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ABSTRACT: Protein—protein interactions (PPIs) pose challenges for intervention through
small molecule drugs, protein drugs, and linear peptides due to inherent limitations such as
inappropriate size, poor stability, and limited membrane penetrance. The emergence of stapled
a-helical peptides presents a promising avenue as potential competitors for inhibiting PPIs,
demonstrating enhanced structural stability and increased tolerance to proteolytic enzymes.
This review aims to provide an overview of metal-free stapling strategies involving two
identical natural amino acids, two different natural amino acids, non-natural amino acids, and
multicomponent reactions. The primary objective is to delineate comprehensive peptide
stapling approaches and foster innovative ideation among readers by accentuating
methodologies published within the past five years and elucidating evolving trends in stapled
peptides.
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1. INTRODUCTION commonly situated on the interfaces of PPIs, so it is possible to
reasonably design a-helical peptides that disturb such PPIs.’
In recent years, alongside the numerous classical cyclization
strategies, significant progress has been made in new stapling
strategies such as bicyclization, photoisomerization, reversible
cyclization, ultra-rapid cyclization, etc., some of which even
realize the stapling and further late-stage functionalization

The regulation of various life processes in living organisms is
achieved through protein—protein interactions (PPIs). Due to
the expansive interface of PPIs, it is challenging for small-
molecule drugs to efliciently and selectively target and
intercept the interaction." Therefore, biologics such as proteins

and peptides, with heightened protein binding affinity, have simultaneously. With the idea of green chemistry becoming
garnered attention as effective pharmaceuticals for PPI more deeply ingrained in the consciousness of people, the
inhibitors. However, protein drugs encounter difficulty in metal-free cyclization is gaining increasing popularity. This
passing through the cell membrane successfully and act on the review will focus on metal-free stapling strategies based on two
extracellular target exclusively, without direct access to identical natural amino acids, two different natural amino acids,
intracellular targets. The size of short-chain peptides falls non-natural amino acids, and multi-component reactions.
between small molecules and large proteins, and their Therefore, strategies involving the metal catalysis such as C—

H activation are not included. Particularly, emphasis will be

conformational structure is simpler.” Nevertheless, their
placed on the progress made over the last five years.

limited structural stability in aqueous solution, subpar protease
tolerance in vivo, and poor membrane penetrance restrict their
application in the field of medical treatment. Consequently,
researchers are pursuing a new type of drug exhibiting ideal

2. TWO IDENTICAL NATURAL AMINO ACIDS
INCORPORATED STAPLING STRATEGIES

membrane penetration ability and stability. 2.1. Cys-Cys Stapling. Natural amino acids containing
Cyclic peptides are anticipated to emerge as potential modifiable active functional groups such as amines, hydroxyls,

competitors for PPI inhibitors, which exhibit more stable sulthydryls, carboxyls, etc., can be directly used as binding sites

structures and enhanced proteolytic enzyme tolerance in peptide stapling. Moreover, they are easily obtainable

compared to linear peptides,” and demonstrate more effective

interactions with targets. Depending on the sites of cyclization, Received: December 26, 2023 LM

the strategies for forming cyclic peptides can be categorized Revised:  May 9, 2024 :

into head-to-tail, head-to-side chain, side chain-to-tail, and side Accepted: May 13, 2024

chain-to-side chain cyclization. The latter plays a key role in Published: June 11, 2024

achieving secondary conformations (a-helices or f-sheets)

necessary for creating “stapled peptides”.* The a-helices are
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Scheme 1. Late-Stage Cys-Cys Stapling Strategies
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commercially, which avoids the need for complicated chemical
or biological synthesis. Among 20 common natural amino
acids, the sulfhydryl group of cysteine (Cys) exhibits great
nucleophilicity, while the frequency of cysteine in peptide and
protein sequences of vertebrates is only 3.3%.” The utilization
of amino acids with low abundance as anchoring residues is
intended to improve specificity and reduce unwanted side
reactions. Furthermore, to functionalize the stapled peptides, a
variety of groups such as fluorophores and biotins are designed
to modify the cross-linkers.

The modification of cysteine is mainly dependent on
electrophilic reagents, such as halides of alkanes or aromatics
(SyAr), alkenes, maleimides (Michael acceptors), etc. In the
initial phase, numerous alkylation reagents have been gradually

594

developed, including alkyl bromides/iodides and allyl
bromides. Wang et al. reported a thiol—ene reaction between
the sulthydryl groups of cysteine residues and a diene on an
unprotected peptide to achieve cyclization and helicity.® This
approach complemented the classical ring-closing metathesis
(RCM) method without the use of unnatural amino acids or
metal-based catalysts.

However, compared to the flexible alkane, a rigid aromatic
ring is more conducive to stabilizing the helical conformation
of peptide chains, and thus it appears more commonly in
diverse linkers. Timmerman et al. used symmetrically
substituted bromomethylbenzene as a linker to complete the
rapid cyclization of sulthydryl groups in less than 15 min at
room temperature.7 At the same time, the multi-substituted

https://doi.org/10.1021/cbe.3c00123
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Scheme 2. Representative Examples of Lys-Lys Stapling Strategies
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bromomethylbenzene can realize stapling at three sites to form
bicyclization, which is suitable for linear peptides ranging from
2 to 30 amino acids long with the side chains unprotected. On
this basis, Lin and coworkers developed bisarylmethylene
bromides as i, i+7 Cys cross-linkers.® The rigidity and
hydrophobicity of the biaryl group and the increased helicity
effectively improve the membrane penetration of the peptides.
Pentelute and coworkers modified an unprotected cysteine
mercaptan with perfluorinated aromatic compounds (SyAr) at
room temperature in polar organic media, exhibiting great
selectivity.” Compared with linear peptides, stapled peptides
show stronger protease tolerance and cell permeability. These
improvements in biophysical properties are likely to be
attributed to the lipophilicity and rigidity of the perfluorinated
aromatic linkers. Derda et al. used sulfonic acid groups to
couple two perfluorobenzenes as linkers, with a reaction rate of
up to 180 M™' 57, good stability at pH = 7.4, and excellent
specificity and biocompatibility with polyprotein complexes."

In recent years, an increasing number of researchers have
dedicated themselves to developing aromatic ring coupling
reagents with multiple functions, high reaction rates, and good
stability. For example, a class of N-phenyl-divinyl sulfonamides,
which can be inserted into disulfide bonds of peptides has been
reported, and functional groups such as fluorophores and drug
molecules can be also introduced into N-phenyl-divinyl
sulfonamides via the hydroxyl group on the phenyl ring.''
Wang and coworkers reported a highly chemically selective and
bifunctional bioconjugation reagent 1,4-dinitroimidazoles (1,4-
DNIms) for peptide macrocyclization (Scheme 1A)."*> The
conjugation between 1,4-DNIms and cysteine thiols is
achieved in seconds via the cine-substitution mechanism. The
nucleophilic addition of thiol groups occurs on C-S of 1,4-
dinitroimidazoles with N1-nitro as the leaving group, and the
obtained cysteine-(4-nitroimidazole) bond is significantly more
stable than the commonly used maleimide conjugate. Lipka et
al. used a variety of sulfone-activated pyridinium salts in a 25
°C, pH 7.0 aqueous buffer to promote electrophilic cysteine
arylation at extremely high rate constants ranging from 9800 to
320,000 M~1s™L"® which exhibited excellent selectivity and
allowed for ultra-rapid stoichiometric bioconjugation of
micromolar cysteines (Scheme 1B). Gao et al. reported that
the chlorooxime-cysteine conjugation had an apparent k, of
306 + 4 M~ s7,'* and utilized this rapid conjugation for Cys-
Cys crosslinking by synthesizing bis-chlorooxime derivatives.
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One year later, they applied this strategy to construct bicyclic
peptides with a Cys-Cys-Lys, Lys-Lys-Cys, or Cys-Cys-N-
terminus stapling pattern, which proceeded rapidly under
physiological conditions (Scheme 1C)."> With stronger
conformational rigidity and metabolic stability compared
with linear or simple disulfide cyclic peptides, bicyclic peptides
are demonstrated to have enormous potential for inhibiting
PPIs. Another example is complex bicyclic peptides with high
yield prepared by Nitsche et al. through a selective reaction of
1,2-aminothiols and 2,6-dicyanopyridine at the N-terminus of
the peptide chain,'® which can be automated using standard
solid-phase peptide synthesis. The bicyclic peptides exhibit
conformational preorganization, plasma stability, and high
target affinity (Scheme 1D).

Upon external stimuli such as light, heat, or chemical
reactions, some cross-linking agents can release peptide chains
to relieve the helical conformation and thus control the peptide
activity. For example, Kumita et al. designed a short peptide
crosslinked by a photoisomeric fragment of azobenzene.'”
With appropriate wavelength and intensity of light, the
isomerization of azobenzene crosslinkers from trans- to cis-
form can be reversibly driven to control the conformation of
the peptide. Zhang et al. increased the water solubility of the
peptide by introducing sulfonic acid groups to azobenzene.'®
However, this method cannot achieve a complete 100%
transformation of azobenzene conformation. Brown et al
bridged two cysteines with dichlorotetrazine to construct cyclic
peptides via solid-phase peptide synthesis.'” The restricted
conformation is released upon the irradiation (355 or 410 nm)
of §,S-tetrazine chromophore, generating two thiocyanates and
molecular nitrogen on the ps time scale and realizing the local
conformational recombination of peptides (Scheme 1E). Wan
and coworkers introduced a light-mediated strategy based on
2-nitroveratryl (oNv), which served as a photocaging group
and an oxidant after photolysis.”” The irradiation of oNv-caged
thiols with UV light releases free thiols, which are oxidized by
side product nitrosoarene (Scheme 1F).

The chemical stimulus that unravels the ring structure
mainly refers to the upregulated glutathione (GSH) or reactive
oxygen species (ROS) within the tissues or cells. Pei et al.
reported a reversible bicyclization strategy, which involved
forming two disulfide bonds to transform the CPP-cargo fusion
into a bicyclic structure.”’ Outside the cell, highly restricted
bicyclic peptides possess good membrane penetration and
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Scheme 3. Reversible Lys-Lys Stapling via Dual 1,4-Elimination
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proteolytic stability to make them pass through the cell
membrane. After entering the cytosol, the S—S bonds are
reduced by intracellular GSH and release the linear peptides
with biological activity (Scheme 1G). Jiang et al. utilized a dual
difunctional reaction between dialkynyls and phthalimidosul-
fenyl chloride to construct a reversible Cys-Cys linker.”” The
difunctional reagent with dual leaving groups (Cl™ and
PhthN™) was easily obtainable. Additionally, the cleavage of
disulfide bonds by GSH was achieved in vitro (Scheme 1H).

2.2, Lys-Lys Stapling. The nucleophilic lysine (Lys) is
abundant in peptides and proteins, the frequency of which in
vertebrates is 7.2%,” and it has good reactivity to achieve
alkylation and arylation. Inouye and coworkers introduced a
series of crosslinking agents, featuring acetylenic cores and
oxyethylene spacers of different lengths.”> These agents
demonstrated a superior balance of rigidity and flexibility
compared to traditional crosslinking agents, which are solely
composed of alkyl or oxyethylene frameworks. Pentelute et al.
reported a mild macrocyclization methodology by SyAr on Lys
residues of unprotected peptides.”* The N-arylation of Lys is
achieved via the perfluorosulfone (Scheme 2A) obtained by
oxidization of the perfluorosulfide. An electron-withdrawing
sulfonyl group introduced at the para position of the aromatic
hydrocarbon causes the negative charge in the Meisenheimer
complex to delocalize, thus effectively promoting SyAr.

Positively charged arginines and lysines in antimicrobial
peptide sequences can enhance membrane permeability, but
lysine N-arylation can reduce the positive charge. To
circumvent the effect of arylation on the charge, Zhang et al.
stapled two lysine residues on the hydrophilic face of
amphiphilic antimicrobial peptides through the N-alkylation
reaction,” offering a chemical tool for the development of
cationic antimicrobial peptides (CAMPs)-based antibiotics,
which exhibit potent high resistance to proteolysis and
antimicrobial activity.

In an initial study of the classic ortho-phthalaldehyde
(OPA)-amine-thiol condensation reaction, the Chen group
observed that under mild aqueous conditions, OPA could
readily condense with two primary alkyl amines in the absence
of thiols, yielding a type of isoindoline-1-imine compounds.*®
Based on the intramolecular OPA-2amine reaction, a method-
ology with high efficiency and selectivity was developed to
staple two amino groups of the unprotected peptides. The
macrocyclization reactions of the selected substrates could be
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completed within 10 seconds at S mM concentration, and
within 2 min at 50 uM concentration (Scheme 2B). In the
same year, Chen et al. constructed complex macrocyclic
peptides with novel topologies through three-component
condensation reactions of primary amine, formaldehyde, and
guanidine.”” The macrocyclization reaction is feasible in both
organic and aqueous media and demonstrates high selectivity
and effectiveness (Scheme 2C).

The reversible peptide stapling has also come true on the
Lysine-based cyclization. For example, the Wan group
introduced a methodology comprising the Lys-Lys staplin§
and the decyclization facilitated by dual 1,4-elimination.”
They achieved temporary cyclization of a peptide inhibitor
targeting the lysine-specific demethylase 1 (LSD1) to bolster
its stability and cell membrane permeability. Once inside the
cell, the linear peptide with biological activity is released under
a reductive environment (Scheme 3).

2.3. Glu-Glu Stapling. For the coupling between two
glutamates (Glu), McDowell et al. initially utilized Boc-SPPS
and connected them with suitable diaminoalkane as the linker,
and the stapled peptide showed high helicity.”” Pentelute et al.
synthesized two y-allyl esters-protected Glu residues on the
resin, then selectively removed the protective groups, and
formed two y-hydrazide residues after hydrazination and
cracking.” The C-terminal peptide hydrazine is oxidized by
sodium nitrite to obtain the corresponding acyl azide, followed
by Curtius rearrangement to produce isocyanates, which react
with various external nucleophiles, such as hydrazine, aromatic
thiols, and hydroxylamine. By stapling two glutamic acids
rapidly through a reaction between nitroalkanes and aldehydes,
Raj et al. demonstrated the efficiency and selectivity of
nitroalkanes in bioconjugation reactions.’’ These compounds
can be easily incorporated into various proteins using chemical
and biochemical methods (Scheme 4).

2.4. Met-Met Stapling. Methionine (Met) has a lower
frequency (1.8%) relatively and weaker reactivity for stapling,”
however, certain studies have explored the stapling of two Met
residues. The Li group reported a reversible peptide stapling
method via methionine bis-alkylation/dealkylation (Scheme
5), and the cyclic peptides could be reduced to release linear
peptides in cellular environments.*> Two additional positive
charges are generated during the dialkylation of Met, which
can improve the cell membrane permeability of the stapling
peptides. In addition, this method is compatible with all amino
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Scheme 4. Glu-Glu Stapling Using Nitroalkanes as Linker
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acids and different loop sizes. Subsequently, they formulated
HBx-derived constrained peptides using this macrocyclization
approach, which showed improved cell permeability and
binding affinity.*

2.5. Trp-Trp Stapling. Due to the low relative abundance
of tryptophan (Trp) within protein structures (approximately
1%), Trp residues are suitable for modification, functionaliza-
tion, and derivatization.” However, achieving activation of the
aromatic scaffold of Trp under metal-free conditions is
challenging. Mahalakshmi and Makwana utilized trifluoroacetic
acid (TFA) to cleave the peptide from the resin and staple two

Trp residues of the peptide simultaneously (Scheme 6A).**
Johannes et al. used an aldehyde via the acid-mediated
concomitant condensation reaction to staple two Trp residues
at the C2 position of the indole groups (Scheme 6B).>> The
Perrin lab recently disclosed a chemoselective stapling of the S-
hydroxypyrroloindoline (Hpi) with either a cysteine-thiol or a
tryptophan-indole to form a tryptathionine or 2,2'-bis-indole
cross-link by using different protecting groups (Scheme 6C).*

2.6. Tyr-Tyr Stapling. Zhang et al. developed a novel
method for linking two tyrosines (Tyr) with 1,3,5-triazine-2-
chloride and amines as cyclization reagents (Scheme 7). By
applying this method to staple the RGD peptide (an Arg-Gly-
Asp peptide), the integrin-targeting ability and plasma stability
of the peptide were significantly improved.

3. TWO DIFFERENT NATURAL AMINO ACIDS
INCORPORATED STAPLING STRATEGIES

3.1. Lys-Asp Stapling. Coupling Glu or aspartic acid
(Asp) with Lys represents one of the earliest stapling strategies
through lactam formation. Although the natural abundance of
Lys and Asp is high (7.2% and 5.9% respectively), different
protective group strategies in peptide synthesis make specific
cyclization possible.” Up to now, there have been three main
strategies for Lys-Asp stapling: lactamization, coupling with
linkers, and Ugi reaction. As early as 30 years ago, Felix et al.
coupled Asp and Lys via lacamide bonds on Boc-SPPS,** and
later prepared the cyclopeptides of double and three
cycles.”” ™" Yu and Taylor achieved the coupling of i, i+7
positions by dilactamization,* and introduced the benzene
ring into the linker to enhance rigidity and increase the helix
stability of the peptides.*’ The comparison of multiple stapled
peptides with linear peptides showed that lactam bonds could
significantly enhance helix stability. The four-component Ugi
reaction (Ugi-4CR) has been reported early for the head-to-tail
cyclization of peptides, and the side chain-to-side chain

Scheme 6. Representative Examples of Trp-Trp Stapling Strategies
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Scheme 7. Tyr-Tyr Stapling via Triazine
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Scheme 9. Representative Examples of Cys-Lys Stapling Strategies
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cyclization has followed closely on its heels.**”** This multi-
component reaction will be described in detail in Chapter S.

3.2. Lys-Tyr/Arg Stapling. Using an aldehyde to achieve
intramolecular crosslinking of Lys with adjacent nucleophilic
residues is a new method for stapling. Chen and his group
stapled lysine residues and nearby tyrosine (Tyr) or arginine
(Arg) residues with formaldehyde (Scheme 8).*” The reactions
are efficient and selective under mild conditions.

3.3. Cys-Lys Stapling. Brunel and Dawson presented a
direct synthesis through thioether ligation between thiols and
bromoacetyl groups, and the obtained stapled peptides showed
greater homogeneity compared to the corresponding lactam
peptides.*® In 2019, Li’s group and Perrin’s group respectively
employed the three-component reaction of OPA-amine-
sulthydryl to achieve Cys-Lys stapling (Scheme 9A).**°

598

Exogenous phthalaldehyde (OPA) can be linked to lysine
and cysteine by imide formation, mercaptan addition,
aromatization, and dehydration condensation with amino and
mercaptan to form isoindole. Raj et al. reported another
example of an aldehyde-mediated Cys-Lys stapling strategy
through a Furan-Thiol-Amine (FuTine) reaction. The thiol
and amine are linked through a furan-based electrophile to
yield the pyrrole heterocycle (Scheme 9B).>"

Lu and colleagues linked Lys (i) and Cys (i+4) of
unprotected peptides based on the dithiocarbamate chem-
istry.”> The Cys residue is eliminated by oxidation, generating
the corresponding dehydroalanine (DHA), which then reacts
with the amino of Lys residue via the carbon disulfide (CS,)
(Scheme 9C). The Diels-Alder reaction has also been applied
in Lys-Cys cyclization. Moellering et al. confirmed that Diels-

https://doi.org/10.1021/cbe.3c00123
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Scheme 10. Representative Examples of Cys-Trp/Tyr Stapling Strategies
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Alder cyclization occurred rapidly with high yields in different
diene-dienophile reactive pairs, and exhibited tunable stereo-
chemical preferences in both solid-phase and aqueous
solutions.> Waser et al. developed hypervalent iodine reagents
for Cys-Cys or Cys-Lys stapling and produced various
thioalkyne linkers.”* Besides, the amidation of an activated
ester or the cycloaddition onto the formed thioalkyne group
could achieve the post-stapling modification.

3.4. Cys-Trp/Tyr Stapling. In nature, tryptathionine only
exists among representatives of two death-cap toxins, amanitin,
and phalloidin, which are produced by the death cap
mushroom Amanita phalloides. Phallotoxin and amatoxin are
toxic bicyclic cyclopeptides with a tryptathionine thioether
bridge, and their synthesis has received wide attention.”> A
significant obstacle in synthesizing the bicyclic peptide
structure of amanitin is the tryptathionine-based 6-hydroxy-
tryptathionine-(R)-sulfoxide cross-link. There are several
synthetic routes to staple the Cys and Trp. One way is
utilizing the Savige-Fontana reaction®”*” by a 3a-fluoro-
hexahydropyrrolo-[2,3-b]indoline (Fpi)-derivative or an a-
hydroxy-pyrrolo[2,3-blindole (Hpi)-derivative’*™®" as the
reactive Trp intermediate. Nevertheless, complex synthesis
steps are needed to prepare suitable building blocks and
intermediates in these methods. Another is utilizing an
electrophilic rea(gent derived from cystelne, such as S-
chlorocysteine,”>** or S-iodocysteine,”*~* to achieve electro-
philic substitution of the indole.

In 2018, the Perrin lab reported the first total synthesis of a-
amanitin and conquered the major challenge of constructing
the 6-hydroxy-tryptathionine sulfoxide bridge via a Savige-
Fontana-type reaction.”” To avoid harmful oxidants in the
synthesis of Hpi/Fpi, Miiller et al. developed a facile scalable
synthetic route towards a-amanitin via a photochemical
synthesis of the tryptathion precursor, solid-phase synthesis,
and macrolactamization.”’ In 2019, Siissmuth et al. presented
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the first total synthesis of the toxin phalloidin based on
Molecular-dynamics simulations (MD) calculations, and an
enantioselective synthesis of (2S,4R)-4,5-dihydroxy-L-leucine
(DHLeu).”® Subsequently, they adopted a [S+1+2]-synthesis
strategy, in which the thioether bond was performed, and
achieved total synthesis of a-amanitin in the solution phase
(Scheme 10A).°® The iodine-mediated macrocyclization of
Cys-/Trp-containing peptides was reported in a later study,
leading to the total synthesis of @-amanitin and analogs
(Scheme 10B).%

The Akira Otaka group investigated the applicability of a
novel umpolung electrophile: S-p-methoxybenzyl Cys sulfoxide
(Cys(MBzI)(O)).67 In the reaction between Cys(MBzl)(O)
and Trp to form Cys-Trp thioether bonds, strong acids such as
trifluoromethanesulfonic acid (TFMSA) or methanesulfonic
acid (MSA) are required in the presence of guanidine
hydrochloride (Gn-HCI) to activate sulfoxides, generating
electrophilic Cys derivatives that bind to indole through
aromatic electrophilic substitution. In a further research, they
reported that S-Acetamidomethyl cysteine sulfoxide (Cys-
(Acm)(0)) could selectively make C—H sulfenylation of Tyr
or Trp under suited acidic conditions (Scheme 10C).*® The
amide of the Acm group and the sulfoxide will achieve
protonation by the acidic trimethylsilyl trifuluoromethanesul-
fonate (TMSOTY), resulting in the formation of a dicationic
species which selectively reacts with Tyr, whereas the S-
chlorocysteine allows Trp-selective sulfenylation in the
presence of Gn-HCL

3.5. Cys-Met Stapling. After developing Met-Met linkage,
Li et al. reported a macrocyclization method between
methionine and cysteine via the reaction w1th d1 -alkylating
reagents, such as 1,3-bis(bromomethyl)benzene.”” Inspired by
the specific reactivity of the sulfonium center, they developed
another thiol—yne type reaction triggered by the sulfonium
center.”” After the propargylation of thiolethers, the obtained
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Scheme 11. Cys-Met Stapling through a Facile Thiol—Yne-Type Reaction
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sulfonium can easily react with thiols at room temperature in
an aqueous medium. The reaction was applied to staple
adjacent Met and Cys in unprotected peptides, constructing
cyclic peptides with better glutathione resistance and
membrane permeability (Scheme 11).

4. NON-NATURAL AMINO ACIDS INCORPORATED
STAPLING STRATEGIES

The utilization of natural amino acids as anchoring points is
restricted due to the requirement for selective orthogonal
protection. Hence, diverse non-natural amino acids-involved
stapling strategies have been designed. Among these strategies,
the RCM and click orthogonal reactions are the most
extensively employed. Since RCM involves metal-catalyzed
activation of C—H bonds, it is not within the scope of this
paper. The Cu'-catalyzed azide—alkyne 1,3-dipolar Huisgen
cyclo-addition (CuAAC) is a typical representative of the click
reaction, which requires the formation of w-azido- and w-yl-a-
amino acids to form triazole ligation with metal Cu'. However,
through the exploration and optimization of reaction
conditions, an eco-friendly route of metal-free catalysis has
been discovered, which will be elaborated upon in the
subsequent section.

4.1. SPAAC. Strain-promoted azide—alkyne cycloaddition
(SPAAC) can be extensively applied in biological systems as a
substitute for CuAAC due to the mental-free stapling
technique. Its core lies in the utilization of a high-energy,
strained cyclooctyne molecule as the driving force for the
reaction. In 2015, SPAAC was reported by Spring and
coworkers as a novel stapling technique based on a
Sondheimer dialkyne (Scheme 12A).”" This in situ approach

e@e
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Scheme 12. Improvement of Linker in SPAAC Stapling
\
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can be performed directly in cell culture and allows screening
for cell-active stapled peptides in a parallel high-throughput
format. However, the biological application of the Sondheimer
dialkyne is limited by poor water solubility and aqueous
stability (7,/, ~10 min at pH = 7.4).”> To improve the above
inherent shortcomings of the dialkyne, meta-trimethylammo-
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nium substituted Sondheimer dialkyne was developed with
better water solubility, stability, and azide-reactivity (Scheme
12B).”> In another experiment, Spring et al. synthesized a
cross-linking reagent featuring a diarylethene (DAE) core and
two strained cyclooctenes.”* As a result of the additional strain
imposed on the cyclooctyne rings by the fused thiophene rings,
the cyclohexene ring exhibits a high degree of reactivity
towards azides.

4.2. Sec-Sec Stapling. In comparison to cysteine,
selenocysteine (Sec) demonstrates higher reactivity, making
rapid Sec-Sec stapling of unprotected peptides under mild
aqueous conditions possible. Sec has a higher side chain acidity
than Cys and is more likely to react with electrophilic alkanes
(PK,(sec) = 5:2-5.6; PK;(cys) = 8.2).”° Fairlie et al. discussed the
ability of linkers with diverse sizes, rigidity, and hydrophobicity
to staple two Sec residues.”®

4.3. Mpc-Mpc Stapling. To modify the triple helix
structure of collagen (Pro-Hyp-Gly), peptide, Renner et al.
incorporated (25,4S)-mercaptoproline (Mpc), an unnatural
amino acid containing sulthydryl, into the peptide sequences
and linked it with a diiodo azobenzene derivative.”” The
stability of the triple helix structure is regulated by the light-
controlled cis-trans isomer of the azobenzene-derived chromo-
phore.

4.4. Others. Fluoroacetamide as an unnatural amino acid
side chain is also used in stapling strategies (Scheme 13A).”
With benzenedimethanethiol linkers, the fluorine-thiol dis-
placement reaction (FTDR) could selectively proceed in the
presence of intrinsic cysteines. The results showed that the
cellular uptake capacity of peptide analogs stapled by FTDR
was 3 to 9 times higher than that of peptide analogs stapled by
hydrocarbons.

Nitsche and Morewood introduced a biocompatible stapling
strategy utilizing the reagent 2,6-dicyanopyridine and a
pseudo-cysteine amino acid (Scheme 13B).”” This coupling
reaction undergoes at physiological pH in aqueous solution
and is orthogonal to side chains of natural amino acid, allowing
it to be directly used for biochemical analysis.

5. MULTICOMPONENT PEPTIDE STAPLED
REACTIONS

Multicomponent reactions (MCR) introduce conformational
constraints in short and medium-sized peptide sequences while
allowing for diverse skeletal modifications of additional
components as needed during the cyclization process.**
MCR strategies include three-components reactions such as
Strecker,®® Passerini,®’ A3-cou ling, % Petasis,*** and the Ugi
four-component reaction.*”®>*® The latter two, which are the
most popular MCR strategies, will be discussed in this chapter.

5.1. Ugi-4CR. The Ugi four-component reaction (Ugi-
4CR), featuring the condensation of a primary amine, an
aldehyde, a carboxylic acid, and an isonitrile to produce an a-
aminoacyl amide, has been widely applied in various fields of
chemistry.”” In 2015, Rivera demonstrated that Ugi-4CR can
be applied for peptide side chains stapling, resulting in cyclic
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Scheme 16. Petasis Reaction for Peptide Stapling
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peptides with a tertiary lactam bridge (Scheme 14A).*
Afterwards, Rivera and coworkers completed the peptide
macrocyclization based on the Ugi reaction on resin for the
first time.** The isocyanide used in the Ugi-4CR stapling
strategy allows for the modification of sugars, lipids, fluorescent
labels, and other components. Besides, they explored the
conformation of various stapling combinations, such as the
diacid/diisocyanide, the diacid/diamine, and the diamine/
diisocyanide combination, to find the applied range of double
Ugi multicomponent stapling approach (Scheme 14B).** The
research showed that the type of bifunctional combination, as
well as the properties and flexibility of the linker, could affect
the helicity of any structural conformation. Bernardes and
coworkers combined the isonitrile-tetrazine (4+1) cyclo-
addition and the Ugi-4CR to produce pyrazole amide
derivatives and used them as a tool for peptide modification
and stapling.”’

Ugi-Smiles is a derivative reaction of Ugi-4CR, using 2-
nitrophenol or 4-nitrophenol as an electron-deficient phenol
instead of the carboxylic acid component in conventional Ugi-
4CR, to condense with primary amines, aldehydes, and
isocyanides to produce tertiary nitroaniline. The application
of Ugi-Smiles to Lys-Tyr stapling can also introduce functional
groups through isocyanides (Scheme 15).%

5.2. Petasis Reaction. The Petasis reaction involving
aldehydes, amines, and boric acids, exhibits good functional
group tolerance and compatibility under physiological
conditions. Rivera’s group pioneered applying the Petasis
reaction in peptide labeling and stapling (Scheme 16A).** This
method not only produces stapled peptides with rigid aromatic
linkages but also allows for the derivatization of peptides by
incorporating sugars, fluorescent labels, steroids, lipids, etc.

Considering that the tryptophan residue is an amine-
containing heterocycle, Krajcovicova and Spring combined
the Petasis reaction with Trp modification and proposed a
peptide stapling method suitable for solution and solid phase
(Scheme 16B).”” The cyclization exhibits strong functional
group tolerance, suitable for peptides containing a C-terminal
acid and an amide. Before this, the application of tryptophan in
peptide stapling was mainly limited to transition metal-

catalyzed reactions, photochemical C—H activation, or
benzaldehyde bridge condensation at the C2 position.”

6. CONCLUSION

In conclusion, peptide stapling stands out as one of the most
effective methods to control the conformation of peptides.
This technique enables the adjustable constraint of the
peptides’ secondary structure, thereby significantly enhancing
stability, membrane permeability, and resistance to enzymatic
degradation. By coupling specific amino acid residues through
appropriate orthogonal reactions and meticulously construct-
ing linkers, peptide stability is achieved. Additionally, the
incorporation of nonproteogenic amino acids into the peptide
chains enhances the selectivity of cyclization reactions.
Throughout this process, various conjugation strategies have
emerged, offering substantial potential for investigating protein
interactions, identifying drug targets, and developing novel
drug candidates. These advancements demonstrate significant
promise for widespread application in biomedical and chemical

fields.
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