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Introduction 

The increased use of new modalities to modulate biological systems opened access to 
new classes of targets and encouraged the establishment of novel strategies for ligand 
design. The term of new modalities comprises molecular structures such as peptidic 
scaffolds, oligonucleotides, hybrids and conjugates, which can contain small molecule 
entities.1 Their development pursues to combine the advantages of small molecules 
and biologics,2 which are predominantly used in chemical biology and medicinal 
chemistry to date.3 Small molecules are mostly compounds with a molecular weight 
below 500 Da.4 They generally show good membrane permeabilities and high 
stabilities under physiological conditions.5,6 However, their narrow structural diversity 
limits their ability to address featureless interaction surfaces.7 Biologics 
(MW > 5000 Da) on the other hand appear to engage even large and shallow binding 
sites with high potencies and selectivities. Yet, their application is often restricted to 
extracellular targets due to their poor cell permeabilities.2,8 In this regard, peptide-
based compounds gained increasing interest as selective ligands for challenging 
targets. Peptides are particularly promising to address protein-protein interactions 
(PPIs) as they can be derived from the binding motif of an interacting protein in a 
structure-guided design.9–11 In addition to this rational approach, library-based 
strategies such as phage display have proven successful to identify peptidic ligands by 
high throughput screenings of randomized peptide libraries.12 However, this approach 
is not further emphasized in this thesis. A major bottleneck of peptides is given by 
their common lack of membrane permeability.13 Furthermore, short unmodified 
peptide sequences reveal a high flexibility in solution, which renders them prone to 
proteolytic degradation and lowers their target affinity due to an entropic penalty 
upon target binding.14 Various chemical modifications have been developed to 
overcome these drawbacks including the introduction of  non-natural amino acids, 
backbone modifications and macrocyclization.15,16 These methods are often applied to 
constrain the bioactive conformation of peptide-based ligands, thereby reducing the 
molecular flexibility and entropic penalty during binding processes.17 In particular, 
peptide stapling is a commonly used strategy for macrocyclization of linear peptide 
sequences. This approach generally describes the formation of a covalent tether 
between two amino acid side chains and is specifically designed to stabilize α-helical 
secondary structures.18 Stapled peptides are known to reveal an improved target 
affinity, proteolytic stability and some examples even exhibit an enhanced cell 
permeability compared to their linear counterparts.19–22  
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Peptide stapling strategies 

Peptide stapling can be divided into two distinct approaches involving either one or 
two components during the crosslinking step (one component peptide stapling (1-CPS) 
and two component peptide stapling (2-CPS), respectively). In 1-CPS, macrocyclization 
is achieved through an intramolecular reaction between two amino acid residues 
harboring functional groups with controllable reactivity.23 In this regard, terminal 
alkene moieties appeared to be useful as bio-orthogonal functional groups that 
undergo ring-closing olefin metathesis (RCM) reactions using a ruthenium-based 
catalyst.24,25 This method was first applied by the group of Gregory Verdine to crosslink 
α-methyl, α-alkenyl containing amino acids resulting in so-called “hydrocarbon stapled 
peptides”. Both the crosslink and the α-methyl groups stabilize peptides in an α-helical 
secondary structure (Figure 1A).26,27 

 

Figure 1: Selected structures of 1-component (top) and 2-component (bottom) peptide stapling 
methods designed to stabilize α-helices; A) Hydrocarbon stapled peptide generated through RCM; 
B) Thioether bridge introduced through a radical-mediated thiol-ene reaction; C) Photoswitchable 
azobenzene linker introduced by cysteine alkylation; D) Sondheimer diyne-based bis(triazolyl) tether 
introduced through SPAAC. 

Among proteinogenic amino acids, cysteine offers the opportunity to conduct 
chemoselective reactions due to its exclusive thiol functionality.28 Based on this fact, 1-
CPS methods have been established by formation of a disulfide bridge between two 
thiol-containing residues.29 Furthermore cysteines can be employed in radical-
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mediated thiol-ene reactions yielding thioether crosslinks with an increased stability 
compared to disulfides (Figure 1B).30 

In contrast to 1-CPS, 2-CPS methods involve an external component that 
mediates the cyclization between two amino acid side chains and allows to introduce 
additional functional groups.23 Cysteine alkylation is a commonly used 2-CPS strategy 
and can be even performed on recombinantly expressed peptides.31 In this regard, 
cysteines were employed to introduce a photoswitchable azobenzene linker, which 
facilitates a photocontrollable cis-trans isomerization of the central azo-moiety, 
thereby changing the peptide conformation (Figure 1C).32 Orthogonal to thiol-based 
chemistry, non-natural amino acids with terminal azide- and alkyne-modifications 
were applied to CuI-catalyzed 1,3-dipolar cycloadditions (CuI-catalyzed Azide-Alkyne 
Cycloaddition, CuAAC) under formation of triazole functionalized peptide bridges.33 
Using the Sondheimer diyne or a suitable derivative as external component allows 
metal-free, double strain-promoted azide-alkyne cycloadditions (SPAAC) by 
crosslinking two azide-containing amino acid side chains of a linear peptide (Figure 
1D).34,35 

Staple as potential interaction site 

In both 1-CPS and 2-CPS strategies, stapled peptides are typically designed to expose 
the crosslink on a non-interacting face of the α-helical precursor. This structural 
arrangement is supposed to prevent interference with the target engagement.36 
However, to date a limited number of stapled peptides has been reported to reveal 
productive interactions between their non-natural tether moiety and a binding 
partner.  

The first example of a crosslink-mediated target interaction was published by 
Stewart et al. in 2010. This study aimed for the development of hydrocarbon stapled 
peptides as inhibitors for the human, anti-apoptotic protein MCL-1 (Myeloid Cell 
Leukemia 1 differentiation protein), which serves as potential drug target in anti-
cancer therapies.37 In an initial inhibitor design, peptides were derived from the MCL-
1–binding sequence of BCL-2 domains, whereas non-interacting residues were 
replaced by crosslinking amino acids yielding peptide SAHBA (Stabilized Alpha-helix of 
BCL-2 domains, staple position A). Further screening for staple positions provided the 
cell permeable derivative SAHBD showing the highest target affinity within the tested 
series. A crystal structure of SAHBD in complex with MCL-1 visualized direct contacts of 
the hydrocarbon tether with the periphery of the binding groove. Furthermore, the α-
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methyl group of one crosslinking residue appeared to occupy a cavity on the protein 
surface. The hydrocarbon modification is assumed to contribute to the high target 
affinity of SAHBD by both the stabilization of the bioactive conformation and the 
additional hydrophobic effects.38 In the group of Keating, a related hydrocarbon 
crosslinked peptide was derived from the MCL-1 binding motif of the pro-apoptotic 
protein Bim. Optimization of the amino acid sequence and staple position resulted in 
cell penetrating peptides SAH-MS1-14 and SAH-MS1-18 with high affinity for MCL-1. 
Noteworthy, the structure elucidation of the corresponding complexes revealed the 
hydrophobic tethers are not only involved in target engagement but also induce an 
unexpected structural rearrangement of the target protein, which increases the 
interaction surface (Figure 2A).39  

In 2011, Philips et al. focused on the osteoporosis-related interaction between 
ERs (estrogen receptors) and their NR (nuclear receptor) cofactors. These PPIs are 
mediated through a leucine-rich, α-helical peptide sequence known as NR box. The 
strategy of hydrocarbon peptide stapling was applied to develop inhibitors for ERs 
derived from the NR box sequence while maintaining the leucine residues at the 
interface. However, the hydrophobic tether of SP1 (Stapled Peptide 1) unintendedly 
replaced interactions previously mediated by native protein residues and thereby 
potentially promoted the high target affinity. Based on this observation, leucine and 
isoleucine residues of the NR box were exchanged by an alkyl crosslinking yielding SP2 
(Stapled Peptide 2) with increased van der Waals interactions and a further improved 
binding strength.40 Encouraged by this study, Speltz et al. further optimized the 
hydrocarbon staple design by resembling hydrophobic residues of the NR box. Alkenyl-
containing amino acids with γ-methylation were developed to mimic leucine and 
isoleucine side chains. Noteworthy, the success of ring-closing reactions, α-helicity and 
target engagement appeared to be highly dependent on both the absolute and 
relative configuration of the methyl group in α- and γ-position. Crystal structures of 
stapled peptides in complex with ER confirmed, that γ-branched amino acid side 
chains bind to the target interface previously occupied by methyl groups of leucine 
and isoleucine (Figure 2B).41  

Particularly successful peptides with staple-mediated target interactions have 
been designed to address MDM2 and MDMX (Mouse Double Minute 2 and X homolog, 
respectively), which serve as inactivators of the tumor suppressor protein p53. Both 
regulators are attractive drug targets as their overexpression is correlated with various 
types of cancer.  
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Figure 2: Selected target-bound peptides with crosslink-mediated productive interactions. 
A) Hydrocarbon crosslinked peptide SAH-MS1-18 in complex with MCL-1 (PDB ID 3mk8); B) Peptide 
SRC2-SP2 with γ-methylated hydrocarbon tether in complex with ERα (PDB ID 5hyr); C) Bis(triazolyl) 
stapled peptide E1 in complex with MDM2 (PDB ID 5afg); D) Fully buried hydrocarbon crosslinked 
peptide pGly[801,805] in complex with MTIP (PDB ID 4mzj); E) Hydrocarbon crosslinked peptide βSS12 
in complex with 14-3-3 (PDB ID 4n84); F) Bicyclic peptide G7-B4 in complex with Grb7 (PDB ID 5eel). 



Introduction 

15 

 

SAH-p53-8 (Stabilized Alpha-Helix of p53, derivative 8) is the first reported 
peptidic MDM2/MDMX-inhibitor exhibiting an α-helical conformation, cellular uptake 
and high affinities.42 This peptide was derived from the MDM2/MDMX-binding motif 
of p53 and contains crosslinking residues replacing non-interacting amino acids of the 
native protein sequence. Crystallographic investigations by Beak et al. discovered 
unexpected tight interactions of the hydrocarbon tether with the periphery of the 
MDM2 binding groove thereby occupying approximately 10 % of the entire interface.43 
A distinct MDM2/MDMX-binding sequence has been obtained in phage display 
experiments and recapitulates key residues for target binding previously observed in 
SAH-p53-8. Further development by Lane and Brown led to hydrocarbon stapled 
peptide M06 with high affinity towards a mutant (MDM2-M62A) resistant to Nutlin, 
which is a well-studied small molecule inhibitor of MDM2. Structure elucidation of the 
MDM2-M62A/M06–complex reassured the stapled peptide adopts a binding mode 
similar to SAH-p53-8 as the hydrophobic crosslink is highly involved in target 
engagement.44–47 Encouraged by another phage display peptide pDI,48,49 Chang et al. 
performed a sequence and staple optimization aiming for a peptidic inhibitor with 
drug-like properties. Respective maturation efforts resulted in the crosslinked peptide 
ATSP-7041, which exhibits high affinities for both targets MDM2 and MDMX, good in 
vitro and in vivo activities, efficient cell penetration and exquisite stabilities under 
physiological conditions. Co-crystallization of ATSP-7041 with MDMX reveals the same 
binding mode as previously observed for the MDM2/SAH-p53-8-complex involving 
extensive van der Waals contacts and presumably a cation-π–interaction between a 
histidine residue of MDMX and the staple double bond.50 Based on these results, 
Aileron Therapeutics advanced ATSP-7041 towards ALRN-6924 as the first-in-class dual 
MDM2/MDMX-inhibitor, which recently entered phase II clinical trials.51,52 Due to 
these profound studies on pDI-based peptides, Lau et al. used related sequences for 
the establishment of a novel stapling method. In this regard, double-SPAAC was 
successfully applied to cyclize pDI-derived peptides comprising two azide-containing 
amino acids and using a strained diyne as external component. The bis(triazolyl) staple 
of the most potent peptide E1 appeared to occupy the same hydrophobic patch on the 
target surface as the linear hydrocarbon tethers of previously reported peptidic 
MDM2-inhibitors (Figure 2C).35  

A progressive application of stapled peptides was reported by the groups of Cota 
and Tate. This study aimed to design modulators for PPIs mediated through fully 
buried α-helices. The interaction between the α-helical tail of myoA (malaria parasite 
invasion motor myosin) and the MTIP (myoA tail interacting protein) interface served 



Chapter 1   

16 

 

as a template. Implementation of a hydrocarbon staple into a myoA-derived peptide 
was proposed to replace hydrophobic residues of the native protein sequence and to 
maintain the bioactive α-helical conformation at the same time. Interestingly, 
employing crosslinking amino acids without α-methyl groups revealed the highest 
target affinities presumably by reducing clashes with the MTIP interface. Thus, this 
work provided the first stapled peptide targeting a complex with fully buried α-helix 
(Figure 2,D).53 

In 2014, Glas et al. extended the scope of α-methyl, α-alkenyl-based crosslinks by 
constraining an irregular peptide conformation to address 14-3-3. The PPI between the 
human adaptor protein 14-3-3 and the bacterial cytotoxin exoenzyme S (ExoS) is 
known to play a crucial role in Pseudomonas aeruginosa infections. The 14-3-3–
binding motif of ExoS contains various hydrophobic residues crucial for binding and 
adopts an extended secondary structure upon target engagement. Consequently, the 
constraining tether was designed to replace interacting residues and thereby engages 
direct contacts with the 14-3-3–interface. Optimization efforts regarding the crosslink 
position, configuration and length yielded the high affinity peptide βSS12. 
Crystallographic investigation of the 14-3-3/βSS12-complex revealed the intended 
irregular peptide conformation and productive interactions of the hydrocarbon 
crosslink with the 14-3-3–binding groove (Figure 2E).54 

During the following years, more peptides have been stabilized in an irregular 
secondary structure in which the tether exhibits target interactions. E.g. Gunzburg et 
al. reported a stapled peptide with crosslink-mediated contacts to the adaptor protein 
Grb7 (Growth factor receptor-bound protein 7), an attractive target for potential anti-
cancer drugs.55 First, the thioether cyclized peptide G7-18NATE was identified from 
phage display serving as promising starting point for the development of Grb7-ligands. 
Advancement of G7-18NATE yielded the bicyclic G7-B1 with an additional O-allylserine 
based staple, which was designed to constrain the bioactive conformation of G7-
18NATE by replacing non-interacting residues. However, crystallographic 
investigations revealed an unanticipated, irregular secondary structure of G7-B1 
involving the serine-derived crosslink but not the thioether in target engagement. 
Further structure-guided optimization efforts provided peptide G7-B4 maintaining the 
extended conformation and showing an improved binding affinity when compared to 
G7-B1 (Figure 2F).56 

To target the transducin-like enhancer 1 (TLE1), which is involved in oncogenic 
signaling pathways, McGrath et al. derived a binding motif from its known binding 
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partners. The resulting peptide sequence appeared to bind in an irregular secondary 
structure, which has been stabilized through implementation of a hydrocarbon tether 
between a tryptophan nitrogen and a proline Cα atom. An in silico modelling approach 
identified four carbon atoms as ideal crosslink length and thereby yielded peptide 18. 
Co-crystallization with TLE1 revealed hydrophobic contacts between the crosslink and 
the target interface. The macrocyclized peptide showed a close alignment to the 
anticipated conformation with only minor deviations. Despite the successful 
stabilization of the bioactive secondary structure, no increase in binding affinity has 
been observed for peptide 18 compared to its linear analog.57 

Furthermore, the application of hydrocarbon stapling was reported by Hanessian 
et al. and Chua et al. to develop ligands with crosslink-mediated interactions. 
However, these examples are not further discussed in this overview due to the 
predominant small molecule character of the final ligands.58,59 

Taken together, early examples of crosslinked peptides with target-engaged 
tether were discovered by serendipity and often appeared to address hydrophobic 
interfaces, which were previously occupied by leucine, isoleucine or phenylalanine 
residues. These findings revealed the potential of staple moieties to affect physico-
chemical properties of peptide-based modulators and thereby encouraged research 
groups to intendedly design tethers with enhanced target interactions. Corresponding 
design strategies are promising to show significant impact on future research in the 
field of macrocyclic peptides.   
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