibits MDMX activity. The stapled peptide SAH-p53-8 is a promising
dual-target inhibitor of tumour suppression. Wang et al. [100] used
SAH-p53-8 as a template to mutate Ss and Rg of the i, i+7 site previously
used for cyclisation to a cysteine, which was then stapled with 1,7-octa-
diene or 1,8-nonadiene through thiol-ene stapling to form the stapled
peptides SAH-p53-8 and SAH-p53-14. Compared to unstapled peptides,
stapled peptides exhibited a higher degree of a-helicity. In addition, the
potency of the inhibition of block p53-MDM2 interactions was investi-
gated, and the stapled peptide SAH-p53-14 (Fig. 6a) with a nine-carbon
linker showed the most pronounced effect, with a 3- to 4-fold
enhancement over the linear peptide. Therefore, the thiol-ene stapling
approach complements the classical RCM approach in the synthesis of
stapled peptides.

Chen et al. [119] used phage display technology to identify a peptide
PDI that was 300-fold more potent than the p5314_29 peptide in dis-
rupting the binding of MDM2/MDMX-p53. Chang et al. [31] optimized
PDI to improve both its biological and biophysical properties using an
all-hydrocarbon stapling strategy. The stapled peptide ATSP-7041
(Fig. 6b) showed significant tumour inhibitory activity in vitro and in
vivo, 7-fold higher a-helicity than PDI, and 50-fold higher inhibitory
activity against SJSA-1 human osteosarcoma cell growth relative,
compared with SAH-p53-8. However, limitations in mass production
due to the presence of the unnatural Cba amino acid and the intention to
obtain higher cellular activity prompted further optimisation of
ATSP-7041 through Leu substitution for Cba, Ala substitution for Ser,
and the addition of five Ala residues at the C-terminus. This led to the
development of the clinical drug candidate ALRN-6924. ALRN-6924
(Fig. 6b) [120-124], is a stapled peptide and the first MDM2/MDMX
dual inhibitor to enter the clinic, which mimics the N-terminal domain
of the tumour suppressor protein p53. Based on the x-ray co-crystal
structure of ALRN-6924 bound to MDMX [31](Fig. 6b), it was discov-
ered that Phel9, Trp23, Leu26, and Tyr22 from ALRN-6924 are key
binding Residues. ALRN-6924 exhibits a high affinity for binding to both
MDM2 and MDMX, leading to the activation of the cellular p53 signaling
pathway. In the cell proliferation assay, penta-L-alanyl-D-alaninamide
incorporation at the C-terminal moiety of ALRN-6924 enhanced the
cellular potency by 3 folds, compared with ATSP-7041. Meanwhile,
proteolysis of ALRN-6924 in cells produces an active metabolite,
ALRN-8714 (Fig. 6b), with long-acting activity, potent binding activity
to MDM2 and MDMX, and slow dissociation kinetics. Moreover,
ALRN-6924 at high doses showed anticancer activity by binding to
MDM2/MDMZX, and at lower doses, it temporarily blocked the cell cycle

Table 1
Application of stapled peptides in the treatment of tumour.
Template peptide The target Location Strategy Ref.
P5314-20: LSQETFSDLWKLLPEN p53-MDM2 Intracellular All hydrocarbon; [32,96-100]
Lactamization;
Diels-Alder cyclization reaction;
Ugi-MCR
PMI-N8A: TSFAEYWNLLSP p53-MDM2 Intracellular All hydrocarbon; [73,93,101]
Lys-Cys
PDI: LTFEHYWAQLTS p53-MDM2 Intracellular N-arylation of lysine [31,78]
MAML51_136: f-Ala-ERLRRRIELCRRHHST NOTCH ternary complex Intracellular All hydrocarbon [102]
BID BH3: EDIIRNIARHLAQVGDSNDRSIW Bcl-2 family proteins Intracellular All hydrocarbon [46]
MCL-1 BH3: KALETLRRVGDGVQRNHETAF Bcl-2 family proteins Intracellular All hydrocarbone [103]
Bcl-xL/Bak BH3: GQVGRQLAIIGDDINR Bcl-2 family proteins Intracellular Azobenzene mediated photoconvertible [104]
Axin CBD: EENPESILDEHVQRVMK fB-catenin Intracellular All hydrocarbon [100,105,106]
BCL9 a-helical domain 2: EENPESILDEHVQRVMK p-catenin Intracellular All hydrocarbon [107]
CYFIP1/WASF1 26_41): LECVTNSTLAAIIRQL WASF1 Intracellular All hydrocarbon [108]
Native-P1: RLIQELEDVEKNRKV Beclin 1 Intracellular All hydrocarbon [109,110]
ATG16L1,3 330 WKRHISEQLRRRDRLQR ATG5-ATG16L1 complex Intracellular All hydrocarbon [111]
K1: DATYTWEHLAWP LC3/GABARAP Intracellular Cysteine stapled [112]
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a. Design and biochemical analysis of wild-type p5344.29-derived stapled peptides SAH-p53-8 and Sp5344.29-14

WT p53;420: Ac-LSQETFSDLWKLLPEN-NH,
SAH-p53-8:  Ac-QSQQTF-N" C-NLWRLL-NHC-QN-NH,
H 8 8
§——R—s

Sp5314.20-14: Ac-QSQQTF—HLg-NLWRLL- z\g-QN-NHZ

Significant increased helicity and enhanced inhibition

Cell

Name permeable

Helicity Kg(nM)

SAH-p53  11% no 410¢19

SAH-p53-8  85% yes 55211

R= Ao~y 14a,90% yield

AN

14d, 91% yield

lod e

ed to the F pep

b. Design and biochemical analysis of PDI-derived stapled peptides ATSP-7041, ATSP-6924, and SPDI-14 as inhibitors of MDM2 and MDMX

PDI: Ac-LTFEHYWAQLTS-NH,

-EYWAQCba-NH C-QN-NH,

ATSP-7041: Ac-LTF-N ATSP-6924: Ac-LTF-N -AAAAAa-NH,
H § 8 H g 8
& Name Kg4(MDM2)(nM)  K4(MDMX)(nM)
ATSP-8714: Ac-LTF-N I-EYWAQL-NH -AAA-OH
H g 6 PDI 146 47.4
R F o R F ATSP-7041 0.9 6.8
&
NH
NH 8 ATSP-6924 7.7£3 247817
F
ATSP-8714 1.4 6.9
The X-ray co-crystal structure of
K 6811
SPDI-14: SPDI-14 ! ALRN-6924 bound to MDMX3"

Ac-LTF-NH B-AYWAQL-N H S—AAAAAa-N H,

c. Design of PMI-derived stapled peptides SPMI-2 and PTCPMI (4, 8), and SPMI-2-derived protac SMPI-HIF2-1 as inhibitors of MDM2 and MDMX

PMI: Ac-TSFAEYWNLLSP-NH,

SPMI-HIF2-1: Ac-TSF—H —PEG-LA-Hyp-Y-Hle-P-NH,

SPMI-2: Ac-TSF-NH C-EYWALL-NH C-NH,

H
N \fS
PTCPMI(4, 8): Ac-TSF—HﬁB—/EYW-NHkS—LLSP-NHZ

Name Helicity I1C50 (M) K;(MDMX)(nM)
PMI 9.77% >100 5.2
SPMI-2 5% 284 180
SPMI-HIF2-1 37% 6.7 350
DTCPMI(4,8) 39.3% 27 1.9

Ac-TSFR,EYWALLS,-Peg-LA-Hyp-Y-Hie-P-NH
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The docking study of SPMI-HIF2-1 with the target protein MDM2 and E3 ligase VHL complex®?

Fig. 6. Anti-tumour stapling peptide based on p53-MDM2. Reproduced with permission from Ref.[31,93].

of healthy tissues to protect the cells from the harmful effect of
chemotherapy, without protecting cancer cells from p53 mutations.
These results advance the use of low-dose ALRN-6924 as a protective
agent against the side effects of chemotherapy in cancer patients.
Additionally, the investigation of high-dose ALRN-6924 for cancer
treatment continued to progress in clinical development, facilitating the

clinical application and development of other stapled peptide drugs
[121-124].

To improve the pharmacodynamic and pharmacokinetic character-
istics of peptide PDI, Pentelute et al. [78] utilised the lysine N-arylation
stapling method with two lysine residues at sites i and i+7 and retained
the critical residues of PDI to obtain perfluoro-aromatic stapled
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peptides. The stapled peptide SPDI-14 (Fig. 6b) showed improved hy-
drolytic stability, compared to the linear peptides. Moreover, SPDI-14
showed improved binding, compared with the unstapled peptide, dur-
ing the evaluation of the effect of the stapled peptides on protein target
binding. This method solves the chemical stability problem of cysteine
arylation by transforming PDI into a perfluoroaromatic N-arylated sta-
pled peptide.

In a study targeting at both MDM2 and MDMX inhibitors, Brown
et al. characterized the antagonist Mtide-01 by mutational analysis of
amino acid residues in the peptide PMI obtained by phage display
technology [125,126]. To obtain antagonists with better stability, the
stapled peptide SPMI-2 (Fig. 6¢) was designed using Mtide-01 as a
template through the all-hydrocarbon stapling strategy [101]. The sta-
pled peptide SPMI-2 possessed extreme and long-lasting in vitro
p53-activating activity and showed stronger binding to MDM4 than the
wild-type p53 stapled peptide SAH-p53-8. However, designing stapled
PMI peptides can efficiently activate p53 signalling pathways and
inhibit tumour growth in vivo, partly because of the rapid accumulation
of MDM2 and MDMX in cancer cells. Stapled peptide-based PROTAC
(SP-PROTAC), which has a high binding capacity and effectively de-
grades target proteins, is a novel approach for designing PROTAC.
Therefore, our team [93] designed stapled peptide-based proteolytically
targeted chimeras (SP-PROTACs) using PMI as a template for designing
the stapled peptide SPMI with i, i+4 or i, i+7 spacing and selecting the
hexapeptide HIF (LA-Hyp-Y-Hle-P) for recruiting VHL. The hydrophobic
cave of VHL with the common Ile residue occupied allowed for the
introduction of another residue, such as Hle, with a longer side chain, as
determined through structural modeling analysis. Therefore, the intro-
duction of Hle not only improved the binding between HIF and VHL, but
also enhanced the proteolytic resistance of HIF peptide. Considering the
solubility issues, different lengths of polyethylene glycol (PEG) were
used as linker chains to connect SPMI and HIF to obtain a series of
SP-PROTAGCs. Optimised SPMI-HIF2-1 (Fig. 6¢) displayed more than
20-fold higher cancer cell-killing activity than the template peptide,
while promoting typical MDM2 and MDMX degradation and persistent
p53 activation. It exhibited superior therapeutic efficiency in subcu-
taneous and in situ colorectal cancer xenograft models, as well as an
excellent pharmacokinetic profile. To examine the binding mode of
SP-PROTAC with the target proteins and the E3 ligase, the researchers
conducted docking studies on the ternary complex comprising
SPMI-HIF2-1, MDM2/MDMX, and VHL (Fig. 6¢) [93]. As shown in
Fig. 6¢, SPMI-HIF2-1 bridged and narrowed the distance between
MDM2 and VHL. In addition, Lu’s group [73] developed a new
peptide-stapling strategy in which lysine-cysteine or cysteine-lysine
pairs were introduced at site i, i + 4 to form the dithiosemicarbamate
(DTC) structure (Fig. 6¢). Quantitative studies using fluorescence
polarisation and surface plasmon resonance techniques showed that the
binding capacity of the Lys-Cys cross-linked stapled peptide "T*PMI(4,8)
to both proteins increased by an order of magnitude, compared with that
of the linear peptide. The linear peptide was completely degraded within
30 min in histone G incubation experiments, whereas the half-life of
DTCpMI(4,8) reached 8 h, indicating that the protein hydrolysis stability
of the stapled peptide was significantly enhanced. Meanwhile, the pro-
tein imprinting results showed that the induction of p53, MDM2, and
p21 in the cells increased in a dose-dependent manner after "T°PMI(4,8)
treatment, suggesting that the DTC stapling strategy can help the pep-
tides cross the cell membrane in order to play their roles. This is ex-
pected to be an important new approach for developing peptide drugs.

The Diels-Alder [4+2] cycloaddition (DAC) reaction is a classical
reaction to construct the cyclohexene skeleton of conjugated dienes and
pro-dienophiles, which proceeds quickly with excellent yield and
adjustable stereochemical preferences in solid or in aqueous solution
[127,128]. Moellering et al. [96] established a cyclisation bridge formed
by (2-furan) alanine (AFur) and lysine at position i, i+7 of a p53-derived
peptide sequence by Diels-Alder cyclisation reaction (Scheme 1A). CD
results confirmed that the DAC peptide obtained using this strategy had
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nearly two-fold stronger o-helical properties than the linear p53
sequence. Thus, the DAC reaction has proved to be a powerful tool for
achieving large cyclisation and robust peptide stability.

The multicomponent reaction (MCR) is a versatile synthetic strategy
with better stapling functionality, and stapled peptides obtained in this
way can be used to generate a-helical peptides mimicking the trans-
activating structural domain of p53 [32,129]. Alexander’s team [32]
modified the previously reported p53 by replacing Glu at position 5 with
Gln to avoid its participation in cyclisation and inserting two Asp or Glu
at residues 4 and 11 simultaneously to generate linear peptides 1 and 2.
The generated linear peptides were subsequently converted to stapled
peptides through Ugi macro cyclisation reaction, with m-xylene diiso-
cyanate, methylamine, and paraformaldehyde as monofunctional
groups into the stapling bridge. Eight stapled peptides (SPs) were pro-
duced with high macrocyclisation yields at positions i and i+7. Peptide 2
(Scheme 1B), containing two Glu residues, was initially selected for the
macrocyclisation of double Ugi-MCR using m- or p-xylylene diisocya-
nates, methylamine, and paraformaldehyde as monofunctional compo-
nents. Stapled peptides 7 and 8 were obtained in good yields using a
designed synthesis protocol, in which the linear peptide and diisocya-
nate solution were slowly added separately to the reaction solution
containing the preformed imine using an injection pump. A more com-
plex experimental setup is required for the implementation of the
dicarboxylic acid/diamine combination to synthesise stapled peptide 5,
as it had never been used for the cyclisation of a stapled peptide [130].
Preforming imines is known to increase Ugi-MCR yields [131]; hence,
the diamine component is first mixed with paraformaldehyde to form
imines, and then slowly, the di-imine and dicarboxylic acid-containing
linear peptide solutions are added to a stirred solution of cyclohexyl
isocyanide. High macrocyclisation yields were obtained for the stapled
peptide 5 after 72h of co-incubation. Alexander et al. tested the
anti-MDM2 activity of SPs and found that SPs 5-8 showed high
anti-MDM2/MDMX activity, demonstrating that these stapled peptides
are effective dual p53-MDM2/MDMX inhibitory antagonists. To eluci-
date the binding mode of the SPs with their receptor, the researchers
crystallized three high affinity SPs (SPs 8) with MDM2. The bound
peptide 8 adopts a compact, short, two-turn o-helix conformation
(Scheme 1B). Méndez’s team [99] further introduced a new MCR
approach through combining isonitrile-tetrazine (4+1) cycloaddition
and the Ugi-MCR to produce pyrazole amide derivatives. They explored
the application of this reaction for peptide stapling, focusing on linking
Lys and Glu side chains at i and i+7 positions in the p53 activating
peptide TSFAEYWALLS. After removing Allyl and Alloc protecting
groups, they modified the Lys side chain with methyl tetrazine-NHS
ester, and reacted the peptides with n-bNC overnight to generate sta-
pled peptides 16 and 17. Stapled peptide 16 exhibited an o-helical sec-
ondary structure, consistent with other linear and stapled peptides in
this family [132]. Additionally, fluorescein isothiocyanate-labelled sta-
pled peptide 17 demonstrated internalization in HCT116 cells. These
results showed that multicomponent stapling is an effective strategy for
the development of peptide drugs.

3.1.2. Anti-tumour stapled peptides based on NOTCH ternary complexes
The ternary complex generated by the binding of the NOTCHI re-
ceptor intracellular structural domain (ICN1) to the transcription factors
CSL and MAML triggers the transcription of NOTCH target genes,
leading to tumourigenesis [133,134]. The development of antagonists
that act directly on the NOTCH ternary complex could inhibit cancer
development. A dominant-negative fragment of the MAML protein
MAML121.136, expressed in human acute T-lymphoblastic leukaemia
(T-ALL) cell lines, was found to antagonise NOTCH signalling and cell
proliferation [135,136]. However, this fragment exhibited low proteo-
lytic stability and limited membrane permeability. To address these
problems, Moellering et al. [102] synthesised six cell-permeable and
stable stapled peptides (SAHMs) derived from MAML;2; 136 by intro-
ducing the unnatural amino acid Ss at positions i and i+4 through RCM.
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Macrocyclizations conducted by slow addition of
bifuncational building blocks

Ugi stapling

The crystal structure of peptide 8 combined with MDM232

5, 57% yield, 89% helicity

O O 0

N-Me

Ac- LTF—Ni-QYWAQL-NHi—SAA -CONH,  Ac-| LTF-R-QYWAQL-NHi—SAA -CONH,

!
6 7, 60% yield, 72% helicity

8, 48% yield, 62% helicity

Scheme 1. (A) Schematics of DAC-5 peptide synthesis through using Diels-Alder [4+2] cycicadditions. (B) Synthesis of stapled peptides through Ugi-MCR mac-
rocyclisation using the linear peptide containing Glu-Glu residues at positions i, i+7. Reproduced with permission from Ref.[32].

The stapled peptides had higher helicity (2-5 folds) and binding ability,
and experiments on NOTCH1-related gene expression showed that the
inhibitory activity of the stapled peptide SAHM1 (Fig. 7A) was 8-fold
higher than that of the unmodified linear peptide MAML;2; 136. More-
over, a comparison of the effect on the proliferation of T-ALL cells
revealed that cell proliferation in the SAHM1-treated group was signif-
icantly reduced, compared with that in the MAML;;1_136-treated group.
In summary, Moellering et al. designed a stapled peptide, SAHM1, tar-
geting NOTCH ternary complexes through an all-hydrocarbon stapling

strategy, which improved the therapeutic effect against leukaemia and
provided a theoretical basis for the development of targeted therapies
for NOTCH-driven cancers.

3.1.3. Anti-tumour staple peptides based on Bcl-2

Intracellular PPIs are the major control points for many signalling
pathways, but they have been often proven not to be targeted by small-
molecule chemistry, and they have frequently revealed an extensive,
shallow, and hydrophobic protein interface. Stapling approaches, such

(A) Design of MAML1-derived stapled peptides targeting NOTCH

Name Helicity  Kgy(uM)
& o MAML12136  23% /
MAML1,4.36: PAla-ERLRRRIELCRRHHST SAHM1: BAla-ERLRRRI—N E-LCR—NH E—HHST
H o 0o SAHM1 94% 0.12+0.02

(B) Design of anti-tumor stapled peptides targeting Bcl-2 family proteins
a. Design and biochemical analysis of BID BH3-derived stapled peptides SAHB,

Name Helicity ~ Kqg(nM)  tq;5(h)

BID BH3 15.7% 269 3.1
BID BH3: EDIIRNIARHLAQVGDSNLDRSIW SAHB,: EDIIRNIARHLA-NH FI-VGD-NH (IDI—NLDRSIW SAHB, 87.5% 38.8 28.4
o (o]
b. Design and biochemical analysis of MCL-1 BH3-derived stapled peptides MCL-1 SAHBp
- Name Ki(uM) Kg(nM)
N N MCL-1 BH3 i 24529
MCL-1 BH3: KALETLRRVGDGVQRNHETAF MCL-1 SAHBp: KALETLRRVGDGV-H g-RNH—NH g-TAF MCL-1 SAHBp  0.84%0.22 10+3

c. Modification of Bakz,.g; with the azobenzene crosslinker to form a photocontrollable peptide-based switch

G

Bakyz.g7: GQVGRQLAIIGDDINR Bak;z.67'" GQVGR-H G-LAAFGD—NH C—INR
o) o)
s—.@ —s Peptide form Kqg(nM) Bakz.g7™*7 Kq(nM) Bakyz.g7™*"
£ _ 0
i+11. . 058, linear 134116 328119
Bakypg7"" G—u G—VGRQLAAFGD—NHC—INR linker = >: 2 N_Q_NH
o o HN N _ Stapled (dark) 8251157 211
{—(}) 503
Stapled (irradiated) 42+9 48+10

Fig. 7. Stapled peptides based on NOTCH and Bcl family proteins. (A) Design of MAML1-derived stapled peptides targeting NOTCH. (B) Design of anti-tumour
stapled peptides targeting Bcl-2 family proteins.
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as hydrocarbon stapling, can enhance the properties of native peptide
sequences, providing an alternative strategy for probing PPIs and
manipulating biological pathways. Bcl-2 is an anti-apoptotic protein
containing multiple conserved Bcl-2 homology domains (BH) that are
highly expressed in some cancer cells and selectively exert anti-tumour
effects [137,138]. It has been reported that an amphiphilic a-helical
fragment of BH3, the homologous domain of Bcl-2, could bind to the
hydrophobic region in the anti-apoptotic domain of BH1, BH2, and BH3,
and regulate Bcl-2, thus promoting cell apoptosis [139]. The instability
of the secondary structure of this a-helical fragment in its free state leads
to increased sensitivity to proteases and difficulty in penetrating cells.
To overcome this problem, Walensky et al. [46] used the o-helical
peptide BID BH3 from the BH3 region of BID as a model to synthesise
five stapled peptides SAHBs by using an all-hydrocarbon stapling
strategy. They screened the stapled peptide SAHB, for its growing po-
tential in terms of helicity, enzymatic stability, binding capacity, and in
vivo bioactivity (Figure 7Ba). Compared with the model peptide BID
BH3, the stapled peptide SAHB, increased helicity from 15.7% to
87.5%, half-life in vitro serum from 3.1 to 29.4 h, and Kq4 value from 269
to 38.8 nM.

Mcl-1 is an anti-apoptotic protein that belongs to the Bcl-2 family
[140]. The overexpression of the Mcl-1 protein protects cancer cells
from apoptosis and reduces the sensitivity of cancer cells to drugs, which
makes the tumour resistant to a variety of treatments; this makes Mcl-1 a
promising therapeutic target for tumours [141,142]. Stewart et al. [103]
screened several fragments with a-helical structures in the Bcl-2 struc-
tural domain and found that the BH3 peptide sequence of Mcl-1 was an
inhibitor of Mcl-1. To enhance protease resistance and cellular perme-
ability of this fragment, an all-hydrocarbon stapling strategy was
adopted. A series of stapled peptides Mcl-1 SAHBy were synthesised, of
which Mcl-1 SAHBy, (Figure 7Bb) exhibited the most desirable inhibitory
activity with a Kq value of 10 + 3 nM. Mcl-1 SAHBy, targets MCL-1,
thereby neutralising its inhibitory interaction with the pro-apoptotic
protein BAK and sensitising cancer cells to the caspase-dependent
apoptotic pathway. Stapled-peptide lead compounds that could target
this protein are currently under preclinical research.

Bcl-xL interacts with the BH3 region of proapoptotic proteins to
regulate apoptosis. Designing inhibitors that target the interaction of
Bcl-xL. with pro-apoptotic proteins is one of the strategies that can be
employed to develop innovative anti-cancer drugs [143]. Allemann
et al. [104] designed and synthesized two stapled peptides BakiﬁZgy and
Baki7+21§7 based on the BH3 region Baky;_g7 of the Bcl-xL/Bak complex by
introducing the photoactivatable cross-linker 3,3-bis(sulfo)-4,4"-bis
(chloroacetamido) azobenzene at the appropriately spaced cysteine
residues (Figure 7Bc). Stapled peptides with stabilized helix had a high
Bel-xL binding affinity for Bakbh g, and Baki!d; with K4 of 42 + 9 and
21 + 1 nM, respectively, and up to 20-fold increase in affinity of their
dark-adapted states with the helix-destabilized forms. Moreover,
Baki7+2387 and Bakiﬁ}gly showed more than 200-fold increase in the
selectivity in binding with Bcl-xL, compared to binding with HDM2. This
study opens up the possibility of utilising such peptide-based photo--
controlled switches to reversibly and selectively interfere with bio-
macromolecular interactions, offering an avenue for exploring and
regulating cellular functions.

3.1.4. Anti-tumour staple peptide based on f-catenin

B-catenin is a key regulator in the Wnt signalling pathways; it plays a
critical role in tumour invasion, metastasis, proliferation, and apoptosis
[144,145]. The interaction between T cytokine (TCF) and p-catenin is a
key downstream node in the Wnt pathway and plays a critical role in
tumour cell growth and maintenance, and thus, the regulation of the
interaction between the two can inhibit tumour growth [146,147].
Verdine’s group [105] considered the p-catenin binding structural
domain (CBD) in TCF4 as a candidate template peptide, but the presence
of an extended linear peptide sequence that is essential for binding ac-
tivity makes the CBD sequence potentially defective in terms of its
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susceptibility to protein hydrolysis. Therefore, Verdine et al. [105]
resumed their search for a suitable template peptide and subsequently
found that the binding site of the somatodendritic axis inhibitor (Axin)
in the Wnt signalling pathway to f-catenin largely overlaps with that of
TCF4 and that the binding domain (CBD) of Axin to p-catenin consists
only of an a-helix sequence that is not susceptible to enzymatic hydro-
lysis. Verdine’s group [105] used Axin’s CBD as a template peptide and
introduced two unnatural amino acids, S5 and RS, into sites i, i+4 and i,
i+7 to synthezise three stapled peptides StAx1-3 to enhance the struc-
tural stability and protein affinity of the linear peptide Axin’s CBD. The
results of CD and fluorescein labelling experiments showed that the
stapled peptide StAx-3 (Figure 8Aa) had the largest o-helicity and
exhibited a significantly enhanced affinity for f-catenin. Verdine’s group
selected StAx-3 for further optimisation and found that the substitution
of hydrophobic residues at position 468, 480, or 481 could further
enhance the peptide affinity for p-catenin, resulting in the stapled pep-
tide StAx-3-35R (Figure 8Aa). StAx-3-35R was able to directly antag-
onise p-catenin and inhibited the Wnt-dependent cancer cell growth in
cultured cells. In addition, Wang et al. [100] reported a two-component
thiol-ene stapling strategy using the axin-stapled peptide StAx-3 as a
template to synthesize a linear peptide by replacing the two S5 at sites i
and i+4 previously used for stapling with cysteines and then reacting
with 1,7-octadiene or 1,6-hexadiene to achieve stapled peptides. The
corresponding stapled peptides were formed through a two-component
thiol-ene coupling, showing that the 8-carbon linked stapled peptides
exhibited similar a-helicity to the peptide StAx-3 which was synthesized
using all hydrocarbon stapling strategy (Figure 8Aa). Moreover, stapled
peptides can block the interaction of p53-MDM2 and kill WT p53
HCT-116 cells. These results suggest that the two-component thio-
l-alkene stapling strategy has the same structural features as the classical
RCM stapling approach and that this convenient and versatile peptide
stapling strategy can potentially be applied to the modification of nat-
ural peptides.

The stapled peptide StAx-3-35R inhibits Wnt signalling at the
cellular level by binding to p-catenin. Nevertheless, it remains a chal-
lenge to drive StAx-3-35R to inhibit Wnt-dependent tumour growth
efficiently in vivo, in part due to the rapid p-catenin accumulation in
cancer [105]. To overcome the limitations of these inhibitors, our group
[106] designed and synthesized a new chimeric peptide inhibitor,
StAx-3-35R-VHL, based on the stapled peptide StAx-3-35R by using
PROTAC (Figure 8Aa). The stapled peptide StAx-3-35R analogue was
used as the part that specifically recognises p-catenin and peptide
ALAPYIP was the ligand that recruits VHL ubiquitin ligase [148], the
two were conjugated using 6-aminohexanoic acid as a linker to obtain a
PROTAC StAx-3-35R-VHL. The StAx-3-35R-VHL showed significant
degradation of f-catenin at 12h post-treatment. In addition,
StAx-3-35R-VHL maintained low levels of p-catenin for a much longer
time, which suggests that StAx-3-35R-VHL is capable of achieving sus-
tained f-catenin degradation.

BCL9 interacts with B-catenin through its a-helical homology struc-
tural domain 2 to drive p-catenin signalling, thereby enhancing tumour
cell division, migration, and invasion. Therefore, the inhibition of BCL9/
B-catenin interaction may suppress tumour cell growth [149,150].
Takada et al. [107] used BCL9ypy as a template to design three stapled
peptides SAH-BCL9x by employing an all-hydrocarbon stapling strategy,
of which SAH-BCL9B (Figure 8Ab) had the highest a-helix. SAH-BCL9g
showed 5-fold increase in binding and 4-fold increase in
anti-proliferative potency over the template peptide; moreover, it
dissociated the natural p-catenins/BCL9 complexes, selectively inhibited
Wnt transcription, and exhibited a significant anti-proliferative effect
against colon cancer cells.

3.1.5. Anti-tumour stapled peptide based on syndrome protein WASF1
The syndrome protein WASF1 can promote tumour cell movement,

invasion, and metabolism, and it is persistently expressed at high levels

in highly invasive prostate and breast cancer cells [151]. WASF1
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interacts with CYFIP1 protein to form a protein complex, where CYFIP1
stabilises the protein complex; hence, blocking the interaction between
WASF1 and CYFIP1 can inhibit the function of WASF1 [108,152,153].
The crystal structure of the WASF1 complex with CYFIP1 reveals the
interaction surface between the two and defines an o-helical surface at
amino acids 26-41 of CYFIP1, which provides a point of contact between
the two proteins (Fig. 8B) [108]. To obtain inhibitors with higher sta-
bility, Teng et al. [108] designed and synthesised the stapled peptides
WAHM1 and WANM2 through hydrocarbon stapling strategy using
amino acid residues at positions 26-41 at the interface of the in-
teractions of CYFIP1 and WASF1 as a template peptide (Fig. 8B). They
found that WAHM1 and WANM2 bind to CYFIP1 and prevent WASF3
from binding to CYFIP1. Treatment with WAHM1 or WAHM2 effectively
inhibited cellular invasion by 50-75%, compared to cells treated with
the control. The inhibition of the interaction between WASF3 and
CYFIP1 by stapled peptides designed using the RCM reaction may
constitute a promising strategy for preventing tumour invasion and
metastasis.

3.1.6. Anti-tumour stapled peptide based on Beclin 1
Proteins, such as human epidermal growth factor 2 (HER2) in breast
cancer and epidermal growth factor receptor (EGFR) in non-small cell

Pharmacological Research 203 (2024) 107137

lung cancer, are degraded by the cellular autophagy pathway mediated
by Beclinl, leading to the inhibition of cancer cell proliferation. How-
ever, Beclinl proteins are capable of homodimerisation within the cell,
leading to a reduction in the level of cellular autophagy; therefore,
targeting Beclin 1 drug design could be a promising method for treating
EGFR- or HER2-driven cancers [154].

The binding interface of the Beclinl homodimer was previously
modelled by Yang et al., who selected a 15-residue fragment in the
binding interface (Fig. 8C) and named it Native-P1 [109]. They pre-
dicted that the Native-P1 peptide would bind to the coiled helix struc-
tural domain of Beclin 1 to reduce Beclin-1 homodimerisation and
achieve enhanced autophagy. However, this fragment suffers from
certain problems, including poor structural stability; therefore, they
further designed six stapled peptides (i7-01s to i7-06s) using
Native-P1 as a template peptide and all-hydrocarbon stapling strategy
[110]. The predicted binding pattern suggests that the designed i7-01 s
scaffold can form stronger interactions with the Beclin 1 coiled-coil
structural domain (Fig. 8C). Moreover, they modified amino acid resi-
dues based on i7-01s and designed 75 derived stapled peptides
(i7-01 s-01 to i7-01 s-75). The newly synthesised stapled peptide,
i7-01 s-31 (Fig. 8C), had a binding affinity for the Beclinl convoluted
helix structural domain that was approximately 30-fold stronger than

(A) Design of anti-tumor stapled peptides targeting BCL9/p-Catenin Complex
a. Design and biochemical analysis of Axin CBD-derived stapled peptides StAx-3, StAx-3-35R, and StAx-3-11, and StAx-3-35R derived

protac StAx-3-35R-VHL as inhibitors of BCL9/@-Catenin interaction

Name Helicity Ky
. N Axin CBD 15% 5uM

Axin CBD: EENPESILDEHVQRVMK StAx3:  ENPE-NAC—ILD—NAC-HVQRVMK-NH,

6 6 StAx-3 51% 602 nM

S—R— StAx-3-35R / 53:9 nM
( Y
g )

StAx-3-35R: —ILD—NAC-HVRRVWR-NH,

StAx-3-35R-VHL: Ac-RRWPR-H —ILD—NH CT-HVRRVWR-Ahx-ALAPYIP-NH,

b. The sequence of linear peptide BCL9,p; and stapled peptide SAH-BCL9g

BCLYypy: EENPESILDEHVQRVMK

(B) Design of anti-tumor stapled peptides targeting WASF-CYFIP1 Complex

WAFS3,641: LECVTNSTLAAIIRQL

-TNS—NHC-LAKIIRQL WAHM2:

8

WAHM1: LEK-N

H 8

WAHM1 and WANM2 blocked the binding of WASF3 to CYFIP1 ; t;,(WAHM) >24 h

(C) Design of anti-tumor stapled peptides targeting Beclin 1

P1: RLIQELEDVEKNRKV

StAX-3-11: ENPE—NP’i\g—ILD—NP’l\g-HVQRVMK-NHZ

SAH-BCL9g: LSQEQLEHRERSL—H

Ao~~~ 11c, 89% yield

-

"\/\/\/\/\? 11a, 92% yield]

Sustained p-catenin degradation StAx-3-11a is the same helicity as StAx-3

Strong inhibition of Wnt signaling

Name Helicity ty2(min)
BCL9yp; 33% 14
SAH-BCL9g 91% 370

NCKAP1

Name Kgy(nM) IC5o(1M)
i7-01s: RLIQ-H 6-LEDVEK-NH B—RKV-NHZ i7-01s 3.21+0.28 /
i7-01s-31 0.33+0.28 27.9
The predicted binding mode of the designed 17-01s
B B scaffold and the Beclin 1 coiledcoil domain'®
i7-01s-31: Ac-[Tat]-VLFN—H —LVDVIK-NH C-RKV-NH,

8

8

Fig. 8. Stapled peptides based on BCL9/B-Catenin Complex, WASF-CYFIP1Cpmplex and Beclin 1. (A) Design of anti-tumour stapled peptides targeting BCL9/
p-Catenin Complex. (B) Designing anti-tumor stapled peptides that target the WASF-CYFIP1 complex. (C) Designing anti-tumour stapled peptides that target Beclin 1.
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that of the stapled peptide SP4. The optimised stapled peptide induced
cell death, thereby contributing to the death of EGFR/HER2-driven
cancer cells and exerting potent antiproliferative effects. Overall, the
stapled peptide designed by Yang et al. to target Beclinl may be a
promising  therapeutic = candidate for the treatment of
EGFR/HER2-driven cancers.

3.1.7. Anti-tumour stapled peptide based on autophagy-related protein

Autophagy plays an important role in maintaining cell homeostasis,
and disorders of autophagy are associated with cancer [155]. Selective
autophagy regulation is a promising strategy for treating cancer. In the
autophagy system, autophagy-associated proteins (ATG) and Atg8
family proteins are involved in regulating signal transduction [156,
157]. The inhibition of ATG and Atg8 family protein-related PPI is an
effective strategy for developing specific autophagy inhibitors for cancer
treatment.

In the ATG protein, the ATG5-ATG16L1 complex is a potential target
for the inhibition of autophagy [158]. Watanabe’s team [111] analysed
the ATG5-ATG16L1 complex crystal structure and obtained the peptide
ATG16L113 o9 from the a-helix region of protein ATG16L1, which can
inhibit the ATG5-ATG16L1 complex formation. However, linear pep-
tides from native proteins usually have low conformational stability,
resulting in susceptibility to protease degradation. Stapled peptides 1-6
containing i, i+4 staples were synthesised using Fmoc-based SPPS and
RCM catalysed by Grubbs’ catalyst. Stapled peptide 1-4 showed mod-
erate affinity for ATG5 (Kq= 15-407 nM). Subsequently, they added
four amino acid residues, including GIn30 to Glu33 of the ATG16L1
protein, to the C-terminus of stapled peptides 1-4 to obtain the corre-
sponding stapled peptides 7-10. The affinity of stapled peptides 7-10 to
ATG5 was improved by a factor of 2-30, with K4 in the lower range
(3-32 nM), and the enhanced binding ability reflected the importance of
GIn30 to Glu33 in ATG16L1. The half-life of the staple peptide 10 (t; /2 =
110 min) was extended by a factor of 10, compared to that of
ATG16L113 33 (t1/2 = 11 min). Peptide 10 exhibited the longest half-life
as the Argl5 position was excluded as a major cleavage site. This result

Anti-tumor stapled peptide based on ATG protein
a.Anti-tumor stapled peptide based on ATG5-ATG16L1 complex

ATG16L14333:0  Ac-WKRHISEQLRRRDRLQRQAFE-NH,

10: Ac-WKRHI—H ~RRDRLQRQAFE-NH,

b.Anti-tumor stapled peptide based on LC3/GABARAP protein

K1: DATYTWEHLAWP

Pen3-ortho: DA—NA C-YTWE-NA c—LAWP

Peng-ortho: DA—Nﬁ\ﬁ-YTWE-Nﬁ\ﬁ—LAWP
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suggests that the use of all-hydrocarbon stapling reduces the exposure of
Argl5 to proteases, thereby enhancing proteolytic stability. Stapled
peptide 10 (Fig. 9a) showed the greatest inhibition of autophagosome
formation.

LC3 and GABARAP, as Atg8 subfamily proteins, are involved in PPIs
in several critical stages of autophagy [159]. Therefore, similar to the
ATG protein, the blocking of LC3/GABARAP-protein interaction is also a
promising strategy to inhibit autophagy [160,161]. Kritzer’s group
[112] screened out the natural GABARAP ligand peptide K1 having an
affinity of 10 + 1 nM for GABARAP by using phage display technology.
Although K1 has high affinity for GABARAP, its biological stability and
cellular permeability are poor. Therefore, K1 was optimised using a
peptide stapling strategy in which the 3/4/5 positions were mutated to
Cys and stapled with fixed Cys8 through
adjacent/intermediate/para-xylene linkers. The results showed that the
peptides stapled at the Cys3 site had an affinity similar to that of
wild-type K1. Subsequently, they attempted to introduce p-branches into
Cys to regulate the affinity and selectivity of the stapled peptides by
replacing Cys3 or Cys8 with penicilamine (Pen), a Cys analogue con-
taining p-branches. The results showed that pen3-Ortho had a high
GABARAP affinity, whereas Pen8-ortho showed nanomolar affinity for
both GABARAP and LC3B (Fig. 9b). Due to the similarity between
Pen3-ortho and Pen8-ortho, despite their differing selectivity, the au-
thors investigated their binding modes by determining their crystal
structures when bound to GABARAP (Fig. 9b). The study revealed that
Pen3-ortho and Pen8-ortho employ distinct side chains to interact with
the two hydrophobic pockets of GABARAP. Specifically, Pen8-ortho
occupies one pocket with Trp6 and the other with Leu9, whereas
Pen3-ortho occupies the first pocket with Trp11 and both Trp6 and Leu9
in the second pocket. In addition, the chloroalkane penetration assay
illustrated that the stapled peptides exhibited a 2-3-fold increase in cell
permeability, compared with linear peptide K1. These highly potent
stapled peptides are promising compounds capable of regulating auto-
phagy and may serve as novel PPI inhibitors for cancer treatment.

In this section, we comprehensively summarize functionalized

Name Kg(uM) Helicity t4/2(min)-chymotrypsin
ATG16L1433; 0.072%0.059 5% 1
10 0.012+0.008 22% 110
Name Kg(nM)-GABARAP  Ky(nM)-LC3  CPso(uM)
K1 101 1200£30 4.8+0.3
Pen3-ortho 1412 159080 2.1%0.2
Pen8-ortho 12£2 3314 1.3£0.1

The crystal structures of Pen3-ortho(a) and Pen8-ortho(b) bound to GABARAP12

Fig. 9. Anti-tumour stapled peptide based on ATG protein. Reproduced with permission from Ref.[112].
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stapled peptides for anti-tumor purposes. These peptides are classified
based on their targets, which include p53-MDM2, NOTCH ternary
complex, Bcl-2 family proteins, p-catenin, WASF1, Beclin 1, ATG5-
ATG16L1 complex, LC3/GABARAP, and others. Researchers have
employed various strategies, such as all hydrocarbon, lactamization,
Diels-Alder cyclization reaction, Ugi-MCR, and cysteine stapling, to
design and develop these stapled peptides. Among these strategies, all
hydrocarbon approach is the most widely used.

3.2. Stapled peptides in the treatment of bacterial infection

Antimicrobial peptides (AMPs) with lower drug resistance can kill
pathogenic bacteria, such as gram-negative bacteria, gram-positive
bacteria, and fungi [37,162]. With the abuse of antibiotics, which has
resulted in a severe problem of drug resistance, AMPs have attracted
interest as new therapeutic drugs [38,163]. The inherent structural
properties of peptides result in their susceptibility to protein degrada-
tion and have hindered their clinical application. Stapling strategies that
increase the structural stability of peptides have been widely used to
develop peptide-based drugs for the treatment of bacterial infections
(Table 2).

3.2.1. Antibacterial stapled peptides based on the bacterial cell membrane

Cationic AMPs can utilise their positively charged amino acids to
insert themselves into the lipid bilayer located in the bacterial cell
membrane. This leads to the induction of pore formation and membrane
cleavage, thereby exerting antibacterial activity. This feature makes
AMPs promising new drugs for treating antibiotic resistance [37,164,
169].

Magain 2 (Mag2) [170] is a cationic AMP isolated from African
clawed frog skin that utilises its hydrophobic and cationic amino acids to
form holes in the lipid bilayer, ultimately leading to bacterial death
[164]. Demizu et al. [163] designed a series of staple peptides by
incorporating o, a-disubsubstituted amino acids (dAAs) and side chain
stapling into the template peptides. This approach aims to stabilize the
helical structure of the template peptides, enhance their biological
function, and confer resistance to digestive enzymes, including pro-
teases. In the present study, eight stapled peptides were synthesised
using RCM at positions i/i+4 or i/i+7 and their antibacterial activity
and haemolytic toxicity against erythrocytes were compared. It was
found that the peptide Mag2-6 (Fig. 10a) showed 2-16-fold higher
antibacterial activity than the linear peptide. Meanwhile, Walensky
et al. [38] prepared Mag2 stapled peptide library by using RCM reaction
and developed a two-dimensional method of o-helical-hydrophobic
interaction and clarified the structural-functional-toxicity relationship
of stapled peptides. The optimal double-ring staple peptide Mag(i+4)1,
15 (Fig. 10a) was obtained through a series of structural optimisations.
Mag(i+4)1,15 is structurally stable and resistant to protease and
multi-drug resistant bacteria. This study accelerates the use of StAMPs as
a novel class of antibiotics to combat MDR infections.

Bac2A [171-174] is a cationic uncyclised counterpart of the cyclic
peptide bactenecin, which is one of the smallest natural AMPs, but
generally fails to exhibit high antimicrobial efficacy against
gram-positive bacteria. Chen and his team [164] found that Bac2A and
its linear counterparts cannot spontaneously fold to form helical
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structures in solution, resulting in reduced amphipathy and antimicro-
bial activity. Chen et al. designed four stapled Bac2A peptides using the
RCM reaction by inserting a stapling side chain at position i, i+4
(Fig. 10b). The results showed that the stapling strategy promoted the
folding of Bac2A into an amphiphilic a-helix and maintained a stable
helical structure in solution. Moreover, the MIC of the stapled peptides
was lower than that of the corresponding linear peptides.

Aureinl.2 [175] is an AMP composed of 13 amino acid residues
secreted by Litoria aurea, an Australian tree frog, that can inhibit the
growth of Candida albicans and other fungi. To improve the activity of
Aureinl.2, our team [166] designed several stapled peptides (Sau) at
positions i, i+4 using the RCM-based stapling strategy, which proved
that most of the stapled peptides contained higher helicity and greater
enzymatic stability than the linear peptide Aureinl.2. Antifungal ex-
periments showed that Sau-1 (Fig. 10c) inhibited fluconazole-resistant
Candida albicans 901. The inhibitory effects of Sau-2, Sau-5, and Sau-9
on Candida tropicalis isolate 895 were more potent than that of flucon-
azole, whereas the unmodified linear peptide had lower inhibitory ac-
tivity against all the tested strains. These results indicated that the
stapling strategy can be used to optimise antifungal peptides. OH-CM6
[176] is a highly effective cationic AMP derived from OH-CATH30, a
naturally occurring peptide isolated from king cobra. To improve the
proteolytic stability of OH-CM6 and retain the e-amino group positive
charge of Lys after stapling, Zhang et al. [80] synthesised an alkyl
diamine bridge through N-alkylation reaction by cross-linking two
lysine residues. The required stapled peptide (2—11) was obtained using
(E)-but-2-ene-1, 4-diol and (E)-1, and 4-dibromo-but-2-ene as linkers for
N-alkylation under mildly alkaline conditions. The staple peptide
OH-CM6-10 (Fig. 10d) displayed strong resistance to enzymatic hy-
drolysis, with MIC values < 8 pg/mL, which were markedly higher than
those of linear peptides. To obtain peptide OH-CM6-10 analogues with a
more rigid linker, stapled peptides OH-CM6-12,13,14 were subse-
quently synthesised using 1, 2-bis (bromomethyl), 1, 3-bis (bromo-
methyl), or 1,4-bis (bromomethyl) benzene as crosslinkers. Among
them, peptide 12 containing a 1,2-bismethylenebenzene linker was the
best candidate due to its excellent antibacterial activity and proteolytic
stability. Therefore, a novel stapling strategy was successfully developed
using the e-amino N-alkylation reaction of lysine, and this strategy was
applied to cationic stapled AMPs, demonstrating its promising potential
to the development of new cationic antimicrobial peptides.

Three ultrashort linear AMPs each composed of only 7 amino acids
were designed by Shan’s group [165] through utilizing the hydrolysis
site of chymotrypsin/antitrypsin and the folding principle of a-helical
proteins as the basis for their design. However, the presence of confor-
mational instability, low resistance to proteolysis, and poor antimicro-
bial activity prompted further investigation. Then, they incorporated the
unnatural amino acid Ss at the i, i+4 positions through an RCM reaction,
resulting in the creation of the stapled peptides stLRL, stRLL, and stRRL.
In vitro antimicrobial experiments revealed that the stapled peptide
exhibited significantly greater activity, ranging from 8 to 32 times than
that of the corresponding linear peptides. Among these, stRRL (as shown
in Fig. 10e) demonstrated the most pronounced antimicrobial activity.

Furthermore, stRRL maintain high water solubility as linear peptides
improved resistance to protease hydrolysis and showed typical a-helical
conformation features. In vivo experiments further confirmed the

Table 2

Application of stapled peptides in the treatment of bacterial infection.
Template peptide The target Location Strategy Ref.
Magainin 2: GIKKFLKSXKKFVKXFK Bacterial membrane Extracellular All hydrocarbon [163,38]
Bac2A: RLARIVVIRVAR Bacterial membrane Extracellular All hydrocarbon [164]
OH-CM6: KFFKKLKKAVKKGFKKFAKV Bacterial membrane Extracellular Lys-Lys N-alkylation [80]
RRL: LARRLAR Bacterial membrane Extracellular All hydrocarbon [165]
Aureinl.2: GLFDIIKKIAESF Bacterial membrane Extracellular All hydrocarbon [166]
VapB30-VapC30: ELAAIRHR Bacterial toxin proteins Extracellular All hydrocarbon [167]
WTo>*: FKVARRTVAKYREML Transcription factors Intracellular All hydrocarbon [168]




Y. Li et al.

Antimicrobial stapled peptides based on bacterial cell membranes
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a. Peptide sequences and antibacterial activity of Mag2 and stapled peptides Mag2-6 and Mag(i+4)1, 15

& o Name MIC(pg/mL)
Mag2: GIGKFLHSAKKFGKAFVGEIMNS Mag2-6: GIKKFLKSAKK-N g—VKA-NH g—K Mag2 20.73
— — Mag2-6 0.78
Mag(i+4)1,15 1.56
& & S &
Mag(i+4)1,15: G-N C-GKF-NH C-HSKKKFGKA—N C-VGE-NH C-AKK
H " " H "
(o] (o] o
b. Peptide sequences and antibacterial activity of Bac2A and stapled peptide Bac2A(s3-7)
— Name MIC(ug/mL)
Bac2A 54-80
& o
Bac2A: RLARIVVIRVAR-NH, Bac2A(s3-7): RL-” E-RRL—NH E—RRLLR-NHz Bac2A(s3-7) 7.6-16

(o]

o
Stabilized o-helix

c. Peptide sequences and antibacterial activity of Aurein1.2 and stapled peptide Sau-1

Name Helicity MIC(pg/mL)
& o Aurein1.2 56.6% >128
Aurein1.2: Ac-GLFDIIKKIAESF-NH, Sau-1: Ac—N" C-LFD—NH C—IKKIAESF-NH,
H § o Sau-1 60.2% 32
d. Peptide sequences and antibacterial activity of OH-CM6 and stapled peptides OH-CM6-10 and OH-CM6-12
o-Ns o-Ns OH-CM6: KFFKKLKKAVKKGFKKFAKV
NH NH
Gad-®W-Ta-®—ZaNH—-Q
Name tq/2(h) MIC(pg/mL)
OH-CM6-10:  RL-NH c RRL—-NH C-RRLLR-NH
OH-CM6 2 4-128
1) N-alkylation
2) Deprotection OH-CM6-10 6 2-32
OH-CM6-12 10 2-8
NH—R—NH < >
OH-CM6-12: RL—N C-RRL-NH C-RRLLR-NH2
a2 ®—Cad—NH—Q 6
e. Peptide sequences and antibacterial activity of RRL and stapled peptide stRRL
— Name Secondary structure MICgy(uM)
RRL random coil >128
RRL: LARRLAR-NH, stRRL: stRRL a~helicity 14.11

(o)

L-N C-RRL-NH C-R-NH,
H 6

Fig. 10. Anti-microbial stapled peptides based on bacterial cell membranes.

exceptional performance of stRRL in combating bacteria, though in
high-protease and high-salt environments. These results indicate that
the ultrashort all-hydrocarbon stapled antimicrobial amphiphiles, with
their high solubility and strong in vitro and in vivo performance, repre-
sent an innovative avenue for advancing highly stabled peptide
compounds.

3.2.2. Antimicrobial stapled peptides based on bacterial toxin proteins
The bacterial toxin-antitoxin (TA) system plays various roles in
physiological processes, including multidrug resistance and cell growth
inhibition [177]. Different studies have suggested that TA systems are
widely present in Mycobacteria. For example, the VapB30 antitoxin
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protein (or RNA) can bind to the VapC30 toxin protein of homologous
Mycobacterium tuberculosis and inhibit Mycobacterium tuberculosis cell
growth [167].

Lee and his team [167] utilised the binding interface of the VapBC30
complex crystal structure to design three helical peptide segments that
could exert inhibitory activity against the TA system in vitro. However,
helical peptides exhibited high conformational flexibility, resulting in
low affinity and poor antibacterial activity. Lee et al. [167] identified
key residues through alanine scanning and performed a stapled peptide
design based on an all-hydrocarbon stapling strategy. Subsequently, the
most active peptide, V30-SP-8/9, was screened using an in vitro ribo-
nuclease assay. CD results and confocal laser scanning microscopy
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displayed excellent a-helicity as well as cell penetration of V30-SP-8/9
in aqueous media, thus confirming the validity of the method. In the
antibacterial activity test, the MIC of stapled peptide V30-SP-8
(Fig. 11A) against 50% of isolates of Mycobacterium smegmatis mc2155
(MICsp = 12.5-25.0 pM) was comparable to that of vancomycin (MICsg
= 20 pM). Similarly, the bactericidal effect of stapled peptide V30-SP-9
at 6.25 pM was higher than that of the linear peptide at 50 puM, indi-
cating that V30-SP-9 had stronger antibacterial effect than the linear
peptide.

3.2.3. Antimicrobial stapled peptides based on transcription factors

Transcription factors are essential for maintaining cellular homeo-
stasis, and the initiation of transcription in bacteria requires complex-
ation of a sigma factor with the core enzyme RNA polymerase (RNAP).
The transcription factor ¢>* subunit of bacterial RNAP controls the
expression of several genes related to pathogen virulence. The ¢°* C-
terminal binding domain binds to specific promoter regions to regulate
the transcription of these genes. Therefore, the interactions between
endogenous ¢°* and its promoter elements can be blocked to down-
regulate the expression of virulence genes [168].

Federico and his team [168] developed an NMR model of the
interaction between the 6°* C-terminal helix-loop-helix domain with the
DNA major groove region. They synthesized stapled peptides S6°*-1 to
Sc°*-4 (Fig. 11B) maintaining the integrity of the binding site residues
by changing the size and the position of the hydrocarbon cross-links. The
stapled peptide Sc°* can form a stable helical structure in solution, with
hydrophobic and hydrophilic surfaces which enable it to destroy the
lipopolysaccharide matrix. In addition, all stapled peptides can pene-
trate Gram-negative bacteria and bind to ¢°* promoters to block the
interaction between endogenous 6°* and the target DNA sequence. This
causes the reduction of transcription and activation regulated by the ¢°*
gene, while the process of nitrogen fixation by Gram-negative bacteria
for their growth and development is also effectively prevented. This
opens new avenues for the development of therapies targeting
gram-negative pathogens.

This section provides a comprehensive summary of functionalized
stapled peptides for antimicrobial applications. These peptides are
categorized based on their targets, which include bacterial membrane,
bacterial toxin proteins, transcription factors, and others. Researchers
have employed various strategies, such as all hydrocarbon and Lys-Lys
N-alkylation, to design and develop these stapled peptides. Among
these strategies, all hydrocarbon approach is the most prevalent.

(A) Stapled peptides based on bacterial toxin proteins

Pharmacological Research 203 (2024) 107137
3.3. Stapled peptides in the treatment of viral infection

Viral infections are a diverse group of diseases that can affect
humans’ health in various ways. The continued use of antiviral drugs in
recent years has resulted in the emergence of resistant strains of the virus
[178]. Compared with traditional antiviral drugs, peptides have the
advantages of high activity and less susceptibility to drug resistance,
especially the stapled peptides which developed in recent years, have
been widely explored and applied in antiviral infections [27,89]. In the
following sections, we summarize the advancements of stapling tech-
nology in antiviral drug development, offering insights for future
research on antiviral drugs (Table 3).

3.3.1. Antiviral stapled peptides based on the SARS-CoV-2 spiny (S)
protein

The spike protein of SARS-CoV-2 is a type I transmembrane glyco-
protein made up of S1 and S2 subunits, and the C-terminal heptapeptide
repeats HR1 and HR2 of the S2 subunit can interact with each other to
form a stable 6-helix (6-HB). This triggers the fusion of the host and viral
membranes, creating a direct passage for the viral genetic material to
enter the host cell. Once inside, the viral genes replicate inside the cell
[195,196]. The formation of 6-HB is highly conserved and occurs in all
coronaviruses; thus, the HR1-HR2 complex can be an effective and
attractive target for fusion inhibitor design.

Xia et al. [179] found that the peptide 2019-nCoV-HR2P, which is
derived from the HR1-HR2 complex in SARS-CoV-2, binds the structural
domains of the interfacial HR2 structure and has inhibitory activity
against viral infection. To improve the stability and activity of
2019-nCoV-HR2P, our group [180] used it as a template peptide to
design and synthesize 32 stapled peptides (SCH2-1-x) using the
RCM-based stapling strategy and introduced the unnatural amino acid
Ss at the i, i+4 site. Peptides SCH2-1-20 and SCH2-1-27 (Figure 12Aa)
displayed a 2-3-fold increase in helicity and an increased inhibitory
effect by approximately 2 folds, compared with the template peptide. To
explore the detailed binding mode of the optimized stapled peptide to
the spike protein HR1 domain of SARS-CoV-2 virus, we performed a
docking study of the SCH2-1-20-HR1 complex to generate structural
models of the protein-protein complexes (Figure 12Aa). The structural
modeling results showed that SCH2-1-20 adopted a helical conforma-
tion similar to that of the CoVHR2-0 peptide, with the introduced sta-
pling group exposed to the solvent. Stapled peptides synthesized using
an all-hydrocarbon strategy can be used as potent fusion inhibitors to
treat and prevent SARS-CoV-2 infection. In addition, the peptide EK1
[197], derived from OC43-HR2, is designed to target the HR1 domain

Name Helicity MIC(uM)
VapB30-a1(s2.59) random coil 1
VapB30-a1(s2.59): Ac-ELAAIRHR-NH, V30-SP-8: V30.SP-8 26.1% 520
(B) Design and Structure of Sc°* Peptides
WT 6%: FKVARRTVAKYREML
N _ Name Ka(uM)
WT c% >40
& o So*4-1 0.860.08
Sc®-1: FKVARRT-N C-AKYREM-NH C-NH, So4-2: FKV-N" C-RRT-NH C-AKYREML-NH,
H 6 0 H 8 0 So%.2 1.14£0.09
N Sc%4-3 1.2440.05
& & Sc®-4 5.98 +0.25
Sc%.3: Sc54-4: ‘ ‘

H,N (IZ'—KVARRT-NH F.-AKYREML-NHZ
o [e]

H,N OISI-KVA-NH E-RTVAKYREML-NHZ
o o

Fig. 11. Anti-microbial stapled peptides based on bacterial toxin proteins (A) and transcription factors (B).
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(A) Antiviral stapled peptides targeting the SARS-CoV-2 spike (S) protein
a. Sequence alignment of linear peptide CoVHR2-0 and stapled peptide SCH2-1-20 and SCH2-1-27
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Name Helicity Inhibition rate
CoVHR2-0 16.8% 32%
CoVHR2-0: DISGINASVVNIQKEIDRLNEVAKNLNESLIDLQEL
SCH2-1-20 47.2% 55%
SCH2-1-27 67.5% 51%
L. \;s‘ (%)
SCH2-1-20: O &
G ent»
G
x’\ A KP
CoVHR2:0 ! é v;’)‘\ -~
TR Al ’('r'. )
‘:‘/'. E onr
1), g
BNy
SCH2-1-27: DISGNASVVNIQKEIDRLNEVAKNL—NH C—ESL—NH C—DLQEL 2 3 2 )‘ °
1l 1 ,», .. HR1(SARS-CoV-2) \ é ; )
2 h7ag% vy

Structural modeling analysis of the spiking peptide SCH2-1-20 that
binds to the HR1 domain of the SARS-CoV-2 spike protein’®

b.Sequence alignment of linear peptide EK1 and stapled peptide SEK1-12 and SEK1-12-1

EK1: Ac-SLDQINVTFLDLEYEMKKLEEAIKKLEESYIDLKEL-NH,
Name Helicity ty,2(h) IC50(uM)
=~
SEK1-12: SLDQINVTFLDLEYEMKKLE—H > "—LEESYIDLKEL-NHZ EK1 13.6% 3.2 91.8
0o
SEK1-12 41.5% 9.4 6.3
H SEK1-12-1 59.2% >12 3.5
SEK1-12-1: SLDQINVTFLDLEYEMKKLE—H :—AIK—NH "C—LEESYIDLKEL-NH,
8 5
c. Sequence alignment of linear peptide hACE22'-55 and stapled peptide hACE22'-%5.5
hACE2%"%5:  |EEQAKTFLDKFNHEAEDLFYQSSLASWNYNTNIT
\ 0 Name Helicity Kg(uM)
H
[ 1 hACE22155  38% I
hACE221-%5.5; IEEQAKTFLDKFNHE—H "—EDL—NH "—YQSSLASWNYNTNIT hACE221%5.5 529, 2.110.2
o) 0

Fig. 12. Antiviral stapled peptide based on SARS-CoV-2 spiny (S) protein and HIV-1 capsid protein. (A) Antiviral stapled peptides targeting the SARS-CoV-2 spike (S)
protein. Reproduced with permission from Ref.[180]. (B) Antiviral stapled peptides based on the HIV-1 capsid protein.

within the SARS-CoV-2 S protein, inhibiting virus-cell fusion. To
enhance stability of the secondary structure and improve biological
activity, our group [181] efficiently synthesized cyclobutane-based
conformationally constrained amino acids, termed (E)-1-amino-3-(-
but-3-en-1-yl)cyclobutane-1-carboxylic acid (E;) and (Z)-1-amino-3-(-
but-3-en-1-yl) cyclobutane —1-carboxylic acid (Z7). In the following,
these amino acids were employed in RCM-mediated peptide stapling,
resulting in geometry-specific stapled peptides denoted as SEK-12-1 to
SEK-12-4, with the combinations E7-E7, E7-Z7, Z7-Z7 and Z7-E7,
respectively. Among these, the geometry-specific stapled peptide
SEK-12-1 (Figure 12Ab), with E7-E7 anchoring, displayed higher
a-helicity and consequently greater biological activity compared to
conventional hydrocarbon stapled peptides. These cyclobutane-based
restricted anchoring residues efficiently complement the existing
olefin-terminated unnatural amino acids, and the resulting
geometry-specific hydrocarbon peptide stapling offers promising po-
tential for peptide therapeutics.

SARS-CoV-2 infection acts by the binding of the receptor-binding

15

domain (RBD) in the SARS-CoV-2 S protein to the host’s cellular
angiotensin-converting enzyme 2 receptor (hACE2) [198,199].
Cryo-electron microscopy structures of RBD and the full-length human
ACE2 receptor showed that the critical binding of the complex is pre-
dominantly mediated by the ol region of ACE2 PD helix region. More-
over, the inhibition of the interaction between RBD and hACE2 may
prevent coronaviruses from entering human cells by binding to hACE2,
consequently this binding inhibits subsequent viral replication. Maas
et al. [182] designed and synthesized three stapled peptides
endo-amidated to improve structural stability and enhance binding ac-
tivity of the linear peptide by using the N-terminal a1-helix inhibitor 1 of
hACE2 as a template peptide. CD revealed that the helicity of stapled
peptides increased by 2-5 folds, compared with that of linear peptides.
Moreover, when tested for their ability to inhibit the formation of the
RBD-hACE2 complex, stapled peptides demonstrated a significant in-
crease in inhibitory activity compared to the original peptides,
exceeding the original activity by more than 3-fold. The stapled peptide
5 (Figure 12Ac) showed the highest activity. In conclusion, the stapled
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(B) Antiviral stapled peptides based on the HIV-1 capsid protein

a. CAl-based antiviral stapled peptides

~
o
o

CAI: ITFEDLLDYYGP NYAD1:  ITF—N” c—DLL—NH Cc—YYGP
Hod i
CAI-1: ISF—NH “—ELLDYY—NP/{\ﬁ—ESGS FE F
o 0 .
linker = §
5 ——(inked— F 12
CAI-6F/10F: ITF—-NI‘\ﬁ—DLL A

NH ﬁ—YYGKKK

b. Sequence alignment of linear peptide CDT and stapled peptide NYAD-203

CDT: SQEVKNWMTETLLVQ NYAD-203:

AQAVK—N
H

Stapled peptide showed specificity and are able to disrupt the CTD dimer
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Name Helicity 1C50(MM)
CAl 30-40% >135
NYAD-1 80% 6.47-59.14
CAI-1 - 1.0-17.9
CAI-6F/10F 36-53% -

c. Sequence alignment of linear peptide NYAD-1 and stapled peptide NYAD-a to d

Cytotoxicity decreased and anti-HIV activity increased

NYAD-1: ITFEDLLDYYGKKKK
Name Helicity Kg(pM)
NYAD-1 11% 4.1
E/ a 11% 7.4
NYAD-atod: ITF-N" ¢—DLL—N" ¢-YYGKKKK b 1% 6.0
(o]
26% 1.4
H,NHN
0 19% !
(o] HoNHN
JL H NHN)I\n/NHNHZ
linker= Ho,NHN” “NHNH, 2 I NHNH, NHNH,
a b
Fig. 12. (continued).
Table 3
Application of stapled peptides in the treatment of viral infection.
Template peptide The target Location Strategy Ref.
CoVHR2-0: DISGINASVVNIQKEIDRLNEVAKNLNESLIDLQEL SARS-CoV-2 spike (S) protein Extracellular All hydrocarbon [179,180]
EK1: SLDQINVTFLDLEYEMKKLEEAIKKLEESYIDLKEL SARS-CoV-2 spike (S) protein Extracellular Cyclobutane stapling [181]
hACE2,;_s5: EEQAKTFLDKFNHEAEDLFYOSSLASWNYNTNIT SARS-CoV-2 spike (S) protein Extracellular Lactamization [182]
CAIL: ITFEDLLDYYQP HIV-1 Capsid protein (CA) Intracellular All hydrocarbon; [71, 183-185]
Cys-alkylation
CDT: SQEVKNWMTETLLVQ HIV-1 Capsid protein (CA) Intracellular Cysteine stapled; [186]
All hydrocarbon
NYAD-1: ITFXDLLXYYGKKKK HIV-1 Capsid protein (CA) Intracellular Glu-Glu bisamidation [59]
Enfuvirtidegsg g73: YTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWF HIV-1 surface envelope glycoprotein gp41 Extracellular All hydrocarbon [22]
T649v: BTWBEWDREINNYTSLIHSLIEEQNQQEKNEQELLE
SC34EK: WXEWDRKIEEYTKKIEELIKKSOEQQEKNEKELK HIV-1 surface envelope glycoprotein gp41 Extracellular All hydrocarbon [187]
CP22: IEALIRAAQEQQEKNEAALREL HIV-1 surface envelope glycoprotein gp41 Extracellular Dithiol dialkylation [188]
Vpr: EAIIRILQQLLFIHFRIG HIV-1 Integrase (IN) Intracellular All hydrocarbon [189,190]
T188: FDASISQVNEKINQSLAFIRKSDELLHNVNAGKST RSV-F protein Extracellular All hydrocarbon [191]
hCD81-LEL: PSGSNIISNLFKED Human cell surface protein CD81 Extracellular All hydrocarbon [192]
EBOV GP2 (610—633): IEPHDWTKNITDKIDQIHDFVDK EBOV-GP2 Extracellular Lactamization [193,194]
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peptides synthesized by forming a lactam bridge at the i, i+4 site showed
increased cellular uptake, reduced enzymatic degradation, and
improved pharmacokinetic properties, resulting in a stronger inhibitory
effect against the virus.

3.3.2. Antiviral stapled peptide based on HIV-1 capsid protein

HIV-1 viral capsid proteins have two structural domains, the C-ter-
minal structural domain (CTD) and the N-terminal structural domain
(NTD), which are essential for assembling infectious viral particles,
encapsulating the genetic material and key enzymes associated with
viral replication [200-202]. HIV-1 capsid proteins are involved in
different phases of the viral replication cycle and are powerful targets for
HIV therapy, since antiviral activity can be induced by inhibiting capsid
assembly.

Kraiisslich’s group [183] identified the first peptide inhibitor, CAL, of
immature HIV-1 assembly, which disrupts immature and mature capsid
particle assembly in vitro but does not inhibit HIV-1 activity in cell
culture because it cannot penetrate cells. Therefore, Debnath et al. [184]
synthesised the stapled peptide NYAD-1 by retaining the key residues
and employing an RCM-based stapling strategy to enhance the a-helical
stability and cell penetration of CAI (Figure 12Ba). CD showed that the
stapled peptide NYAD-1 exhibited > 4-fold increase in helicity,
compared with the template peptide CAIL The cell penetration assay
increased more than 2 times compared to the linear template peptide.
Anti-HIV-1 viral activity assay showed that the linear peptide CAI did
not display any activity up to at 200 uM dose, whereas NYAD-1 showed
a broad-spectrum HIV-1 inhibitory activity in cell cultures (ICsg
4-15 uM), indicating the potential of NYAD-1 as a novel class of drugs
for treating AIDS. Furthermore, based on CAI inhibition [183], Muppidi
et al. [185] designed and synthesised several stapled peptides with
distance-matched biphenyl crosslinkers using a Cys-arylation stapling
approach. They synthesised six stapled peptides by replacing the
solvent-exposed residues in CAI with two cysteines and added a
Ser-Gly-Ser tail at the C-terminus to improve water solubility. The
evaluation of the anti-HIV-1 viral activity revealed a 10-fold increase in
activity over the linear peptide CAI, with CAI-1 (Figure 12Ba) being the
most effective. This cysteine-based biphenyl-stapled peptide exhibited
significantly improved cell permeability and antiviral activity. In addi-
tion, Spokoyny et al. [71] also reported a facile transformation between
perfluoroaromatic molecules and cysteine thiolate for an antiviral sta-
pled peptide design based on the peptide CAI. Perfluoroaromatic sub-
strates were co-incubated with unprotected peptides in DMF containing
a TRIS base to prepare the stapled peptides. The linear peptide exhibited
16% o-helicity, while stapling with hexafluorobenzene and decafluor-
obiphenyl (Figure 12Ba) significantly enhanced the helicity of the linear
peptide up to 53% and 36%, respectively. Moreover, this stapling
strategy, which was performed on the HIV-1 virus capsid-associated
peptide and designed to bind the HIV-1 CTD, displayed enhanced pro-
teolytic stability, binding, and cell permeability, compared with that
exhibited by the unstapled peptide. This expands the toolbox of tech-
niques available for designing and creating stapled peptides for the
improvement of thiol-containing biomolecules.

Different studies have shown that the host cells can be protected
from HIV-1 infection by inhibiting the formation of the capsid protein
CTD dimer [203,204]. Debnath’s group [186] found that a peptide CDT
from the a-helix region in the dimer interface prevents the formation of
the CTD dimer, thereby inhibiting the activity of HIV-1. The linear
peptide CDT has a flexible conformation and poor cellular penetration;
hence, the group constructed stapled peptides using an RCM-based
stapling strategy. Fluorescent labelling indicated that the stapled pep-
tides penetrated the cells. Compared to the template peptide, the stapled
peptide NYAD-203 (Figure 12Bb) showed a 9-10-fold decrease in
cytotoxicity and an approximately 2-fold increase in anti-HIV activity.
This study provides a basis for designing small and stable helical peptide
inhibitors that target the CTD dimer interfaces.

NYAD-1 is a short peptide capable of binding to the HIV-1 capsid
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(CA) to inhibit capsid assembly and thus exert antiviral activity. To
study the impact of stapling on bioactivity and conformation of NYAD-1,
Pentelute’s group [59] modified the binding peptide NYAD-1 of CA. The
peptide was stapled using different linker groups including carbazide
(a), oxalyl dihydrazide (b), succinyl dihydrazide (c), and hexanedihy-
drazide (d) (Figure 12Bc). CD spectra showed that the stapled NYAD-1
exhibited a-helicity.

The stapled peptides with ¢ and d linkers have raised helicity, sug-
gesting that the length and the rigidity of the linking group can increase
the degree of a-helicity of the linear peptide. Binding kinetics experi-
ments revealed that the K4 value of the peptide stapled with ¢ was
approximately 3-fold higher, compared with that of the linear peptide.
The results show that it is feasible to fine-tune biologically active stapled
peptides using linkers with different properties.

3.3.3. Antiviral stapled peptides based on the HIV-1 surface envelope
glycoprotein gp41

Gp41 mediates the fusion of HIV-1 and host cell membranes. Enfu-
virtide can disrupt the formation of the 6-helix structure by mimicking
the heptapeptide repeat 2 structural region in gp41, and thus to inhibit
HIV infection [205]. However, its susceptibility to enzyme hydrolysis in
vivo, lack of oral bioavailability, and the development of drug resistance
have limited its widespread use [206,207]. Walensky et al. [22] syn-
thesized monocyclic and bicyclic stapled peptides (SAH-gp41 C, D, and
CD) using all hydrocarbon stapling strategies with enfuvirtide 638-673
as a template peptide. They also synthesised the monocyclic and bicyclic
stapled peptides, SAH-gp41 (A, B, and AB), using T649v as a template.
CD showed that the stapled peptides had a 2-6-fold enhancement in
helicity, compared to the unstapled peptides. Trypsin resistance assays
showed a 6-8-fold enhancement of the monocyclic peptide and a
3-4-fold enhancement of the bicyclic peptide over the corresponding
template peptide. Furthermore, the antiviral activity assay showed that
the activity of the bicyclic peptide SAH-gp41 (AB) (Fig. 13a) was
approximately 4-fold higher than that of enfuvirtide, and the order of
activity magnitude was SAH-gp41 (AB) > SAH-gp41 (A) > SAH-gp41 (B)
> T649v > Enfuvirtide.

SC34EK is a peptide derived from the C-terminal heptapeptide repeat
region of gp41, which binds to the N-terminal heptapeptide repeat re-
gion of gp41, thus inhibits the 6-helix bundle formation and blocks the
key fusion of HIV-1 with the host cell [208]. To stabilize the helical
conformation of SC34EK, our group [187] synthesized stapled peptides
retaining natural side chains based on our previous studies. We chose
SC34EK [208] as a template to obtain Leu!, Ser't* Lys!, and Leu!**
stapled peptides (SC34EK-1a,2a , Fig. 13b) retaining double side chains
using an all-hydrocarbon stapling strategy. The results showed that this
stapling strategy not only enhanced a-helicity and proteolytic stability of
SC34EK, but also retained the structural characteristics of the linear
peptide, including key peripheral residues, solubility, and charge, which
are crucial for inhibiting the activity of anti-HIV-1. To understand the
enhanced potency of SC34EK-1a compared to the parent peptide, we
conducted an analysis of the crystal structure of the complex formed
between HIV-1 gp41 fragment N36 and SC34EK. As anticipated, the side
chains of Leu-645 and Ser-649 in SC34EK are positioned closer to the
core of the helix bundle structure (Fig. 13b), specifically interacting with
Asn-554 and Arg-557 of N36 (Fig. 13b). This suggests that the strong
interaction between SC34EK-la and N36 relies on the key residues
Leu-645 and Ser-649 in SC34EK-1a. These findings provide clear evi-
dence for the inherent superiority of double side-chain-retention stapled
peptides over regular stapled peptides.

T20 is a 36-residue peptide originating from the CHR structural
domain of gp41 and is a synthetic peptide approved for the treatment of
HIV [209]. To address the problem of short half-life in vivo [210], Liu
et al. [188] synthesised several m-xylene-sulfide-related stapled pep-
tides using a dithiol bis-alkylation reaction which, can be used as fusion
inhibitors targeting gp41 of HIV-1. The peptide T2635 was obtained by
alanine scanning of T20. T2635 was truncated into the 22-residue
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Stapled peptides based on HIV-1 surface envelope glycoprotein gp41

a. Sequence alignment of linear peptide T649v and stapled peptide SAH-gp41(AB)

T649v: BTWBEWDREINNYTSLIHSLIEEQNQQEKNEQELLE

SAH-gp41(AB):

b. Sequence alignment of linear peptide SC34EK and stapled peptide SC34EK-1a

SC34EK: WXEWDRKIEEY TKKIEELIKKSQEQQEKNEKELK

LM

The crystal structure of the complex between HIV-1 gp41 fragment N36 and SC34EK 87

c. Sequence alignment of linear peptide CP22 and stapled peptide CS6

CP22:
o

SC34EK-1a:

Name Helicity 1C50(nM)
T649v 13% >3000
SAH-gp41(AB)  36% 25

OH

WZEWDKKIEEY TKKIEE—NH —IKK-N/Hi—QEQQEKNEKELK
o

1}
(o]
Name Helicity IC50(nM)
SC34EK 6.6% 1.0
SC34EK-1a 11.9% 0.6
Name Helicity EC50(nM)
CP22 27% 127.3%28.7
CSs6 35% 95.7£11.0

IEALIRAAQEQQEKNEAALREL  CSé6: IEALI—NI-/l\ﬁ—AAQ—NIq\ﬁ—QQEKNEAALREL

o

Fig. 13. Peptides with stapled structures derived from the surface envelope glycoprotein gp41 of HIV-1. Reproduced with permission from Ref. [187].

peptide, CP22. Subsequently, cysteine was introduced at the i, i-+4 site
and stapled through the cysteine-alkylating group to form m-xylene
sulfide-stapled peptides (CS1-CS8). Peptide inhibitory activity was
tested using the HIV-1 Env-mediated cell-cell fusion assay, which
revealed moderate inhibitory activity for the linear peptide CP22 in
contrast to the stapled peptide CS6, which exhibited maximum inhibi-
tory activity (Fig. 13c). Subsequently, hCS6 was obtained by replacing
Cys-6 and Cys-10 of CS6 with homocysteine (hC), which showed 3.8-fold
increase in inhibitory activity, compared with CP22. Therefore, the
m-xylene sulfide stapling strategy can compensate for the shortcomings
of linear peptides, and this study provides a new direction for the design
of anti-HIV peptides.

3.3.4. Antiviral stapled peptides based on HIV-1 integrase

HIV-1 integrase (IN) is an enzyme indispensable for the stable viral
infection of host cells; it catalyses the insertion of viral DNA from the
pre-integration complex (PIC) into the host cell genome. The gene
insertion process is a critical step for HIV proliferation in host cells
[211]. Therefore, the inhibition of IN activity would be effective in
providing an anti-HIV-1 effect. Vpr can inhibit IN activity through its
C-terminal structural domains [212-215]. Suzuki et al. [189] used the
second helical domain fragment of Vpr as a template peptide to design
an octa-arginine conjugate with improved cellular membrane perme-
ability. The addition of octa-arginine leads to significant inhibition of
HIV replication but is accompanied by a relatively high level of cyto-
toxicity. To reduce the cytotoxicity of the octa-arginine peptide, Tam-
amura’s group [190] synthesised 14 stapled peptides using RCM at the i,
i+4 site. The stapled peptide (Fig. 14A) exhibited the strongest inhibi-
tory activity against HIV, which was approximately 3-fold stronger than
that of the linear peptide. In addition, the stapling strategy employed for
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the Vpr-derived peptides led to an obvious reduction in cytotoxicity.

3.3.5. Antiviral stapled peptides based on RSV-F protein

The fusion protein (F) of respiratory syncytial virus (RSV) mediates
the fusion between RSV envelope and host cell membrane, enabling the
virus to cross the host cell membrane and play an important role in the
process of viral invasion [216]. Peptide T118 derived from the CHR of
RSV-F demonstrated excellent nanomolar inhibitory activity in both
RSV infectivity and syncytium formation assays [217]. However, the
linear peptide T118 have low a-helicity and exist in solution as random
coils, which influences their inhibitory activity. Bird et al. [191] applied
an all-hydrocarbon stapling strategy to improve the secondary confor-
mation of linear peptides. The stapled peptide SAH-RSVF (A-F) was
synthesised by stapling T188 as a template at sites i/i+4 or i/i+7. CD
showed that monocyclic stapled peptides resulted in a 2-3-fold
enhancement of a-helicity, compared to linear peptides. Most mono-
cyclic stapled peptides with i, i+7 spacing were associated with a sig-
nificant increase in competitive binding activity to RSV 5-HB, compared
to the stapled peptides with i, i+4 spacing. Therefore, stapling position
of i, i4+7 was chosen for bicyclic stapled peptide synthesis. Compared to
the linear peptide T188, the bicyclic stapled peptides exhibited 2-5-fold
and 4-fold increases in a-helicity and half-life, respectively. The pro-
teolytic hydrolysis resistance of bicyclic stapled peptides was improved
by 3-33 folds, compared to that of the unmodified peptides, and
SAH-RSVFpp (Fig. 14B) demonstrated the highest level of activity. This
study provides a strategy to inhibit RSV infection through the mucosal
and intratracheal delivery of bicyclic stapled RSV fusion peptides.

3.3.6. Antiviral stapled peptides based on human cell surface protein CD81
The interaction between HCV envelope glycoprotein and human cell
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(A) Antiviral Stapled peptide based on HIV-1 integrase (IN)
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Name  ECgo(uM)
Vpr: Ac-EAIIRILQQLLFIHFRIG-NH, Vpr-6S: Ac-EAI=N" C-RIL—NH C-QQLLFIHFRIG-NH, Vpr >10
N ° Vpr-6S 3.55
(B) Antiviral Stapled peptide based on RSV-F protein
RSVF 4g5.522: FDASISQVNEKINQSLAFIRKSDELLHNVNAGKST Name Helicity Ki(nM) tare
N RSVF 4g5.522 23% 99 21min
SAH-RSVFgp 61% 59 >860min
SAH-RSVFgp:  FD-N" C-SISQVNH-NHG-KINQSLAFI-NH C—KSDELL-NHG-NVNAGKST
H 0 0
(C) Antiviral stapled peptide based on human cell surface protein CD81 .
Name Helicity
N
hCD81-LEL 6%
N SAHH-5 57%
hCD81-LEL:  Ac-PSGSNIISNLFKED-NH, SAHH-5:  Ac-PS—NH C—SNIISN—NHG—FKED-NH,
o
(D) Antiviral stapled based on Class | fusion protein GP2
EBOVs10633:  IEPHDWTKNITDKIDQIIHDFVDK EBOV-1: IEPHDWTKNITDKIDQIIHDFVDK-C(PEG4-Chol) Name  ECso(uM)
EBOVg10.633 /
{ /1 J\/_\ Ii EBOV-1 >30
EBOV-7 3.88
EBOV-7: IEPHDWTKNI—NH c DKI—NH c NH C—IHI—NH C—FVDKTLPDQG-C(PEG12 Chol)

Fig. 14. Antiviral stapled peptides based on HIV-1 integrase, RSV-F protein, Human cell surface protein CD81, and Class I fusion protein GP2. (A) Antiviral Stapled
peptide based on HIV-1 integrase. (B) Antiviral Stapled peptide based on RSV-F protein. (C) Antiviral stapled peptide based on human cell surface protein CD81. (D)

Antiviral stapled based on Class I fusion protein GP2.

surface protein CD81 plays a key role in viral entry, and CD81 can act as
a receptor for HCV to mediate the entry of viral particles into the host
cell [218,219]. The peptide hCD81-LEL, designed based on a large
extracellular loop fragment of CD81, disrupts the binding of HCV en-
velope glycoprotein E2 to CD81 [192,220]. To solve the poor hydrolytic
stability of hCD81-LEL, Liu’s group [192] employed all-hydrocarbon
stapling strategy to develop inhibitors of HCV membrane fusion by
using hCD81-LEL as a template and introducing the unnatural amino
acids Ss and Rg into the i/i+4 or i/i+7 sites. They synthesised several
stapled peptides, including SAHH-1-5. Compared with that of the parent
peptide hCD81-LEL, the a-helicity of the stapled peptides was increased
by 2-10 folds; moreover, the activity of the stapled peptide SAHH-5
(Fig. 14C) increased by > 10 folds. This stapling strategy could pro-
vide new routes for the development of novel molecules against viral
infections.

3.3.7. Antiviral stapled peptides based on Class I fusion protein GP2
Ebola virus transmembrane glycoprotein 2 (EBOV-GP2), a class I
fusion protein based on two heptapeptide repeat (HR) regions, facilitates
viral attachment to host cells, catalyses membrane fusion, and serves as
an attractive target for the development of fusion inhibitors [221,222].
Higgins et al. [193] identified an HR2-derived inhibitor composed of the
peptide EBOV-GP2¢1¢_g33 sequence and cholesterol bound to the C-ter-
minus. To stabilize the peptide helical structure and increase the
inhibitory potency, Pessi et al. [194] used polyethylene glycol spacers of
different lengths between Cys and cholesterol moieties to synthesise
several stapled peptides (EBOV-x) through a stapling strategy with the
introduction of a lactam ring, as proposed by Fairlie [223] and Higgins
[193]. The evaluation of the antiviral activity of the stapled peptides in
vitro revealed that EBOV-7 (Fig. 14D) with a 15-fold enhancement over
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the template peptide exhibited the strongest activity.

In this section, we summarize functionalized stapled peptides
developed for antiviral purposes. These peptides are classified based on
their targets, including the SARS-CoV-2 spike (S) protein, HIV-1 Capsid
protein (CA), HIV-1 surface envelope glycoprotein gp41, HIV-1 Inte-
grase (IN), RSV-F protein, Human cell surface protein CD81, EBOV-GP2,
and others. Researchers have employed various strategies, such as all
hydrocarbon, lactamization, cyclobutane stapling, Cys-alkylation,
cysteine stapling, Glu-Glu bisamidation, and dithiol dialkylation, to
design and develop these stapled peptides. Among these strategies, all
hydrocarbon approach is the most prevalent.

3.4. Stapled peptides in the treatment of diabetes

Currently, diabetes mellitus, one of the most common chronic dis-
eases, has become a severe public health problem, second only to ma-
lignant tumours and cardiovascular diseases [224,225]. Currently, nine
GLP-1R peptide agonists have been approved for the treatment of dia-
betes, including liraglutide, semaglutide, and exenatide [226]. Howev-
er, peptide-based anti-diabetic drugs are usually subjected to short
plasma half-life, which involves higher doses and frequent injections
which affects negatively patients’ compliance. Stapling strategies have
been broadly adopted for the development of peptide-based anti-dia-
betic drugs with positive results (Table 4). In the following sections, we
summarise the research progress on the applications of stapling strategy
in the development of anti-diabetic drugs and provide insights for the
future development of anti-diabetic peptide drugs.

3.4.1. Antidiabetic stapled peptides based on GLP-1/GCGR receptor
Exendin-4 is an agonist of the glucagon-like peptide-1 receptor (GLP-
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Table 4
Application of stapled peptides in the treatment of diabetes.
Template peptide The target Location Strategy Ref.
Exendin-4: HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS Glucagon-like peptide-1 Extracellular Cys-alkylation [227]
receptor ( GLP-1R )
XGLP/GCG-13: HSQGTYTNDVKYLDSRRAQDFIEWLKNGGPSSGAPPPS Glucagon-like peptide-1 Extracellular Cys-alkylation [228,229]
receptor ( GLP-1R )
VIP (1522 ) : HSDAVFTDNYTRLRKQIAVKKYLNSILNGK Vasoactive intestinal peptide Extracellular Triazole click reaction [230,231]
receptor 2 ( VPAC2) Lactamization;
All hydrocarbon
A helical peptide fragment derived from the LXXLL motif region Peroxisome proliferator-activated Intracellular All hydrocarbon [232]
receptor gamma (PPARy)
BAD BH3 : NLWAAQRYGRELRRMSDEFVDSEKK Glucokinase Intracellular All hydrocarbon [233]
a-helices fragment in the human Endogenous ALMS1-PKCa protein in adipocytes Intracellular All hydrocarbon [234]

PKCa kinase domain : VECTMVEKRVLALLDKPPFLTQLHS

1R), which is administered twice a day through subcutaneous injection
to control glycaemic levels [235]. To enhance the pharmacological
properties and therapeutic effect of exendin-4, Shen et al. developed a
new peptide engineering strategy by incorporating a binding motif from
serum protein onto peptide side-chain staples [227]. This strategy is an
advancement over the previous strategy, and it involves the stapling of
two turns of oxyntomodulin at the i and i+7 positions with a biaryl
cross-linker to increase its circulatory half-life. Based on the complex
crystal structure of N-terminal domain of peptide Ex-4 (9—39)-NHj; and
the GLP-1R, the paired residues Glul7 and Glu24, GIn13 and Glu24, and
LeulO and Glu24, which were exposed to solvents and located at the
same side of the a-helix, were replaced by the double Cys to synthesize
SEQ-1, SEQ-2, and SEQ-3 at positions i/i+7, i/i+11, and i/i+14,
respectively. The crosslinker N, N'-butane-1, 4-diyl bis (bromoaceta-
mide) was used to cross link two cysteine residues (L2) of the SEQ-1.

Antidiabetic stapled peptide based on GLP-1/GCGR receptor
a. Sequence alignment of linear peptide Ex-4 and stapled peptide E6

Using this strategy, a group of crosslinkers with ethylene glycol or
aliphatic spacers (L1-L12) were employed to staple peptides with
cysteine residues at positions i/i+7, i/i+11, or i/i+14. Compared with
the corresponding unstapled peptides, these stapled peptides displayed
an obvious enhancement in activity. To further enhance the pharma-
cokinetic properties of the peptide, a binding moiety from natural al-
bumin was attached to the peptide through a “depot” effect to obtain
stapled peptide E6, which contained the fatty acid side chain and
retained sufficient agonist activity (ECso = 16 pM), as that of Ex-4.
Moreover, the stapled peptide E6 (Fig. 15a) showed a t; /2 almost 15
folds higher than that of Ex-4 in vivo. Despite its excellent pharmacoki-
netic properties, the stapling strategy used for synthesizing E6 generated
mixtures of isomers in the stapling reaction. This poses challenges for the
preparation, as well as the pharmacological and toxicological studies on
the isomers. To circumvent these problems, the symmetric staple S2 was

H
S2= WN\/\NJ\/\R

Ex-4: HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS lo}

E6: HG EGTFTSDLSKQMER—HAﬁ—AVRLFI—N{I\ﬁ-WLKNGGPSSGAPPPS
(e}

[¢)

linker= NH

H
N \/\o/\,O\,);\/ NH

(e}
AN,
H

o

Ex-4[M14L, E17C, E24C] - S2:

b. Sequence alignment of linear peptide xGLP/GCG-13 and stapled peptide 2c

Name ECso(pM) t1s2(h)

E6 16 13.8

Ex-4[M14L, E17C, E24C] - S2 4312 8+0.3

o 0
o N Ex-4 16 0.5
HO N~ OH
0

HG EGTFTSDLSKQLER—”/\E—AVRLFI—N{I\FI-WLKNGGPSSGAPPPS
o

(o)

AP0 Oy_\—°
N HN th\
o)
o \\\? o
N

linker= H
fo) [o]
HN\/\/\/\NJ*M%\
xGLP/GCG-13: HSQGTYTNDVKYLDSRRAQDFIEWLKNGGPSSGAPPPS-NH2 H
Name ECso(nM)
XGLP/GCG-13 0.053
A A 2c 0.035
2c: HSQGTYTNDVSKYLDS—NH ﬁ—RAQDFI—NH ﬁ-WLKNGGPSSGAPPPS-NHz
(o] (o]

Fig. 15. Antidiabetic stapled peptide based on GLP-1/GCGR receptor.
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adopted to synthesise the first-generation long-acting S2-stapled peptide
exenatide. The newly developed symmetric staple extending-4 analogue
exhibited excellent efficacy in vivo in animal models of diabetes and
obesity.

Han et al. discovered a new xGLP-1-based dual agonist (xGLP/GCG-
13) of GLP-1R/GCGR based on a structure-activity study and rational
design of peptides [228]. However, the clinical development of
xGLP/GCG-13 is impeded by its short half-life in vivo. To overcome this
problem, xGLP/GCG-13 was stapled using symmetrical BisMAL (SYM--
BisMAL) [229]. The dual Cys residues were scanned to determine the
appropriate stapling positions in XxGLP/GCG-13. The results showed that
the Cys-mutated peptides 1a, 1f, 1 g, and 1k were appropriate linear
peptides for subsequent side-chain cyclisation. The two Cys residues
were then cross-linked using an sSYM-BisMAL cross-linker, based on the
solid-phase addition reaction between maleimide and thiol at the i and
i+7 positions. A lithocholic acid or long-chain fatty acid containing a C; 5
alkyl chain as a serum albumin-binding motif was added to the
SYM-BisMAL terminal amine to further optimise the pharmacokinetic
properties of the peptides, and this yielded peptides 2a-h. Stapled pep-
tide 2c showed stronger activity and a longer half-life in rodents than the
linear peptide xGLP/GCG-13. Furthermore, 2c (Fig. 15b) displayed
excellent activity in the control of glucose control in mice and in the
restoration of glycaemic control and pancreatic function in db/db mice.

(A) Antidiabetic stapled peptide based on VPAC2 receptor

117-VIP-GK: HSDAVFTDNYTRLRKQIAVKKYLNSILNGK

7

5: HSDAVFTDNYTRLRKQ-NH ﬁ—AVK—NH ﬁ—YLNSILNGK
o
11: HSDAVFTDNYTR—” ﬁ-RKQ-NH ﬁ-AVKKYLNSILNGK
o o

(B) Antidiabetic stapled peptide based on PPARy receptor

& &y
R
o ‘\\

SRC1: KIL-NH IC'—'RLL-NH E—E NCoA6:
(o} o

(C) Antidiabetic stapled peptide based on glucokinase

BAD BH3: NLWAAQRYGRELRRMSDEFVDSEKK

o

TSL-N
H
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These enhancements in biological activity and pharmacodynamics
suggest the excellent therapeutic potential of 2¢ as an antidiabetic drug.
Furthermore, this approach may be applicable for the development of
other therapeutic peptides.

3.4.2. Antidiabetic stapled peptides based on VPAC2 receptor

Vasoactive intestinal peptide (VIP), with 28 amino acid residues, is a
linear endogenous peptide hormone that potently agonises vasoactive
intestinal peptide receptor 2 (VPAC2), and research has demonstrated
its ability to secrete insulin [236]. However, as a linear peptide, VIP has
a poor half-life of < 1 min and in vivo poor pharmacokinetics, which
severely limit its development as a therapeutic agent. To overcome these
challenges, Adrian Gill and co-workers investigated the effects of two
cyclisation strategies, including RCM-based stapling and lactamization
using an i, i+4 pattern on VPAC2 agonism, proteolytic stability, sec-
ondary structure of peptide, and cell membrane permeability [230]. The
design principle was based on the assumption that the peptide VIP with
an o-helical conformation binds to the VPAC2 receptor, similar to the
way that glucose-dependent insulin stimulating peptide (GIP) binds to
the extracellular region of its receptor. Sequence alignments of VIP and
GIP revealed that certain residues (L13, M17, K21, N24, S25, and N28)
could be stapled without disturbing these interactions. The VIP-stapled
peptides showed significantly enhanced VPAC2 agonist potency, with

Name ECso(nM) Helicity
117-VIP-GK 0.14 5.1%
5 0.10 37.0%
1 0.049 9.6%

Name Ky(uM)-linear Ky(uM)-stapled

SRCH1 826 11.4
NCoA6 196 46.2
p300 374 65.4
C-QLL-NH C-N p300: KQL-NH G-ELL—NH ¢-S
o] e} e} 0

o
™

BAD SAHB(s.ps): NLWAAQRYGRELR—” Fl-NL-pS-D NH E—FVDSEKK
o

Helical enhancement ; The proapoptotic function of BAD is inactivated ; Activated glucokinase

(D) Antidiabetic stapled peptide based on ALMS1-PKCa protein

Template peptide: VECTMVEKRVLALLDKPPFLTQLHS

N

> \Y
& B

PATAS: VECTT-NH E-EKEVLA—NH G-LDKAAFLTQLHS
(o} (o}

Name Dose required to activate PKC(ng)
Template

peptide 125

PATAS 2.5

Fig. 16. Antidiabetic stapled peptides based on VPAC2 receptor, PPARy receptor, glucokinase, and ALMS1-PKCa protein. (A) Antidiabetic stapled peptide based on
VPAC2 receptor. (B) Antidiabetic stapled peptide based on PPAR-g receptor. (C) Antidiabetic stapled peptide based on glucokinase. (D) Antidiabetic stapled peptide

based on ALMS1-PKCa protein.
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ECs¢ values as low as 0.049 nM for 11 (Fig. 16A), which was approxi-
mately four folds stronger than native VIP. They also showed improved
helical stability and enhanced secretion activity of glucose-dependent
insulin; 11 showed a plateau effect from 10 nM, indicating that it was
approximately ten folds more potent than native VIP. However, the
proteolytic stability of the stapled peptides did not improve, possibly
because inserting a single staple within lengthy peptide sequences failed
to maintain the helical structure of the peptide to some extent and
multiple staples may be required to prevent the degradation of pro-
teases. Steven Ballet and co-workers investigated the effect of three
cyclisation methods on the a-helical conformation in an octapeptide
segment of VIP [231]. The results showed that the peptide secondary
structure varies when different chemical cyclisation strategies are
employed within a ‘helical’ fragment. Notably, the tetrazole-based
cyclisation strategy demonstrated superior a-helical stability,
compared to other stapling methods.

3.4.3. Antidiabetic stapled peptides based on peroxisome proliferator-
activated receptor y receptor

Peroxisome proliferator-activated receptor y (PPARy) is a potent
insulin sensitiser and glucose metaboliser involved in adipogenesis and
glucose metabolism [237,238]. Zhang et al. [232] employed 15
co-activated proteins as the study object and helical peptides containing
the LXXLL motif region with low structural stability (which can recog-
nise the interaction of co-activated proteins with PPARy) as the tem-
plate. They used an RCM-based stapling strategy to constrain the helical
peptide conformation and improve its stability. The non-natural amino
acid Ss was introduced at sites i, i+4, and the corresponding stapled
peptides were synthesized through olefin metathesis. Combined with
subsequent fluorescence analysis, three effective stapled peptides with
strong binding affinity to PPARy were selected, including SRC1, NCoA6,
and p300 (Fig. 16B). The binding affinities increased by 7.2, 4.2, and 5.7
folds, respectively, compared with the corresponding linear peptides.
The designed stapled peptides may provide a reference for the devel-
opment of relevant therapeutics against diabetes.

3.4.4. Antidiabetic stapled peptides based on glucokinase

Glucokinase GK is the first key enzyme in intracellular glucose
metabolism; it maintains glucose homeostasis by regulating the release
of glucose-controlling hormones and glycogen synthesis [239]. BAD, a
pro-apoptotic BCL-2 family member, is present in a complex containing
glucokinase (GK) and has been found to activate GK by phosphorylating
specific residues in the BH3 region of BAD, which in turn promotes
glucose response and insulin secretion in pancreatic p-cells [240,241].
The peptide BAD BH3 from BH3 (the BAD death domain) is a linear
peptide with impaired structural stability. Danial et al. [233] encoun-
tered some challenges in maintaining the helical structure of the pep-
tide, and multiple staple may be required to prevent the degradation of
proteases (Fig. 16C). This approach yielded significant improvement
effect, with glucokinase activity in rat islet tumour cells measuring
1.0-1.2 pmol/mg, compared with 0.6-0.8 pmol/mg observed with the
linear peptide. This study identified glucokinase as a new direct physi-
ological target of the BAD BH3 domain, suggesting potential therapeutic
applications of BAD BH3 stapled peptides in the restoration of insulin
secretion.

3.4.5. Antidiabetic stapled peptides based on ALMS1-PKCa protein

The PPI between ALMS1 and protein kinase C-a (PKCa) hinders
PKCa-mediated glucose uptake in adipocytes [242,243]. Screening of
the a-helix in the PKCa kinase structural domain allows the identifica-
tion of the peptide sequence of the ALMS1-PKCa protein interaction.
Recently, Schreyer et al. [234]. screened a-helical sequences within the
structural domain of human PKCa kinase and found that the peptide
ECTMVEKKVLALL effectively blocked the binding of ALMS1 to PKCa
and stimulated PKCa kinase activity. Subsequently, the linear peptide
was stapled and modified by a full hydrocarbon linkage, and the
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synthesized stapled peptide was named PATAS (Fig. 16D). The dose
required for PKC activation by PATAS was reduced by five folds,
compared to the original sequence, and its activity was significantly
enhanced. PATAS can target endogenous ALMS1-PKCa protein-protein
interactions in adipocytes in the absence of insulin to alleviate insulin
resistance and its associated comorbidities for the effective reverse of
type 2 diabetes. It is expected to be a "first-in-class" adipocyte-specific
therapeutic agent.

In this section, we comprehensively summarize functionalized sta-
pled peptides for the treatment of diabetes. They were classified by
various targets, including glucagon-like peptide-1 receptor (GLP-1R),
peroxisome proliferator-activated receptor gamma (PPARy), vasoactive
intestinal peptide receptor 2(VPAC2), glucokinase, endogenous ALMS1-
PKCo protein in adipocytes. Researchers employed various strategies,
including all hydrocarbon, Cys-alkylation, triazole click reaction, and
lactamization, to design and develop different stapled peptides. All hy-
drocarbon strategy represents the most prevalent approach among
them.

3.5. Stapled peptides in the treatment of inflammation

Inflammation is a defence-oriented reaction that occurs when tissues
are damaged or are invaded by foreign substances [90], whereas severe
inflammations may lead to death. Currently, the drugs used to treat
inflammation include small molecules and peptide drugs. The peptides
include pentagastrin and somatostatin for treating gastroenteritis and
pancreatitis, respectively. GLP-2 G has been assessed against inflam-
mation in clinical trials. However, the short half-life of peptides and the
need for subsequent repeated treatments are some of the most notable
limitations in their clinical use; therefore, chemical modification of
linear peptides is required to overcome these shortcomings. Stapling is a
promising modification technology that has gained wide attention in
recent years and resulted in the development of peptide mimetics with
high stability and good cell permeability [27]. The following sections
will briefly introduce the advancements in the application of stapled
strategy in anti-inflammatory drug studies in order to provide insights
for subsequent research on anti-inflammatory peptide drugs (Table 5).

3.5.1. Anti-inflammatory stapled peptides based on GLP-2 receptor

The binding of the GLP-2 receptor to the peptide GLP-2 can stimulate
the growth of intestinal epithelial cells, which can reduce intestinal
permeability and motility, epithelial apoptosis, and inflammation [249,
250]. The first approved GLP-2 analogue, teduglutide (GLP2-2 G)
(Fig. 17A), is undergoing clinical trials for inflammatory bowel disease;
however, teduglutide has a short half-life in humans. Moreover, frequent
injections of high doses are required, which can negatively affect patient
compliance [251-253]. The development of long-acting GLP-2 ana-
logues to lower dose frequency and offer a lasting therapeutic effect is
necessary. Stapling strategies to stabilise the secondary structure of
peptides are effective in improving their biological activity, metabolic
stability, and cell permeability.

Yang et al. [244] used GLP2-2 G as a template peptide to synthesise
the double-stapled peptides SEQ-1, SEQ-3, and SEQ-5 by substituting
Leul7 and Asn24, Glu9 and Asnl6, and Asnll and Alal8 with Cys,
respectively. To improve the solubility of the stapled peptides, an Ex-4
peptide was introduced at the C-terminus resulting in the three stapled
peptides: SEQ2, SEQ-4, and SEQ-6. In vitro activity tests of different
stapled peptides showed that stapled peptide 10 (Fig. 17A), cross-linked
by linker 3, showed the best efficacy, and the t; » of stapled peptide 10
was approximately 7.2 folds longer than that of the template peptide
GLP2-2 G. In summary, long-acting GLP-2 analogues can be synthesized
using this method through the formation of double cysteine mutants.
The stapling peptide synthesized by this method has higher efficacy and
a better therapeutic effect against enteritis than teduglutide (GLP2-2 G).
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Table 5
Application of stapled peptides in the treatment of inflammation.
Template peptide The target Location Strategy Ref.
GLP2-2 G : HGDGSFSDEMNTILDNLAARDFINWLIOTKITD GLP-2 Extracellular Dithiol dialkylation [244]
SNAP-25A : EESKDAGIRTLVMLDEQGEQLD Synaptotagmin-2 Extracellular All hydrocarbon [245,246]
PYD helix 2 sequence of ASC : TAEELKKFKLKLLSV ASC protein Intracellular All hydrocarbon [247]
HAP: IHVTIPADLWDWINK IL-17A Extracellular Lactamization [248]
(A) GLP-2-based stapled peptide against intestinal inflammation
GLP-2: HADGSFSDEMNTILDNLAARDFINWLIQTKITD GLP-2G: HGDGSFSDEMNTILDNLAARDFINWLIQTKITD
Name ECso(pM) t1s2(h)
J
\ GLP-2G 3543 0.5
|
T GLP-2G-10 28+2 3
N\ N\
GLP-2G-10: GHDGSFSDEM-N ﬁ—TILDNL—NH FI-ARDFINWLIQTKITD-PSSGAPPPS
H o 0
(B) Sequence alignment of linear peptide PO and double-stapled peptide SP9
Name Helicity
PO 5%
PO: EESKDAGIRTLVMLDEQGEQLD Ac- EE—N E-KDA—NH C—IR—HN E—LVM-NH C-DEQC-NH,
o (o} SP9 86%
a. Sequence alignment of linear peptide PYD and stapled peptide ms_ASCPYP # 6
AN Name Helicity
. . PYD No helicity
PYD: TAEELKKFKLKLLSV ms_ASCPYP #6: RA-N" G—KKAKIK—NH C-ESV ms_ASCPYP # 6 48%
H o 0
b. Sequence alignment of linear peptide HAP and stapled peptide HAP-12L
NH, Name IC50(nM)
( )4
HAP 30
HAP: IHVTIPADLWDWINK HAP-12L: HAP-12L 24

-

IHVTIP—N C-=DLADWI-NH C-K
(o)

Fig. 17. Anti-inflammatory staple peptide based on GLP-2, calcium ion-sensing protein, and interleukin. (A) GLP-2-based stapled peptide against intestinal
inflammation. (B) Sequence alignment of linear peptide PO and double-stapled peptide SP9. (C) Sequence alignment of linear peptide HAP and stapled peptide

HAP-12 L.

3.5.2. Anti-inflammation stapled peptides based on calcium ion-sensing
protein

Excessive mucin release may lead to various chronic airway in-
flammatory diseases, such as chronic obstructive pulmonary disease,
asthma, and cystic fibrosis; therefore, it is important to develop drugs
that inhibit the hypersecretion of myxin [254]. Lai’s team [255] found
that the calcium-sensing protein synaptotagmin-2 is the target protein
that mediates the excessive release of myxin. The neuronal SNARE
complex, composed of synaptobrein-2/VAMP-2, SNAP-25A, and
syntaxin-1A (Stx1), forms the preferred interface with the Ca>"-binding
region of synaptotagmin-2. The interaction between these two proteins
induces Ca®"-triggered membrane fusion to moderate myxin release.
Targeting the interaction site of the SNARE/synaptotagmin-2 protein,
Lai’s team [245,246] designed a stapled peptide, SP9 (Fig. 17B), that can
compete with SNARE to bind synaptotagmin-2. Many key residues at the
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interface formed by the interaction between synaptotagmin-2 and the
neuronal SNARE complex are mainly located in SNAP-25A. Therefore,
the SNAP-25A fragment can be used as a template to selectively interfere
with the interaction between Synaptotagmin-2 and SNARE, thereby
disrupting Ca?*-triggered membrane fusion. Because of the structural
instability defect of the SNAP-25A fragment, they utilised an RCM-based
stapling strategy to replace the key residues at sites i/i+4 or i/i+7 and
synthesised a series of monocyclic and bicyclic stapled peptides through
olefin metathesis, namely SP1-SP12. Circular dichroism spectroscopy
showed that the template peptide PO displayed only 5% o-helicity in
solution, while stapled peptides had improved a-helicity, and several
dicyclic peptides had a-helicity as high as 86%. The inhibition of
Ca?*-triggered membrane fusion experiments showed that the stapled
peptide SP9 improved the inhibitory effect of the template peptide by
approximately 70%. The SNSNARE/synaptotagmin-2 mediated myxin
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secretion process was recombined in vitro using a single-vesicle content
fusion experimental system, and the results confirmed that the stapled
peptide SP9 effectively inhibited the Ca®*-triggered airway SNARE and
synaptotagmin-2-mediated vesicle fusion process. Therefore, the bicy-
clic stapled peptide SP9, based on an all-hydrocarbon stapling strategy,
can inhibit myxin hypersecretion and is a promising drug candidate for
the treatment of airway inflammation.

3.5.3. Anti-chronic inflammation stapled peptides based on interleukin

Interleukin-1p (IL-1B) is a main cytokine capable of initiating and
enhancing the inflammatory response, while the excessive production of
IL-1f is a factor in most chronic inflammatory diseases, such as cardio-
vascular diseases and metabolic diseases [256]. Apoptosis-associated
spot-like protein ASC, which can activate caspase-1 and then trans-
form IL-1p from inactive precursor to mature active form, plays an
important role in activating intracellular cysteine protease caspase-1
[257-259]. Therefore, ASC may be a potential target for the
ASC-dependent inflammatory pathway to block excessive IL-1p pro-
duction and suppress inflammation. Pal et al. [247] used an
all-hydrocarbon stapling strategy to design a series of stapled peptides to
disrupt ASC-dependent inflammatory pathways and improve the phar-
macological properties of peptides by enhancing their target affinity and
proteolytic stability. The ASC PYD domain was selected as the target,
and PYD helix region 2 was used as the template peptide. The two
corresponding Leu residues at position i, i+7, were replaced, and cyc-
lisation was accomplished by RCM using Grubbs’ catalyst. CD showed
that the template peptide PYD did not show significant helicity, whereas
the stapled peptide showed increased helicity by > 48% (Figure 17Ca).
The study also found that the stapled peptide reduced the production of
IL-1p by almost 50%, compared to the template peptide. The stapled
peptides reduced caspase-1 activation and IL-1§ production, which in
turn reduced inflammation.

IL-17A can induce the production of other pro-inflammatory medi-
ators, such as TNF-qa, IL-1, and IL-6, which play an important role in
tissue damage [260]. Therefore, reducing IL-17A production is a
promising direction for the control of inflammation and related diseases.
Dong’s group [248] used the inhibitory helical peptide HAP of IL-17A as
a model peptide and mutated the residues Ala7/Asn14 into Glu and Lys,
respectively, in order to introduce carboxyl and amino side chains and
achieve lactamidation. Dong et al. successfully introduced nine a-amino
acids with different configurations and side chains into HAP. The CD
results showed that the helicity of the L-type stapled peptides was
stronger than that of the D-type stapled peptides (Figure 17Cb). The
results of proteinase K and anti-inflammatory activity assays using
normal dermal fibroblast also showed that L-type stapled peptides had a
higher potency than D-type stapled peptides. Based on the results of
molecular dynamics simulations, the non-hot, large-sized Trp residue
was mutated into a smaller, more helical Ala residue. The simulation
results of modelling and dynamic simulation showed that the mutant
stapled peptide could maintain the a-helix conformation, without pro-
ducing geometric conflicts. Among them, the substitution of Trp10 with
an Ala residue and the inclusion of a L-Lys linker bridge in 12 L
demonstrated improved enzyme stability, IL-17A binding ability, and in
vitro bioactivity. These results provide an important reference for the
design of stapled peptides and the modification of amino acids.

In this section, we summarize functionalized stapled peptides
designed for the treatment of inflammation. These peptides are classified
based on their targets, including GLP-2, Synaptotagmin-2, ASC protein,
IL-17A, and others. Researchers have employed various strategies, such
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as all hydrocarbon, dithiol dialkylation, lactamization, and others, to
design and develop these stapled peptides. Among these strategies, all
hydrocarbon approach represents the largest proportion.

3.6. Stapled peptides in the treatment of osteoporosis
Table 6.

3.6.1. Anti-osteoporosis stapled peptides based on phosphorylated GSK-3f

FRATtide [264] derived from GSK-3 binding protein GBP could
reduce the phosphorylation level of GSK-3p to negatively regulate os-
teoclasts. As a linear peptide, FRATtide exhibits poor proteolytic sta-
bility and cellular membrane permeability. To overcome this problem,
our group [261] used an all-hydrocarbon stapling strategy to prepare a
series of stapled peptides. CD showed that most of the stapled peptides
showed a stronger tendency to form a-helix conformation (3-4 folds),
compared with the linear peptides. Protease stability analysis showed
that the stapled peptide was > 10 folds more stable than the FRATtide.
Biological evaluation showed that most of the stapled peptides inhibited
the differentiation of osteoclasts, among them FRC-2 and FRN-2 pep-
tides displayed the best inhibitory effect (Figure 18Aa).

Our team [262] used a linear peptide, FRT-0, as the template pep-
tide, and a double-bound peptide, FRNC-1 (Figure 18Ab), was designed
by introducing Ss at the i, i+4 sites. Compared to the linear peptide,
FRNC-1 showed significantly improved helical content; FRT-0 was
quickly cleared within 2 h, and no significant changes were observed in
FRNC-1 peptides after 48 h. The results showed that FRNC-1 had a lower
inhibitory concentration than FRT-0 in BMM and MSC. By analysing the
changes in serum drug concentrations after different administration
routes, we found that the concentration of FRNC-1 in the blood
increased significantly after gavage, indicating that the peptide could
enter the plasma and exert anti-osteoporotic effects. Subsequently, we
investigated the binding mode of FRNC-1 with phosphorylated GSK-3§
through structural modeling analysis. FRNC-1 exhibited a binding
pattern to the target protein that closely resembled its linear counter-
part, owing to the high sequence similarity between them (Figure 18Ab).
Notably, an additional hydrophobic interaction was observed between
the staple at the C-terminus of FRNC-1 and Val267 and I11e270 of the
target protein. This observed phenomenon likely contributes to the po-
tential for enhanced affinity of stapled peptides to their target proteins.
Our bicyclic peptide, FRNC-1, which was designed based on a bistapling
modification technique, is the first orally effective peptide drug candi-
date for the treatment of the osteoporosis.

3.6.2. Anti-osteoporosis stapled peptides based on PTH/ PTHrP

PTH;_34 is used in the clinical treatment of glucocorticoid-induced
osteoporosis and bone destruction [265,266]; however, as a linear
peptide, it is structurally unstable. The earliest structural study of PTHrP
by Chorev et al. [267] reported that the introduction of Lactam Bridge
led to enhanced biological efficacy. Based on this finding, Bisello et al.
[263] concluded that replacing the potential salt bridge formed by the
opposite charges on Lys; 3 and Asp;7 side chains with a stable covalently
lactam bond is conducive to peptide conformational stability, which will
improve a-helicity and biological activity. Using PTH (1—34) as a tem-
plate peptide, a lactam ring was synthesized between the amino acid
residues Lys and Asp at positions i and i+4 and a bi-lactam ring between
the residues. The obtained monocyclic and bicyclic stapled peptides
(Fig. 18B) were subjected to conformational analysis and evaluated for
their biological activity, which was approximately 10 folds higher in the

Table 6

Application of stapled peptides in the treatment of osteoporosis.
Template peptide The target Location Strategy Ref.
FRATtide : DPHRLLQQLVLSGNLIKEAVRRLHSR GSK-3p Intracellular All hydrocarbon [261,262]
PTH (1—34): AVSEHQLLHDKGKSIQDLRRRFFLHKLIADIHTA PTH/ PTHrP receptor Intracellular Lactamization [263]
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(A) Anti-osteoporosis stapled peptide based on phosphorylated glycogen synthase kinase-33(GSK-38)

a. Sequence alignment of linear peptides FRN-0 and FRC-0, and stapled peptides FRN-2 and FRC-2

Name Helicity
FRN-0 10.1%
FRN-0: Ac-DPHRLLQQLVLS-NH, FRN-2:
FRN-2 67.9%
FRC-0 14.4%
- FRC-2 39.5%
FRC-0: Ac-GNLIKEAVRRLHSR-NH, FRC-2: Ac-GNLIKE-NH C-VRR-NH C-HSR-NH,
o o
b. Sequence alignment of linear peptide FRT-0 and stapled peptide FRN-2
Name Helicity ty2(h)
FRT-0: Ac-DPHRLLQQLVLSGNLIKEAVRRLHSR-NH,
FRT-0 13.1% 2
FRNC-1 50.1% 24
FRNC-1: ¢ ”—HSR-NHZ
o o

(B) Sequence alignment of linear peptide PTH(1-34), and stapled peptides PTH(1-34)-Il and PTH(1-34)-1lI

PTH(1-34): AVSEHQLLHDKGKSIQDLRRRFFLHKLIADIHTA
H
N _oO
PTH(1-34)-II: AVSEHQLLHDKGKstLRRRFFLH—NHQH—CA—\E\.:I—MTA
o] o]
H H
(/' Np° {\_/' N
PTH(1-34)-lll:

AVSEHQLLHDKG—NH E—LIA-NH c
o (o]

o}

—LRRRFFLH—NH E-LIA—NH "—IHTA
o o

Name Kg(nM)

PTH(1-34)  1.0%0.05
PTH(1-34)-Il 410 + 180

PTH(1-34)-ll 2.1%0.6

The structural modeling of FRNC-1 and
phosphorylated GSK-3p t:omplexes262

Fig. 18. Stapled peptides for the treatment of osteoporosis. (A) Anti-osteoporosis stapled peptide based on phosphorylated glycogen synthase kinase-3b (GSK-3b).
Reproduced with permission from Ref.[262]. (B) Sequence alignment of linear peptide PTH (1—34), and stapled peptides PTH (1—34)-II and PTH (1—34)-IIL

sub-nanomolar range than that of the linear peptide. Monocyclic and
bicyclic stapled peptides synthesized using the lactam ring formation
method were the first cyclic PTH/PTHrP receptor agonists.

In this section, we summarize functionalized stapled peptides
developed for the treatment of osteoporosis. These peptides are classi-
fied based on their targets, including GSK-3p, PTH/PTHrP receptor, and
others. Researchers have employed various strategies, such as all hy-
drocarbon and lactamization, to design and develop these stapled pep-
tides. Among these strategies, the all hydrocarbon approach represents
the largest proportion.

3.7. Stapled peptides in the treatment of neuropathic disease

Table 7.

Autophagy is an important process of material turnover in eukaryotic
cells. Impaired autophagy can cause the aggregation of neurotoxic
proteins, which in turn results in the emergence of neurodegenerative
diseases, including Alzheimer’s disease and Parkinson’s disease [271,
272]. One of the most effective autophagy inducers is the protein
TAT-Beclin 1. However, it is too large and cannot enter cells in the
absence of multi-cationic Tat sequences [273,274]. Leila et al. [268]
determined the minimum active part of Tat-Beclin 1 by conducting a

HeLa autophagy experiment and used cysteine for stapled peptide syn-
thesis at positions i, i + 3. Stapled peptides DD6-m and DD5-o (Fig. 19A)
of beclin 1 were generated using a disulfide bond as a stapling bridge. It
has been reported that stapled peptide DD6-m can significantly induce
autophagy and remove protein aggregates, while stapled peptide DD5-o,
although slightly less potent, can form a stable a-helical conformation in
methanol and does not need to rely on Tat sequence to penetrate the cell.
The staple within DD5-o is formed by the (i, i+3) linkage between two
D-cysteines and the o-xylene group, resulting in enhanced cell perme-
ability. The smaller size and inherent cell penetration of DD5-0 make it a
promising foundation for the development of peptide and
small-molecule therapeutics. Relaxin-3 binds to the receptor RXFP3
through the B chain and plays a role in regulating appetite, mental
stress, and metabolism [275-279]. To address the fact that the RXFP3 B
chain is easily degraded by enzymes and cannot cross the blood-brain
barrier, Jayakody et al. [269] synthesised stapled peptides 14s18 and
18s22 (Fig. 19B), in which Cys residues were replaced with Ser to pre-
vent peptide oxidation and oligomerisation. CD analysis revealed that
the stapled peptide 14518 displayed a 10-fold enhancement in helicity,
compared with the unstapled peptide. The 14s18 sequence remained
unchanged after incubation with the protease, indicating good resis-
tance to degradation. Subsequently, Jayakody et al. [280] performed a

Table 7

Application of stapled peptides in the treatment of neuropathic disease.
Template peptide The target Location Strategy Ref.
Tat-Beclin 1 : YGRKKRRORRRGGTNVENATFEIWHDGEFGT Beclin 1 Intracellular Thiols are dialkylated [268]
Relaxin-3 B chain : RAAPYGVRLCGREFIRAVIFTCGGSRW RXFP3 Extracellular All hydrocarbon [269]
dynA;_;3: YGGFLRRIRPKLK KOR Extracellular Cysteine stapled [270]

25
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(A) Sequences of autophagy-inducing peptides

Tat-Beclin 1:  YGRKKRRORRRGG-TNVENATFEIWHDGEFGT

Tat-11mer:  YGRKKRRORRRGG-VENATFHIWHD DD5-o:
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(o}

///\)LV-N/\C—NA—NII-I\C-FHIWH
H & §

A stable a-helical conformation is formed in methanol without the need for Tat sequences to penetrate cells

(B) Sequences of the wild type B chain of relaxin-3 (H3 B chain) and stapled B chain of relaxin-3 (14s18 and 14s21)

H3 B chain: RAAPYGVRLCGREFIRAVIFTCGGSRW

14s21: RAAPYGVRLSGRE'u E—IRAVIF—NH ﬁ-CGGSRW 14s18:
o o

(C) Sequences of dynA4_43 and stapled peptide CSD-CHj(4 g)-NH;

dynAq.43: YGGFLRRIRPKLK ~ CSD-CHy(q,g-NH;:

/ N
G-YGGFLRR-NH C-RPKLK-NH,
o o

Name Helicity

H3 B chain  1.8%

14s18 18.5%

RAAPYGVRLSGRE—NH E—IRA—NH ﬁ—IFTSGGSRW 14s21 23.5%
o o
Name tq/2(min) K; = SD (nM)
dynAq.q3 4 0.29 +0.4

CSD-CHy(1 g-NH, 95 6.8+1.8

Fig. 19. Stapled peptides for the treatment of neurological disorders. (A) Sequences of autophagy-inducing peptides. (B) Sequences of the wild type relaxin-3 B chain
(H3 B chain) and stapled relaxin-3 B chain (14s18 and 14s21). (C) Sequences of dynA1-13 and stapled peptide CSD-CH2(; g)-NH,.

conformational analysis of peptide 14518 and found that the N-terminal
residues may be related to the optimal a-helicity of the peptide. There-
fore, they designed stapled relaxin 3 mimics (14s21 and 11s18) by using
all hydrocarbon stapling strategy in the i, i+7 position. CD results
showed that the stapled peptide 14521 effectively retained the helicity of
the relaxin-3 B chain. Intranasal administration of the stapled peptide
14s21 in rat anxiety and depression models showed superior
anti-anxiety effects to those of relaxin-3 in behavioural paradigms.
Stapled peptide 14s21 is expected to be an important tool for further
exploration of the relaxin-3 receptor system and a potential new strategy
for treating severe depression and anxiety disorders.

The K opioid receptor (KOR) is involved in emotional and cognitive
physiological processes and is broadly expressed in the peripheral and
central nervous systems [281,282]. KOR antagonists can relieve symp-
toms of anxiety, depression, or substance abuse by binding to KOR re-
ceptors. DynA;_j3 is a KOR antagonist with a short half-life and flexible
conformation, which limits its application as a druggable target. Grub-
er’s group [270] used dynA1-13 as a template peptide and cyclised it
using a cysteine stapling strategy to synthesise a stable KOR-specific
competitive antagonist CD-CHy(; 8)-NHy (Fig. 19C) to overcome the
aforementioned challenges. The plasma stability test showed that the
stability of CD-CHj (1,8)-NH3 was significantly improved, compared to
that of the linear peptide. Radioligand-binding studies showed that the
affinity of CSCD-CH3, (1,8)-NHy was approximately 12 times higher than
that of the linear peptide dynA;_13. The experimental results of the
mouse model of acute heat injury showed that CD-CHy (1,8-NHy
significantly reduced the injury. These results indicate that the cysteine
stapling strategy can improve the poor protease resistance and low ac-
tivity of linear peptides, providing a promising approach for the devel-
opment of therapeutics against KOR-related diseases.

In this section, we summarize functionalized stapled peptides
developed for the treatment of neuropathic disease. These peptides are
classified based on their targets, including Beclin 1, RXFP3, KOR, and
others. Researchers have employed various strategies, such as all hy-
drocarbon, thiol dialkylation, and cysteine stapling, to design and
develop these stapled peptides.

4. Summary and outlook

Inspired by the all-hydrocarbon peptide stapling technique

developed by Verdine et al., numerous peptide stapling strategies have
been discovered and developed to address the poor proteolytic stability
and weak membrane permeability of the linear peptides (Fig. 20). As a
result, numerous linear peptides derived from PPI-interacting interfaces,
natural peptide products and phage-displayed or in silico-designed
peptides have undergone modifications by introducing various staples
at the side chains. (Fig. 21). Stapled peptides target different signalling
pathways or exhibit different biological activities against specific dis-
eases. Herein, we comprehensively summarise the functionalised sta-
pled peptides against various diseases, including cancer, bacterial and
viral infections, inflammation, osteoporosis, and diabetes. Among the
investigated peptides, all-hydrocarbon-hydrocarbon-stapled peptides
emerged as the most prevalent approach, focusing predominantly on
cancer and viral diseases.

Although these stapled peptides showed significantly improved
proteolytic resistance and/or enhanced membrane penetration, most of
them displayed moderate and poor biological activities in vitro and in
vivo, respectively. Notably, these activities were associated with the
intravenous injection of the peptides. Stapled peptides hardly exhibit
biological activities when administered through other routes, especially
oral route, except in extremely rare cases. Therefore, these two major
weaknesses of peptides severely limit their applications in drug design,

S W

Strengths Weaknesses

+ Good efficacy and proteolytic stability
« High helicity and cell permeability

+ Strong binding affinity

+ Orally available

-« C thesi

Y P

« Tendency for aggregation

* High hydrophobicity

* Low cell selectivity

« Poor biological activity in vivo

Opportunities Threats

« New hydrophilic stapling strategy

« Combined with other peptide
modifying strategies

« Nano-particle based delivering
technique

* Prodrug strategy

+ Immunogenicity

+ Small in the clinical phase

« Price and reimbursement environment

« Increasing safety requirements for
novel drugs

Fig. 20. Analysis of the strengths, weaknesses, opportunities, and threats
(SWOT) of stapled peptides in their use as therapeutics.
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Fig. 21. Comprehensive overview of the application of stapled peptides in biological research [22].
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and more advanced and powerful stapling strategies are urgently
required. Another alternative method is to combine peptide stapling
with other peptide-modifying strategies, such as PEG modification and
glycosylation. Our team has previously shown that glycosylated stapled
peptides exhibit improved activity and reduced cytotoxicity. Another
important aspect is the delivery of stapled peptides into a specific zone
to exhibit the corresponding efficacy. Nanoparticle-based delivery
techniques are a vital solution, and peptide/nanoparticle co-assembly
and controlled release have attracted increasing attention in the pep-
tide research field. Stapled peptide-based nanoparticle co-assembly into
a specific target environment and the consequent enzyme- or pH-
triggered release is in progress in our laboratory.
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