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Abstract 

Manipulating protein-protein interactions of the tightly regulated Bcl-2 network with peptides 

can restore the apoptotic process in immortal cancerous cells. Chemical staples on BH3-

peptides have previously been used to enforce α-helical structures to disrupt protein-protein 

interactions of the Bcl-2 family. However, these staples are either permanently active or 

require UV-light to control apoptotic events in a spatiotemporal manner. A tetra-ortho-chloro 

substituted azobenzene staple has recently been reported to reversibly stabilise α-helical 

peptide structures upon irradiation with red light (light state) and was expected to improve 

existing BH3-stapled peptide systems. 

The reported photochromic staple and a number of apoptosis-inducing peptides were 

synthesised. Solid-phase peptide synthesis (SPPS) was used to generate the pro-apoptotic and 

cell-penetrating peptides and an enzymatic ligation of the peptides was explored. A solid 

phase stapling approach was investigated to attach the linker to the peptide prior to cleavage 

from the resin. Successfully stapled peptide constructs were tested and characterised using 

biophysical assays in vitro including fluorescence polarization (FP) and protein-NMR binding 

assays. Furthermore, cell death induction was tested on live mammalian cells in vivo.  

Characterisation of the majority of constructs in vitro proved challenging due to poor solubility 

of the azobenzene moieties under assay conditions. Modification of the peptides with 

hydrophilic sequences did not improve the solubility. In FP assays, all tested peptides showed 

specific binding to the anti-apoptotic protein Bcl-xL to some degree, although with large 

margins of error. Peptides containing water-soluble linker or solubilizing sequences showed 

significantly lower margins of error suggesting that these were a product of the limited 

solubility. However, no significant difference between dark (trans) and light (cis) state could be 

observed for any of the stapled constructs. Binding of the constructs with the target protein 

was further investigated using protein-NMR techniques but no specific binding was observed 

for the stapled peptides. The dark state of the constructs showed higher cytotoxicity against 

mammalian cells than the light state, this was hypothesised to be a result of the physical 

properties of the linker.  

This work has demonstrated the use of solid phase peptide synthesis for the generation of pro-

apoptotic-CPP constructs and chemical modification of such constructs prior to cleavage from 

the solid support. In addition, specific binding of the constructs to the anti-apoptotic protein 

Bcl-xL has been demonstrated. Challenges in solubility and control by light have been 

highlighted and it is hoped that these findings will lead to improved designs in the future.  
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 Introduction I.

1. Targeting Protein-Protein Interactions 

a. Small Molecules and Peptides 

Protein-protein interactions (PPI) are crucial for living systems as they are integral to the 

majority of biological functions. Protein function depends on the interaction with partners, 

whether it be another protein or other biomolecules such as nucleic acids, lipids or co-

factors.1–3 Protein-protein interactions alone underpin a range of vital biological events, from 

enzyme substrate interactions through receptor-ligand binding to immunological functions, 

such as antibody-antigen interactions.1,4,5
 Protein-protein interactions govern biomolecular 

pathways resulting in many physiological and also pathological events and are therefore of 

major significance to medicine as well as research. The interaction surface between two 

proteins, their interface, is crucial for molecular recognition by a combination of chemical and 

physical characteristics.6–8
 The surface area of PPI-interfaces was found to cover an average 

area of roughly 1000–3000 Å2.9  Analyses of the amino acid composition of PPI interfaces 

revealed an increase in amino acids with hydrophobic side-chains at interfaces, often clustered 

into patches.4,6,10 PPI interfaces are usually flat, lacking distinct cavities so that recognition 

between the proteins occurs via a multitude of weaker electronic interactions across a large 

interface including van der Waals forces, hydrogen bonding or cation-π interactions.4,11,12  

Dysregulation of pathways involving PPIs or changes in specificity and affinity of PPIs can lead 

to many conditions, including cancer, asthma and inflammatory diseases.3,13–15 As a 

consequence, PPI interfaces are potential drug targets as specifically blocking such interfaces 

could restore function. Targeting disease-related PPIs not only expands the number of 

potential drug targets, but may also produce drug candidates with increased specificity leading 

to fewer adverse effects.3,16
 To give an idea of the potential importance of this field, there are 

estimated to be up to 10,000 disease-modifying proteins giving rise to between 130,000 and 

650,000 of potentially addressable PPI interfaces of which only a relatively small number 

(about 400 proteins) have been explored as targets for therapeutic development so far.17,18
 

Due to the rather large, flat and featureless area of the interface, the inhibition of protein-

protein interactions was considered undruggable for a number of years.3,13,17,19 Thus, a 

common approach was to tackle proteins by blocking their binding sites for their cofactors or 

other substrates (protein-ligand interactions, PLI) in order to modulate the activity of a target 

protein.17,19,20  
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PPIs have traditionally been targeted by small molecules (< 500 Da.), which still provide the 

majority of drugs. Analyses of the PPI-interfaces have revealed that hydrophobic residues tend 

to clusters into patches, so called hot spots. Alanine scanning mutagenesis has shown that 

maximising the hydrophobic interactions between amino acid sidechains at the interface is the 

driving force for PPI formation.18,21 These hot spots tend to cluster in sizes comparable to small 

molecules (200-400 Å2), are conformationally flexible enough to bind to suitable drug-like 

molecules,3,6,16,18 and binding a molecule to these patches is sufficient to inhibit some PPIs.12,22 

 

 

Figure I.1 a) Example of a small molecule-inhibitor: SRPIN340 covering a ‘hot spot’ in serine-
arginine protein kinase 1 (PDB: 4WUA) by binding in a nearby cavity b) A p53-peptide bound to 
MDM2, the teal surface indicates the interface surface covered by the peptide-residues (cut-off 
distance: 4.5 Å, PDB: 1YCR). 

 

However, despite methods being known to tailor their cellular uptake, oral availability, stability 

and solubility, small molecules frequently suffer from non-specific or off-target side-effects. 

The average cost of developing a new prescription drug has been estimated as US $1.3 billion 

when failures during the developing process, thought to represent approximately up to 70% of 

the total costs, are included.23 Lack of efficacy, toxicology and clinical safety concerns are the 

predominant causes of failure during the development of new drug candidates and recent 

numbers suggest that the rate of failure as high as 90% until approval.24 A common consensus 

demanding lower healthcare costs through reduced drug pricing and a higher drug safety, 

quality and efficacy, and the resulting increase in R&D costs has put the pharmaceutical 

industry under increasing economic pressure.25 In 2018, 59 drugs were approved by the FDA, a 

record number of new molecular entities (NME). However, only 14 of them were assigned the 

breakthrough therapy designation, where NMEs are intended to promise substantial 

a) b) 
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improvement over existing therapies. Only two of those approved are expected to achieve 

annual sales of US $2 billion or more by 2024, a significant fall over previous years. Out of all 

newly approved drugs, 17 fall into the class of biologic license applications (BLAs), the highest 

number since 1993, which shows the importance of novel approaches to drugs beyond small 

molecules.26  

Among the milieu of bioactive natural products are more than 7000 naturally occurring 

peptides, known to play crucial roles in human physiology as hormones, neurotransmitters, 

growth factors or ion channel ligands.27 In marked contrast to small molecules, these peptides 

display high selectivity to their target proteins. Furthermore, peptides are metabolised into 

non-toxic amino acids, avoiding the problem of metabolite accumulation in organs noted for 

many small molecule drugs.3 Considering their attractive pharmacological profile, naturally 

occurring peptides are an excellent starting point for the design of novel pharmaceuticals. 

Currently, around 80 peptide-drugs are marketed in the U.S., Europe and Japan and there are 

more than 400 peptide-based drugs under global clinical development.28,29 In 2018, global 

sales for peptide-drugs were estimated to be worth around US $25 billion.30 Peptide 

therapeutic candidates have traditionally suffered from major drawbacks, but new synthetic 

and tailoring strategies offer solutions to many of them and have fostered a revival of interest 

in novel peptide-based drug candidates. 

The methodology for peptide synthesis on a solid support was first introduced by Merrifield 

and involved the repeated application of tert-butyloxycarbonyl (Boc) protected amino acid 

building blocks. Harsh conditions (hydrogen fluoride) are required to liberate the peptide from 

the solid support, which somewhat limited the large scale application of this technique but the 

concept of step-wise synthesis of peptides anchored to a solid-support has revolutionised the 

field of peptide synthesis. Today, the fluorenylmethoxycarbonyl (Fmoc) protecting group has 

replaced Boc for all but some specialist applications. Fmoc-chemistry allows the use of much 

milder and safer conditions and has made the synthesis of peptides highly accessible for less 

specialised laboratories. Several companies now offer automated peptide-synthesis solutions, 

capable of the convenient, reproducible synthesis of generic peptides in a reasonably short 

time. A wide range of solid supports are also now commercially available making it possible to 

choose the most suitable resin for the target peptide depending on its chemical and physical 

properties (e.g. the length of the peptide, its solubility, desired cleaving conditions, C-terminal 

functionality etc.). Various natural and unnatural amino acid building blocks are now readily 

available from commodity chemical suppliers, containing a broad range of different protecting 

groups. This enables a number of different approaches for chemical manipulations beyond 
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simple deprotection/chain extension cycles and expands the range of functionalities that 

peptides can display. Techniques have been reported that allow direct modification of the 

resin-anchored peptide by selective reaction of functionalities bearing protecting groups 

orthogonal to those used for peptide synthesis, including internal cyclisation. To date, the 

majority of peptide-drugs target PPIs in the extracellular space, but next generation peptide-

based drugs are widely anticipated to address intracellular PPIs.3,28 Compared to 

recombinantly produced protein drugs, peptides have lower manufacturing costs, improved 

tissue penetration due to their smaller size and are more stable at room temperature.  

With modern computer modelling approaches peptide conformations can be predicted with 

increasing accuracy. Combined with improvements in structure-activity relationship 

calculations, the ease of rapidly synthesising sequences to test hypotheses may give peptide-

based drugs a serious advantage over small molecule screening in future.3,25,27  

 

b. Modifying the Limitations of Peptide Drugs  

The relatively large, flat and mostly featureless interface of most PPIs is a key issue as 

contemporary drug discovery slowly exhausts the number of targets amenable to small 

molecule approaches. Peptides are highly specific due to their interaction with a large area of 

interface hot spots and show only very limited off-target effects. However, peptides also 

exhibit several limitations that have hitherto hindered their successful application as 

widespread drug-candidates.3,31 Numerous research groups have been trying to overcome 

those limitations over the last decades using different approaches. The increasing number of 

peptide based drugs on the market and in clinical trials shows that their efforts are paying off 

with PPIs previously considered undruggable now being successfully addressed.  

A key-limitation of peptides as drug-candidates is the physiological degradation through the 

action of endopeptidases in tissue or cellular organelles and by the less specific exopeptidases 

in circulation and peripheral organs. These peptidases are important for the organism to 

endogenous signalling peptides after performing their function, but can also efficiently clear 

peptide therapeutics.25,32 Administration of therapeutics often occurs far from their site of 

action, which requires the penetration of several biological barriers before therapeutics can 

reach their targets. Some peptide sequences also suffer from inherently poor bioavailability 

and biodistribution due to physiochemical properties including aqueous solubility, 

liphophilicity, and chemical as well as metabolic stability. Generally, unmodified peptides can 

be considered poor drug candidates due to a low oral availability, short half-lives in circulation 
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time due to metabolic degradation, rapid removal from the blood stream through renal and 

hepatic clearance; unmodified peptides usually survive only few minutes in the blood stream 

before enzymatic degradation takes place.25,32 Peptides are also generally poor at crossing 

physiological barriers due to being too large and too polar to passively diffuse through 

membranes.25,33   

 

 

Figure I.2 Different types of modifications on peptides used to overcome their physical 
limitations as drug-candidates.  

 

Fortunately, chemical modifications to peptides have helped to overcome most of these issues 

as shown by the increasing number of peptide-drugs entering the market. Generally, peptide 

derivatives and potential peptide-drug candidates can be classified into three main groups 

depending on the degree of their chemical modification on their peptide bond compared to its 

native form. 1) Modified peptides (Figure I.2) exhibit only small modifications without any 

change to the peptide bond. Modifications include alterations at the C- or N-termini, 

introduction of unnatural amino acids/D-amino acids, backbone alkylation or cyclisation. 2) 

Pseudopeptides only show a partial peptide bond character due to their modifications, 

examples of this group include amide bond surrogates, azapeptides or peptoids. 3) Peptide 

mimetics don’t contain any peptide bonds, but instead mimic the spatial positioning of peptide 

sidechains, usually to improve the pharmacological and pharmacokinetic profiles of a lead 

peptide sequence. In the literature, these terms are often used interchangeably and peptide 
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mimetics may refer to any type of chemical modification of the native peptide including 

pseudopeptides or even modified peptides.32  

 

i. N- and C- Terminal Modifications 

Peptides consisting of L-amino acids with free N- or C-terminii are rapidly degraded in the 

circulation by exopeptidases. Naturally occurring peptides and proteins therefore often have 

their termini protected by N-terminal acetylation or C-terminal amidation or circulate as pro-

drugs and to be unmasked by specific endopeptidases inside the appropriate cellular 

compartments.34–36  Many peptide drug candidates utilize similar terminal capping to prevent 

premature degradation, but the longer half life time comes at the cost of modifying the 

properties of the peptide. For example, acetylation of the N-terminus has been reported to 

increase the liphophilicity and the -helical character of certain peptides, which had the effect 

of reducing bioavailability due to enhanced uptake by non-target cells reducing specificity.32,37  

 

ii. Alkylation of Amide Nitrogen 

Alkylation of peptides is a versatile strategy applied in order to prevent proteolytic degradation 

of the peptide backbone. Peptides bearing methylated amide nitrogens have often been 

shown to have improved stability against endopeptidase-degradation while maintaining their 

activity. However, these peptoids are more conformationally restrained than their parent and 

their ability to form secondary structures or interact with their targets through hydrogen 

bonding is compromised. Peptides that are already conformationally restricted, such as cyclic 

peptides, might benefit from this enhanced backbone rigidity as shown by a number of natural 

products that possess alkylated amide backbones for increased stability.38,39  

 

iii. Side-Chain Modifications 

A higher metabolic stability can also be achieved by altering amino acids in regions of peptides 

sequence recognised by endoproteases to either alternative natural amino acids, by applying 

side-chain modifications or by incorporating unnatural amino acids. In order to maintain target 

selectivity, chemically similar amino acids to the original ones are usually of preferred choice. 

This approach is particularly useful when the mode of degradation and the proteases involved 

are known.40,41  
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Unnatural amino acids can be an elegant way not only to circumvent in vivo enzymatic 

degradation,42 but also offer the opportunity for further chemical modification of the resulting 

peptide via their side chains. Unnatural amino acids in peptide chains have been used for 

ligations,43,44 cyclisations,45,46 to photo-cage reactive groups in side-chains47,48 or to enhance 

passage through the blood-brain barrier (BBB).49  

 

Figure I.3 a)-c) Different types of side-chain modifications that can be exploited further after 
incorporation into a peptide-chain with synthetic chemistry, such as azide-alkyne addition, 
metathesis reaction or photo-reaction. d) Side-chain modifications can also alter the uptake 
properties of a peptide.  

 

Introducing unnatural amino acids into peptide chains can modify the secondary and tertiary 

structure of peptides, which may result in an enhanced stability or activity. Increased 

backbone rigidity at certain positions of a peptide can stabilize local secondary structures. This 

can be achieved using conformationally-constrained α,α-dialkylated glycine residues such as α-

aminoisobutyric acid50 or pseudo-prolines derived from serine or threonine residues, 

condensated with an aldehyde or a ketone to form an oxazolidine ring. Cysteine-derived 

pseudo-prolines likewise form thiazolidines (Figure I.4). Replacement of naturally occurring 

prolines with pseudo-prolines has shown to enhance the properties of peptides through the 

stabilization of the cis-peptide bond and can increase water solubility due to improved 

solvation of the more polar oxazolidine/thiazolidine ring. Pseudo-prolines are commonly used 

during SPPS to prevent aggregation by disrupting the formation of undesired β-sheet 

aggregate structures forming during the synthesis. Treatment with acid then removes the 

protecting group and releases the side-chain of serine/threonine/cysteine.32,51 
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Figure I.4 a) Synthesis of pseudo-prolines from serine, threonine or cysteine using ketones or 
aldehydes. b) Incorporation of pseudo-prolines during peptide-synthesis can help to avoid 
aggregation through the stabilisation of a (temporary) cis-peptide bond.  

 

iv. Chirality Changes 

With only very few exceptions, naturally occurring proteins contain only L-amino acids. 

Proteins containing D-amino acids are mostly found in bioactive peptides from molluscs, 

arachnids, crustaceans and vertebrates. However, over the last decades, D-amino acids, 

predominantly D-aspartate and D-serine, have also been found in both their free form and 

incorporated into human proteins. They are mostly found in elderly people with specific 

diseases and are thought to form by spontaneous racemization over time, hence their 

presence is often related to a molecular index of aging.52,53  

Replacing some of the L-amino acids in a peptide chain with D-amino acids may prevent 

proteolytic degradation by enzymes, but may also result in loss of activity due to 

conformational changes. However, peptide drug analogues containing D-amino acids have 

been found to provoke significantly weaker immune responses and thoughtful application of 

D-amino acids might strike the right balance between proteolytic resistance and activity. A 

promising approach using D-amino acids is the synthesis of retro-inverso peptides. In those 

peptides, only D-amino acids are used and the sequence is inverted. This results in a peptide 

structurally similar to the original despite the amino acid stereochemistry D-peptide 

analogue.51,54,55  
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v. Cyclisations 

Historically, the discovery of the cyclic peptide gramicidin S with antibiotic properties in 1944, 

led to an increased interest in cyclic peptides. Thousands of naturally occurring cyclic peptides 

are now known to date and many of them have been used as therapeutic agents, such as 

colistin, oxytocin and cyclosporin A.32,46 

 

Figure I.5 Oxytocin and cyclosporin are naturally occurring peptides that have been used for 
therapeutic purposes. Oxytocin (pitocin) is applied to induce labour and causes contraction of 
the uterus. Cyclosporin A has been utilized for a number of applications, such as organ 
transplants to prevent rejection or for rheumatoid arthritis.  

 

Cyclisation of peptides has become a common strategy to achieve improved stability against 

proteolytic degradation and reduced conformational flexibility, enhanced potency, selectivity, 

membrane permeability and even oral bioavailability.31 Peptides are cyclised from N- to C-

terminus lack any cleavable termini and therefore exhibit an improved metabolic stability, but 

more commonly cyclisation is performed on a specific, bioactive part of the sequence through 

amino acid side-chains. Generally, there are four possible ways to cyclise a peptide: 1) Side 

chain-to-side chain, 2) Side chain-to-tail, 3) Head-to-side chain and 4) Head-to-tail (Figure I.6).46 

When the cyclisation supports the stabilization of a secondary structural element, the element 

forming the cycle is often referred to as a staple. For example, α-helices formed by peptides 

can be stabilized when sidechains of residues lying on the same face of the helix are 

macrocyclised (Side chain-to-side chain). One of the most common approaches is the 
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introduction of two cysteine residues into a peptide chain and their subsequent oxidation to 

form a disulfide bond between them.3,56 

Whether carried out in solution or on solid phase, selective cyclisation of peptides generally 

require the application of orthogonal protecting groups. One of the key-advantages of solid-

supported cyclisation reactions is the simplicity of purification by simple washing and filtration. 

Macrocyclisation reactions in solution often have to be carried out under high dilution in order 

to minimize unwanted intermolecular side-reactions. Slow, equimolar addition of the reagents 

to the reaction mixture is often best using one or more syringe pumps.46  

 

 

Figure I.6 Four different types of macrocyclisations in peptides. a) Side chain-to-side chain 
b) Head-to-side chain c) Side chain-to-tail d) Head-to-tail. 

 

Biomimetic macrocyclisation approaches use activated thioesters to react with free amine 

groups to form an amide bond or with a thiol group of cysteine side-chains in a trans-

thioesterification reaction, with the latter usually followed by an S-to-N acyl migration to form 

a more stable amide bond. Peptides containing C-terminal thioesters and N-terminal cysteine 

residues can be cyclised in a head-to-tail fashion under mild conditions in a intramolecular 

native chemical ligation reaction.57–60  
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Figure I.7 Intramolecular native chemical ligation (NCL) can be used to cyclise peptides. 

 

Introduction of unnatural amino acids into a peptide chain during SPPS can vastly expand the 

scope of on-resin modification. Cysteine-mediated ring-closing reactions have been carried out 

with alkene residues as photo-initiated thiol-ene/thiol-yne reactions in order to conduct side-

chain-to-tail 61 or side-chain-to-side chain stapling reactions 62. There are several reported 

examples of 1,3-dipolar cycloadditions between azides and alkynes in peptides (‘click-

chemistry’) for ring-closing reactions.63,64 This strategy leaves a 1,2,3-triazole in the peptide 

chain, an amide isostere of growing interest due to its thermodynamic and physiological 

stability. Introducing two non-natural amino acids bearing alkene groups gives the opportunity 

to use ring-closing metathesis (RCM) reactions to form peptide macrocycles. A common 

approach first introduced by Grubbs and further developed by Verdine and co-workers is to 

use RCM reactions to stabilize α-helices with all-hydrocarbon-staples. 65,66  

An even milder contemporary approach takes advantage of advances in microbiology by using 

heterologously expressed peptide ligases to cyclise linear peptides. These enzymes catalyze 

the formation of peptide bonds and are highly substrate and site specific. Depending on the 

enzyme, a particular sequence of amino acids is recognised and one or more peptide bonds 

are cleaved.  A specific combination of amino acids from the opposite terminus of the peptide 

can then be recognized by the enzyme and ligated to the initial recognition sequence. This 

technique is not traceless as the remainder of the residues of the enzyme recognition 

sequence remain after the cyclisation. The inherent reversibility of most enzymatic are another 

drawback, requiring further chemistry to trap the product formed or cleaved recognition site 
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fragment in order to drive the reaction to completion. Yields can therefore be a problem and 

the formation of cyclic peptides on a preparative scale may prove challenging. Enzymatic 

reactions are also restricted to peptides soluble in the relatively tight range of conditions 

(solvent, cofactors, pH) required for the enzyme to work at an optimal rate. This may cause 

problems with particularly hydrophobic peptides, which might not be soluble under purely 

aqueous conditions. However, enzymatic ligation of amenable substrates has now been 

successfully applied in a number of cases.67–69 

 

 

Figure I.8 Different peptide-cyclisation techniques shown as head-to-tail cyclisations.  

 

vi. Pseudopeptides and Peptide Mimetics 

Altering amide bond or the α-carbon of the peptide backbone leads to molecules with only a 

partial peptide character, collectively referred to as pseudopeptides. Introducing changes in 

the peptide bond completely prevents proteolytic degradation, but also may significantly 

modify the biochemical properties of the compound including the flexibility, hydrophobicity 

and overall conformation. Modification of the backbone bond may prove particularly useful in 

compounds already conformationally restricted, such as cyclic peptides. Amide bond 

surrogates replace the amide bond between two amino acids in a peptide chain with other 

chemical groups of similar sizes and bond angles. Hydrogen bond surrogates stabilize 

secondary structures in peptides by mimicking a hydrogen-bond acceptor-donor relationship 
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with a covalent linkage (Figure I.9). An important consideration when selecting the most 

appropriate surrogate is to match the desired stereochemistry and electronic properties of the 

parent peptide; typical examples are ethyl-, ethylene-groups or 1,2,3-triazoles moieties.70 

Another approach to create pseudopeptides is the use of peptoids. Peptoids are peptide-like 

structures where the side-chain is located on the nitrogen of the amide bond, as a tertiary 

amide. The main-disadvantage of this approach lies in the increased structural flexibility due to 

the lack of hydrogen bonding, which may impair their biological activity if particular 

conformations are required for binding.32 When one or more α-carbons are replaced by a 

nitrogen atom, the resulting molecules are termed azapeptides. Azapeptides have been 

reported to show improved biological properties compared to their natural analogues, such as 

longer duration of action and improved metabolic stability, particularly when used as enzyme 

inhibitors.71  

 

Figure I.9 Hydrogen-bond surrogates mimic hydrogen bonds in α-helices through covalent 
bonds.  

 

Peptide mimetics are small molecules that resemble native peptides but contain no peptide or 

peptide-like bonds. They attempt to combine the benefits of small molecule drug candidates, 

such as the superior oral availability, with the advantages of peptide-drugs, such as the 

improved specificity and reduced off-target effects. However, as they compromise between 

the two groups, they do suffer from lower specificity and higher toxicity compared to native 

peptides. Correctly mimicking the spatial distribution of interaction amino acid sidechains 

requires detailed structural data on the interaction between the native peptide and the PPI 

interface to design an effective mimic, which is often considered as the limiting factor.32   
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Most successful peptide drugs have been subjected to an extensive optimization process and 

usually contain one or more of the features mentioned above. Typically, optimization begins 

by searching for the minimal active sequences of a lead peptide, leading to a truncated 

analogue that can still interact with the target protein. Alanine scanning is then commonly 

used to determine the contribution of different residue to the overall binding affinity and D-

amino acid scanning can determine potential cleavage sites. Selected amino acids can then be 

replaced by pseudopeptides to prevent proteolytic degradation and/or cyclisation can be 

applied to decrease conformational flexibility to limit negative entropic effects on binding. N- 

and/or C-terminal modification can then further increase the stability towards exopeptidases, 

and reduce immunogenicity. Finally, addition of transporter groups may enhance membrane 

penetration and reduce clearance.25  

 

Figure I.10 Atazanvir (Reyataz®), an orally available peptide-drug that treats and prevents 
HIV/AIDS. Romidepsin (Istodax®), a cyclic peptide used as an anti-cancer drug in T-cell 
lymphoma.  

 

c. Future Prospects for Peptide and Peptoid Drugs  

Peptide-based drugs have only recently become a practical approach to target PPIs, having 

previously been neglected due to the intrinsic disadvantages described above. Advances in 

solid phase chemistry, especially the advent of Fmoc-chemistry and the ready availability of 

reagents for it, have lowered the technical barrier to entry to peptide synthesis and it is now 

possible to synthesize peptides rapidly and reproducibly in good yields. Microwave-assisted 

automated peptide synthesizers now allow the synthesis longer peptide chains in less than a 

day. The result of these advances are illustrated by an analysis by Lau et al. of a database 

containing of all peptide therapeutics entering clinical trials from the years 1980-2017.28  
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Figure I.11 Peptides entering clinical trials from 1980-2017 by their average length in amino-
acids. A clear trend towards more and longer peptides entering clinical trials can be seen over 
the time (Figure adapted from [28]). 

 

The numbers of peptides entering clinical development gradually increased between 1980 and 

2010, with a five-year-average at over 22 peptides per year in 2011. The average length of 

peptides entering clinical development also changed significantly during this time; 86% of 

peptides entering development between 1980 and 1989 contained fewer than 11 amino acids, 

whereas in 2010-2017 only 28% of the peptides contained fewer than 11 amino acids and 20% 

contained between 31 and 40 amino acids. The same study noted a steady increase in drugs 

containing peptides conjugated to other macromolecules, such as lipids, different proteins or 

polyethylene glycol chains, from 5% from 1980-1989 to 30% from 2010-2017. Furthermore, 

significant recent progress in the field of multifunctional peptides, cell penetrating peptides 

and peptide sequences that can direct cargoes to specific cellular compartments will extend 

the applicability of future peptide drugs to even more targets.72–7475 

 

2. Apoptosis and the Bcl-2-Network 

a. Programmed Cell Death – An Overview 

Programmed cell death (PCD) is crucial to the development in various species as the deliberate 

elimination of cells can be necessary for four main reasons: sculpting and deleting structures, 

regulation of cell numbers, and elimination of defective cells. There are three main routes for 

intracellularly-triggered PCD in mammalian cells: apoptosis, autophagy76–78 and (programmed) 
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necrosis, sometimes also referred to as necroptosis.76,78,79 These pathways play distinct roles; 

where apoptosis involves the orderly destruction of cell contents, necrotic tissues release 

intracellular material into the extracellular milieu leading to inflammatory response. On the 

other hand, autophagy does not always lead to cell death, but can play pro-survival or pro-

death roles depending on the circumstances.76–78  

PCD is vital for the formation of tissue, organogenesis, and remodelling80,8182 and for fitness-

based selection of overproduced nervous, immune and reproductive cells83,84 by removal of 

abnormal or potentially dangerous cells.76,78 For example, apoptosis is the known mechanism 

for the removal of the interdigital web during the development of digits in higher 

vertebrates.76,80 However, the inactivation of pro-apoptotic genes in mice models resulted in 

partial removal of interdigital tissue, indicating that several back-up mechanisms for PCD 

exist.85  

Mammalian cells that undergo apoptosis show characteristic morphological changes, such as 

cell shrinkage, nuclear condensation, membrane blebbing and loss of adhesion. This is the 

result of a number of biochemical changes inside the cell including DNA being cleaved into 

fragments, flipping of phosphatidylserine to the external leaflet of the membrane, activation of 

a number of specific proteases leading to intracellular protein cleavage.77,78 Caspases are a 

family of cysteine proteases that cleave after aspartate residues which are present in cells as 

proenzymes that once activated can initiate a cascade by activation of other pro-caspases 

leading to degradation of crucial nuclear and cytoskeletal proteins.86 Apoptosis can be induced 

extrinsically by a death receptor mediated pathway, a T-cell mediated perforin/granzyme 

pathway, or by an intrinsic mitochondrial pathway.  

The extrinsic apoptosis pathway is initiated through the transmembrane receptors of the 

tumor-necrosis-family (TNF) which share a cysteine rich extracellular domain of about 80 

amino acids, which is referred to as the death domain.87 The receptor oligomerizes upon 

binding with a death ligand, such as Fas, and subsequently recruits cytoplasmic proteins, such 

as FADD, and procaspase-8 leading to the formation of a death-inducing-signaling-complex 

(DISC). This complex subsequently auto-activates pro-caspase-8 initiating the caspase cascade, 

the self-destruction of the cell. Caspase-8 can also truncate the BH3-only protein Bid, linking 

the extrinsic with the intrinsic signaling pathway.77,78,86 

Mammals defend themselves against the adverse effects of virus- or cancer-affected cells by 

the action of cytotoxic CD8+ cells, a subgroup of T-cells that recognises such target cells and kill 

them either by activating extrinsic apoptosis pathways through the activation of death 
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receptors, or the intrinsic pathway by introducing granzyme A and granzyme B to the 

cytoplasm of the target cell via perforin pores. While granzyme A mediates caspase-

independent DNA degradation,86,88 granzyme B can trigger the intrinsic PCD pathways at 

several points including direct activation of pro-caspases 388,89 and 1086 and the subsequent 

activation of other caspases or cleavage of the pro-apoptotic BH3-only protein Bid leading to 

mitochondrial-mediated cell-death.  

 

Figure I.12 Different pathways leading to apoptosis through the activation of the cascade of 
caspases. The extrinsic pathway involves the binding of a death ligand, such as FasL or tumour 
necrosis factor-α (TNFα) to the death receptor leading to the recruitment of adaptor proteins, 
such as the Fas-associated death domain protein (FADD). This then leads to the recruitment 
and aggregation of caspase-8 promoting its auto-activation. The active caspase-8 further 
activates caspase-3 and -7. Caspase-8 mediated proteolysis of the BH3-only protein Bid to give 
truncated Bid (tBid) is a cross-point between the intrinsic and extrinsic pathways. tBid can lead 
to the release of mitochondrial cytochrome c. The apoptotic protease-activating factor-1 
(APAF1) and caspase-9 form an apoptosome leading to the activation of further caspases upon 
the release of cytochrome c. Granzyme B can be delivered through pore-forming proteins, such 
as perforin, and can process caspase-3 and -7 as well as Bid to initiate apoptosis. The intrinsic 
pathway (highlighted) is activated through certain stimuli related to cellular stress or damage, 
which in turn lead to the activation of specific BH3-only proteins that act as sensors. The 
activation of BH3-only proteins above a certain threshold removes the inhibitory effect of the 
anti-apoptotic proteins and leads to pore-formation through Bax/Bak-oligomers and the 
release of cytochrome c. (Figure adapted from [90]).  
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The intrinsic apoptosis pathway is characterised by permeabilization of the mitochondrial 

outer membrane (MOMP) and the subsequent release of cytochrome c into the cytosol. This 

step is widely considered to be a point of no return and marks the inevitable initiation of the 

controlled cell death. Cytosolic cytochrome c assembles with assembly factor-1 (Apaf-1) of into 

a complex known as the apoptosome which activates pro-caspase-9, leading to activation of 

the caspase cascade.77,90,91 Other mitochondrial proteins released during MOMP include 

apoptosis-inducing factor (AIF) and endonuclease G, which both can promote cell death in a 

caspase independent manner. The tightly-regulated proteins of the B-cell-lymphoma 2 (Bcl-2) 

family are key-regulators of the intrinsic pathway. Family members can be categorized into 

three main groups: multi-domain anti-apoptotic, multi-domain pro-apoptotic and pro-

apoptotic BH3-only domain proteins. The intrinsic pathway is activated in response to 

intracellular stress signals caused by oxidative stress, heat shock, UV light, ionizing radiation or 

lack of growth factors. These stimuli lead to upregulation of the production of BH3-only 

proteins or activation of latent BH3-only proteins, which subsequently interact and activate 

the pro-apoptotic multi-region Bcl-2 family members leading to MOMP. For example, severe 

damage of the DNA can lead to the activation of the intrinsic apoptosis pathway by the tumor 

suppressor p53 protein via production of the BH3-only proteins PUMA and NOXA eventually 

leading to MOMP and apoptosis.86,92 Dysregulation of this carefully balanced equilibrium of 

proteins is often observed in cancerous cells, rendering the protective intrinsic apoptosis 

pathway inactive. Regulation of this pathway is therefore an excellent starting point for anti-

cancer agents.78,92–94 

 

b. The Bcl-2 Family  

The Bcl-2 family is divided into three subgroups: multi-domain anti-apoptotic, multi-domain 

pro-apoptotic and pro-apoptotic BH3-only domain proteins (Table I.1) which may form various 

homo- as well as hetero-dimers. The proteins consist of up to four conserved Bcl-2 homology 

regions, which are named BH1-BH4 accordingly. The main-members of the group of multi-

region anti-apoptotic proteins (Bcl-xL, Bcl-2, Bcl-w) possess all four domains, the main-multi-

regional pro-apoptotic proteins (Bak, Bax) BH1-3.95 Both of these groups contain C-terminal 

transmembrane region (TM) that enable them to locate and insert into the outer 

mitochondrial membrane. Strategic mutations have confirmed that the amphipathic α-helical 

BH3 domain is critical for the binding of pro-apoptotic to anti-apoptotic family members. 

These findings are supported by the action of BH3-only proteins, which stimulate the cell 

death.92,94,96 
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Table I.1 Overview of the most important members of the Bcl-2 family and their Bcl-2 
homology domains (BH1-4). TM: Transmembrane region.97–100 

Class Protein Domains 

 Bcl-2 BH1  BH2  BH3  BH4  TM 

 Bcl-xL BH1  BH2  BH3  BH4  TM 

Anti-apoptotic Bcl-w BH1  BH2  BH3  BH4  TM 

 Mcl-1 BH1  BH2  BH3           TM 

 Bfl-1 BH1  BH2  BH3           TM 

 Bax BH1  BH2  BH3           TM 

Pro-apoptotic  Bak BH1  BH2  BH3           TM 

  Bok BH1  BH2  BH3           TM 

 Bad                    BH3 

 Bid                    BH3           

 Bik                    BH3           TM 

 Bim                    BH3           TM 

Pro-apoptotic BH3 Hrk                    BH3           TM 

 Noxa                    BH3           

 Puma                    BH3           

 

 

The role of these proteins can be generally described as following: Production of BH3-only 

proteins is either upregulated or they are activated from a latent form and act either directly 

or indirectly to activate the pro-apoptotic multi-domain proteins Bax or Bak. The latter pair is 

often referred to as executioner proteins, as they can form oligomeric pores on the outer 

mitochondrial membrane. Anti-apoptotic proteins, such as Bcl-2 or Bcl-xL, can inhibit apoptosis 

by sequestering either the multidomain executioner proteins or the BH3-only proteins. The 

BH1, BH2 and BH3 regions of the anti-apoptotic proteins fold in such a way as to create a 

shallow hydrophobic groove on the surface that can bind a α-helical BH3 region from either 

type of pro-apoptotic protein.101,102 These interactions are very dynamic, involving 

conformational changes and alternating binding partners depending on their affinities. Hence, 

BH3-only proteins can be further sub-categorized into activators, members with high affinity 

for binding and directly activating the Bax and Bak, and sensitizers, members that bind 
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principally to the anti-apoptotic proteins. Several models have been proposed to describe the 

various interactions of these proteins leading to apoptosis,96,103 however determining the exact 

interactions between different partners including conformational and localization changes is a 

challenging task and experiments often do not represent the actual situation inside the cell 

where several decisive steps may occur with proteins bound to the mitochondrial membrane. 

The complexity of the speciation of Bcl-2 family proteins is demonstrated by the anti-apoptotic 

protein Bcl-xL which has been suggested to exist as a homodimer in the cytosol,94,104 but just 

like pro-apoptotic Bax,93,105 Bcl-xL can also undergo reversible conformational changes leading 

to an equilibrium between the cytosol and insertion into the outer mitochondrial membrane.94 

Bcl-xL consists of eight α-helices and a trans-membrane domain, which are connected through 

loops of different lengths. Helix α5 and α6 form the core of the protein and are mostly 

hydrophobic. They are flanked by α3 and α4 on one side and α1 and α2 on the other side. The 

BH1, BH2 and BH3 regions are close to each other and form the top of the long hydrophobic 

groove whose base is defined by α3 and α4 (Figure I.13). Studies showed that the trans-

membrane region can adopt an α-helical structure (sometimes referred to as helix α9) that 

docks into the hydrophobic groove.106 

 

 

Figure I.13 The structure of Bcl-xL (PDB: 1R2D) with the TM-region and loop between α1 and α2 
omitted for clarity. a) Helices: α1 (red), α2 (grey), α3 (green), α4 (blue), α5 (yellow), α6 
(magenta), α7 (orange), α8 (cyan). b) Cartoon coloured to indicate hydrophobic residues (red). 
c) Surface-representation of Bcl-xL showing the exposed hydrophobic groove.  

 

The structure of Bcl-2 is very similar to Bcl-xL, but the hydrophobic groove is partly formed by 

α3 resulting in a slightly longer binding groove (Figure I.14). This change along with significant 

changes in residues along the edge of the groove at positions 104 (Ala in Bcl-xL, Asp in Bcl-2), 

108 (Leu in Bcl-xL, Met in Bcl-2), and 122 (Ser in Bcl-xL, Arg in Bcl-2) account for the divergent 

binding affinities of BH3 peptides to these two proteins.93,107 

a) b) c) 
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Figure I.14  Surface-representation of Bcl-xL (a) showing Leu108 and Ser122 (blue) and Bcl-2 (b) 
with the residues Asp104, Met108 and Arg122 (blue). Residue Ala104 in Bcl-xL points to the 
bottom side of the graphic representation and therefore cannot be seen. These three residues 
distinguish the hydrophobic grooves of Bcl-2 and Bcl-xL. (PDBs: 1R2D [Bcl-xL], 1G5M [Bcl-2]).  

 

The altered binding groove may also contribute to the altered localisation of the two proteins; 

Bcl-2 is typically anchored to the outer mitochondrial membrane through its trans-membrane 

region,108 whereas Bcl-xL predominantly exists in the cytosol prior activation (Form 1). It is 

further suggested that both can adopt two different membrane bound forms, interacting 

either solely through their transmembrane regions (Form 2) or with insertions of α5 (Form 3) 

(Figure I.15).94   

 

a) b) 
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Figure I.15 Different conformations of the protein Bcl-xL during various stages of the induction 
of apoptosis. Form1: cytoplasmic/loosely attached to the MOM. Form2: helix 9 is inserted into 
MOM, this is thought to bind BH3-only proteins and to recruit more Bcl-xL to the MOM. Form3: 
Binding of the pro-apoptotic proteins Bax/Bak. Inactive Bax undergoes a conformational 
change at the membrane when activated by BH3 proteins. (Figure adapted from [94]). 

 

Similarly to anti-apoptotic Bcl-2 family members, Bak can undergo several conformational 

changes, including the insertion of several helices into mitochondrial outer membranes prior 

to oligomerization leading to the eventual pore-formation.109 Experiments have shown that full 

length Bax targets mitochondria only following conformational changes upon exposure to a 

death signal in vitro. Amino-terminal truncated Bax was observed to target mitochondria 

directly with no prior activation necessary.110 The precise sequence of events leading to 

oligomerization and subsequent pore formation have not yet been fully resolved, however 

experiments using a stapled version of the BH3-protein Bim and Bax revealed a second 

hydrophobic pocket on Bax, opposite the canonical BH3-binding pocket. This rear-pocket is 

covered by the unstructured loop between helix 1 and 2. Cleaving the equivalent loop from 

Bcl-2 had previously been shown to convert it to a pro-apoptotic protein107, suggesting another 

conserved familial trait. In the cytoplasmic form of Bax, the front-BH3-pocket is masked by 9 

and Bax is monomeric and inactive. Upon activation, Bax inserts several helices including 9 

into the outer mitochondrial membrane, liberating both the front and rear BH3 binding 

pockets.111,112 In this state, 9 may be the displaced by transient binding of activators to the 
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rear pocket, which exposes the Bax BH3 region so that large pore-forming oligomers may form 

via front to front/back to back or front to back interactions of the (Figure I.16).105,112,113  

 

 

Figure I.16 Two different models for the oligomerization of the pro-apoptotic proteins leading 
to pore formation. Active Bax/Bak proteins have helices embedded within the MOM leading to 
the exposure of their BH3-region. a) Symmetrical oligomerization: The exposed BH3-region 
binds into the front pocket of another Bax/Bak protein consisting of the BH1-3 groove. This in 
turn leads to a conformational change exposing the rear pocket enabling the propagation. b) 
Asymmetrical oligomerization: The exposed BH3 region of active Bax/Bak interacts with the 
rear pocket of an adjacent monomer. Consequent rear pocket-to-front pocket interactions lead 
to the formation of oligomers. (Figure adapted from [94]).  

 

The activation mechanism is slightly clearer for Bak, which contains a small helix instead of the 

more flexible unstructured loop between the α1 and α2 helix in Bax obstructing the rear-

pocket position.96 Bak is normally found in a membrane bound form, where it can form 

homodimers with a subsequent conformational change releasing the N-terminus and 

uncovering α6 which leads to the formation of oligomeric  pores.103,109,114,115 

 

With the exception of Bid, NMR experiments and calculations suggest that the BH3-only 

proteins are generally unstructured in the absence of a binding partner, only forming α-helices 

upon binding to the hydrophobic groove of anti-apoptotic proteins.102 Additional methods 

such as posttranslational modifications can also be used to control BH3 binding. The BH3-only 

protein Bad contains two normally phosphorylated serine residues which must be 

dephosphorylated to allow exposure of its BH3-domain to interact with anti-apoptotic proteins 

Bcl-xL and Bcl-2.116  Bid is activated by cleavage of a long loop to a truncated (tBid), active form 
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which exposes  >200 Å2 previously buried hydrophobic surface, including the hydrophobic face 

of its BH3 region, which allows it to insert into the outer mitochondrial membrane to interact 

with executioner proteins.92,93,117,118 

 

c. Bcl-2 Family Interaction Models 

The interactions of the various members of the Bcl2-network were described in different 

models that have been proposed (Figure II.17).  

 

 

Figure I.17 Different proposed modes of action between the Bcl-2-proteins leading to the 
formation of pores in the mitochondrial outer membrane (MOM). a) Direct activation model b) 
Displacement model c) Embedded-together model d) Unified model.   

 

i. Direct Activation Model 

In this model, the BH3-only proteins are divided into activators and sensitizers depending on 

their affinity for their anti-apoptotic partner proteins. The BH3-activator proteins directly 

activate multi-region pro-apoptotic proteins, and the anti-apoptotic proteins only sequester 

the BH3-only proteins (and not the pro-apoptotic multi-domain proteins). The sensitizer-

proteins liberate sequestered activator-proteins from the anti-apoptotic proteins and making 
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them available to activate the multi-domain pro-apoptotic proteins Bax and Bak. As a 

consequence, sensitizer proteins promote cell death only indirectly in this model. Thus, upon 

an apoptosis signal, the BH3-only activators are either activated through different mechanisms 

(transcriptional, post-transcriptional or post-translational) or released from the anti-apoptotic 

proteins by sensitizer BH3-only proteins. This model does not involve any direct inhibition of 

Bax and Bak by anti-apoptotic proteins. In this model tBid, Bim and Puma are designated 

activator proteins (although Puma has been described as sensitizer too) with Bad and Bmf  

acting as sensitisers for Bcl-2, Bcl-xL and Bcl-w, with Bik and Hrk sensitisers for Bcl-xL, Bcl-w and 

A1 and Noxa sensitisers for Mcl-1 and A1 only.94,96,103,119 

 

ii. Displacement Model 

This model postulates that the pro-apoptotic proteins Bak and Bax are constantly active and 

therefore have to be sequestered by the anti-apoptotic proteins to ensure cell survival. In 

order to induce apoptosis, the pro-apoptotic multi-domain proteins have to be released from 

these complexes by BH3-only proteins. As the BH3-only proteins function solely as liberators of 

Bax and Bak from the anti-apoptotic proteins, no further classification of the BH3-only proteins 

into activators and/or sensitizers is necessary. This model is sometimes also referred to as the 

indirect activation model. As the different BH3-only proteins have different binding affinities to 

the various anti-apoptotic proteins,96,120 the correct combination of BH3-proteins is required 

for optimal release of Bak and Bax and for MOMP to occur. BH3 peptides derived from Bak and 

Bax have shown to form complexes with anti-apoptotic proteins, underlining their likely ability 

to form complexes with anti-apoptotic proteins.121 Tentative evidence for a latent active form 

of Bak and Bax were obtained from cells lacking Bim or Bid undergoing apoptosis, hinting that 

the displacement model might not be enough to describe all actions that take place leading to 

apoptosis. However, other methods of triggering the apoptosis pathway cannot be ruled 

out.122 

 

iii. Embedded Together Model 

While the direct-activation and displacement models only consider solution phase affinities of 

the various participants, the embedded together model attempts to account for how 

sequestration of various species into membranes might influence their interactions. As 

previously discussed, proximity to a membrane is believed to allow access to additional 
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conformations, further complicating the situation. In this description, activator and sensitizer 

BH3-only proteins can recruit and activate anti-apoptotic proteins on the outer mitochondrial 

membrane (i.e., Bcl-xL Form 2, Figure I.15). In turn, anti-apoptotic proteins can sequester both 

the BH3-only proteins and the pro-apoptotic multi-domain proteins Bax and Bak in the 

membrane. Similar to the displacement model, this model involves sensitizer BH3 proteins 

displacing both the activator BH3-only proteins and Bax or Bak from complexes with 

membrane-bound anti-apoptotic proteins. As only the activated forms of the pro-apoptotic 

proteins are in complex with the anti-apoptotic proteins, the BH3 sensitizer proteins release 

Bax and Bak conformers that are able to oligomerize and pore-formation. Activator BH3 

proteins can activate the pro-apoptotic proteins leading to their insertion into the membrane 

and subsequent oligomerization.  

As a consequence, the embedded together model can be seen as a combination of both 

previous models, which also takes the interactions of the proteins on the membrane into 

account. For example, it has been found that the first step of the Bax activation is the binding 

of tBid onto the membrane whereupon it causes cytosolic recruitment of Bax and its several 

conformational changes leading to the eventual oligomerization and pore formation (direct 

activation).96,108,123 The anti-apoptotic protein Bcl-xL can sequester both membrane bound tBid, 

preventing it from recruiting Bax from the cytosol, and membrane-bound, activated Bax but 

both these interacting complexes are prone to disruption by BH3-sensitizers (displacement 

model).104,124 

 

iv. Unified Model  

The unified model builds on the embedded together model, but makes a distinction between 

the inhibition of the activator BH3-proteins by anti-apoptotic Bcl-2 members (Mode 1) and the 

inhibition of activated Bax and Bak (Mode 2). This model considers the inhibition of Bax and 

Bak by anti-apoptotic Bcl-2 members to be the more effective, so that e.g., tBid, is more easily 

displaced by a sensitizer molecule leading to eventual MOMP. The consequence of these 

interactions are that cells with a high, but inactive activator BH3-protein load where these 

molecules are held in check by an elevated level of anti-apoptotic proteins, a situation 

previously described in the literature as cells being primed for death, are actually less 

susceptible to apoptotic stimuli than less stressed cells. This occurs because upon the elevated 

levels of anti-apoptotic proteins initially engaged in Mode 1 inhibition provide a buffer to 

continue more effective Mode 2 inhibition even against greatly elevated levels of competing 
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activator BH3-proteins as they form lower-affinity complexes.125 This mechanism allows anti-

apoptotic protein expression levels to be tailored to the level of stress a cell should receive, 

whilst maintaining apoptotic competence to combination of stimuli to a sufficient level. The 

unified model uses this distinction to explain changes in mitochondrial morphology, with  

mitochondrial fusion and fission, usually positively regulated by Bax and Bak, affected by the 

presence of Mode 2 complexes whereas Mode 1 complexes are suggested to have little effect 

on the mitochondrial morphology.  

 

d. BH3 Protein Domain Inhibitors  

i. General Considerations 

In cancer cells, deregulation of apoptosis mostly affects the signalling pathways upstream of 

Bax/Bak activation,126 with half of all cancers protected against death signals due to aberrant 

overexpression of anti-apoptotic proteins.127,128 However, since the downstream apoptotic 

machinery widely remains unaffected, much effort has been focussed on restoring the 

function of this latter stage of the apoptotic machinery. Restoration of apoptotic function 

might be achieved either by direct activation or up-regulation of pro-apoptotic Bcl-2 proteins 

or by decreasing the effective level of anti-apoptotic proteins through inhibition or 

displacement to achieve indirect activation. As previously described, the BH3 regions play a 

key role in defining the PPI networks, so a common approach is to use BH3-mimics that bind to 

the hydrophobic groove of the anti-apoptotic proteins with high affinities.129 However, the 

variety of affinities of specific members to each other within the Bcl-2 family and the individual 

nature of tumours makes it difficult to predict the response of a cancer cell to a given BH3 

mimetic. Peptides corresponding to the BH3 region of several key proteins are therefore used 

to profile the dependency of a tumour on individual anti-apoptotic proteins (BH3 profiling). By 

observing the MOMP and apoptosis initiation these experiments can be used to identify how 

responsive the tumour is to a specific BH3 peptide. BH3 peptides derived from Bim and Bid 

interact strongly with all anti-apoptotic proteins and can also activate the pro-apoptotic 

effectors Bak and Bax, allowing them to be used as a reference. In contrast, sensitizer BH3 

peptides bind strongly only to specific anti-apoptotic proteins and not to effectors, with Noxa 

being selective for Mcl-1 and Bad binding only Bcl-2 and Bcl-xL. BH3 profiling has shown that 

while some tumours are highly dependent on specific anti-apoptotic proteins, such as the 

chronic lymphocytic leukemia (CLL) and Bcl-2 protein130 or T-cell acute lymphoblastic leukemia 

and Bcl-xL,
131 most display a heterogeneous anti-apoptotic dependence. By using a fluorophore 
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capable of detecting MOMP, dynamic BH3 profiling (DBP) aims to detect the earliest 

indications of apoptosis. This technique can be applied directly to patient samples, which are 

split and treated first with candidate chemotherapeutics, then panels of pro-apoptotic BH3-

derived.132 Changes in response to BH3 peptides to cells that have received particular drugs 

uncover additional apoptotic priming, which would indicate a suitable treatment and inform 

clinical decisions. 

 

ii. Small Molecule Inhibitors  

Targeting PPIs with small molecules is often very challenging due to the flat and rather 

featureless interface of the proteins. Solution structures of a Bak-derived peptide bound to 

Bcl-xL revealed  the peptide bound in a deep hydrophobic groove, potentially druggable by 

small molecules.133 HA 14-1 (1, Figure I.18) was the first small molecule identified to inhibit Bcl-

2 and discovered using computational modelling. Compound 1 disrupts mitochondrial 

functions and leads to cytochrome c release at micromolar concentrations by displacing Bax 

from Bcl-2.134 It induced apoptosis in a number of tumours and enhanced apoptotic response 

to common anti-cancer agents and γ-irradiation.129 Several other series of small molecules 

suggested to disrupt the interface of the anti-apoptotic proteins have been found to actually 

induce apoptosis in a Bax/Bak independent fashion, suggesting that the cell death occurs 

through an unidentified other mechanism and not via the mitochondrial pathway.135 

 

Figure I.18 Structure of the first small molecule found to inhibit Bcl-2. 

 

ABT-737 (2, Figure I.19) is a very specific inhibitor of Bcl-2 and Bcl-xL that was developed by 

Abbott Laboratories in 2005. The hydrophobic binding groove of Bcl-xL was divided into two 

smaller halves and molecules were synthesized targeting each one of them (fragment based 

drug discovery). The resulting lead compounds were chemically linked, then further chemically 

optimized in order to achieve higher affinities for the anti-apoptotic proteins. This approach 
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yielded one of the most potent and specific inhibitors, with nanomolar affinities for Bcl-2, 

Bcl-xL and Bcl-w, but poor binding to Mcl-1 and A1. Mechanistically, ABT-737 shows similarities 

to the BH3 domain of sensitizer Bad, is able to disrupt the complex of Bax and Bcl-2 but does 

not bind directly Bax.136 The apoptotic effects of this compound are completely abrogated in 

Bax and Bak deficient cells, indicating that ABT-737 acts as a true BH3 mimic and apoptosis 

occurs via mitochondrial pathways.135 However, ABT-737 was found not to be bioavailable 

after oral administration, which led to the development of the orally available analogue ABT-

263 (3).137 ABT-263 entered phase 1 and 2 clinical trials for solid tumors and CLL and was found 

to inhibit the action of Bcl-2, Bcl-w and Bcl-xL. However, a decrease in platelet count 

(thrombocytopenia) was observed when 3 was tested in vivo, a side effect linked to the Bcl-xL 

inhibition which limited its general clinical usefulness.133 As thrombocytopenia-related issues 

can be mitigated with appropriate dosing, several studies have been carried out and more are 

ongoing to evaluate the safety of 3 for use in combination with other anti-cancer agents.138,139  

 

 

Figure I.19 The ABT-series and Bcl-xL. The BH3-domain of Bax is shown together with ABT-263 
in the hydrophobic groove of Bcl-xL in order to illustrate the binding location. (PDB: 4LVT (ABT-
263 in Bcl-xL), 2XA0 (BAX-peptide in Bcl-xL)).  
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ABT-199 (4) is a different analogue based on the same lead-compound designed to selectively 

target Bcl-2 to avoid thrombocytopenia. It binds to Bcl-2 10-fold more tightly than ABT-263 

and has 5000-fold selectivity for Bcl-2 over Bcl-xL as it makes additional contacts outside the 

major binding groove (Figure I.19). In clinical trials 4 was occasionally so effective that it caused 

tumor lysis syndrome, where a large number of cancer cells were killed at once, in some CLL 

patients. Response rates were more than 80% and secondary effects were deemed 

controllable133 leading to 4 being the first FDA BH3-mimic approved for cancer treatment (CLL 

patients with 17p chromosomal deletion) in 2016. It is now  available under the name 

venetoclax and there are many ongoing studies for its application in combination with other 

cancer drug treatments although results in solid tumors have not been promising so far.132,140 

Further selective BH3-mimetic drugs can be expected soon, particularly as pre-clinical 

experiments showed an increased expression of anti-apoptotic Mcl-1 when drugs target 

Bcl-2/Bcl-xL meaning additional selective inhibitors could be required.132,140 

 

iii. Peptide Based Inhibitors  

Any BH3-domain peptide sequence should theoretically be able to mimic BH3-only proteins 

and in vitro assays have shown that short BH3-peptides can disrupt the interaction between 

the pro-apoptotic and anti-apoptotic proteins of the Bcl-2 family and to induce Bax/Bak 

oligomerization leading to subsequent cell death through apoptosis.103 However, to date, no 

BH3-peptide drug has been approved by the FDA. Despite their affinity and specificity 

advantages, peptides derived from the full length proteins suffer from significant drawbacks, 

such as a low bioavailability, metabolic stability and unfavourable pharmacological 

characteristics (see chapter I.1.b.). 

As for most peptides, unmodified BH3 peptides are not readily taken up by cells, but uptake 

can be improved by linking the peptide sequence to a cell-penetrating-peptide sequences 

(CPP). CPPs are short peptide sequences (up to ~30 amino acids) that are able to penetrate cell 

membranes and can be used to translocate cargoes inside the cell. The majority contain a high 

density of residues with positively charged side-chains, though amphipathic CPPs also exist. 

The mechanism by which CPPs facilitate uptake is not yet fully understood, appearing to vary 

depending on the cargo, cell line, mode of linkage between CPP and cargo (covalently bound 

or an electrostatic admixture) and the concentration of the CPP-cargo complex. Most likely, 

cellular uptake of CPP-cargo complexes involves a combination of several endocytosis 
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mediated pathways (e.g. clathrin mediated, caveolae mediated, macropinocytosis). The first 

CPP was discovered when it was found that the TAT transactivator protein of the Human 

Immunodeficiency Virus (HIV) was able to enter human cells. This was followed by the 

observation that other proteins, such as the α-helical homeobox domain of the antennapedia 

protein of Drosphila were also able to translocate through human cellular membranes.141,142 

Several different CPPs have been fused to peptides derived from the BH3-only proteins 

studies.; Lutz and co-workers fused a CPP derived from the antennapedia protein (Ant) to Bak 

BH3-peptide and could observe BH3-mediated apoptosis in HeLa cells.143 Mutation of key 

hydrophobic residues of the BH3 peptide abolished its ability to induce cell death, in line with 

the expected interaction with anti-apoptotic members of the Bcl-2 family. BH3-mediated 

apoptosis was also blocked by exposing cells to caspase-inhibitors, strongly suggesting that 

apoptosis is achieved through the mitochondrial pathway.  Comparative studies using the CPPs 

Ant and octa-arginine (R8) fused to the N-termini of Bad, Bax and Bak BH3-peptides on head 

and neck squamous cell carcinoma (HNSCC) cells revealed that Ant-conjugated peptides were 

generally more effective at killing HNSCC cells despite R8 more effective than Ant when the 

CPPs alone were tested. The Ant-Bad peptide yielded superior apoptosis induction to the Ant-

Bax and Ant-Bak counterparts.144 

A different approach to BH3 inhibitors is the application of foldamers. Gellmann and co-

workers created oligomers containing α- and β-amino acids residues that are able to mimic the 

sidechain placements of α-helical peptides to bind tightly (2 nM) to Bcl-xL whilst exhibiting 

improved metabolic stability (Figure I.20). Further patterns alternating the α- and β-amino 

acids in the peptide sequence were tested and indicated that even αααβ-combinations offer 

improved stability against proteolytic degradation whilst retaining tight binding to 

Bcl-xL.
54,145,146  

Another chemical modification used to improve the properties of BH3 peptides is the 

introduction of chemical staples to maintain an α-helical conformation of the peptide chain. 

This aims to reduce the entropic cost of folding into an α-helix, improving the free energy of 

binding but stapling can also improve pharmacological properties. A stapled Bid-derived 

peptide showed improved performance in vitro and in vivo compared to its unmodified 

analogue with an enhanced resistance to metabolic degradation, higher affinity to the anti-

apoptotic proteins of the Bcl-2 family, and an improved ability to penetrate cellular 

membranes. Stapled Bid peptides induced apoptosis in vivo through the direct activation of 

Bax in leukemia cells.147,148 This technique will be explored in more general terms in the next 

section. 
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Figure I.20 The foldamer 5 used by Gellman and co-workers that can mimic α-helical motifs and 
bind to Bcl-xL in the hydrophobic groove at 2 nM. (PDB: 3FDM) 

 

3. Stapled Peptides  

a. General Considerations 

The α-helix is a very common structural motif that plays a crucial role in many PPIs. As a 

consequence, methods to mimic α-helical motifs to manipulate PPIs are of widespread 

interest. Unfortunately, peptides derived from helical regions of proteins are often 

unstructured, reducing their binding affinity and increasing their susceptibility to proteolytic 

degradation whilst reducing their membrane permeability. Methods to restore structure to 

short peptides are therefore keenly sought.56 

One technique to stabilize loose, linear peptides is to apply a chemical staple between two 

residues of the sequence, restricting the distance between these residues to reinforce a 

particular overall conformation. On average, 3.6 amino acids make a turn in an α-helix,149 so 

that residues in  i,i+4, i,i+7, i,i+11 relationships lie on the same face of the helix (Figure I.21). 

These pairs of residues can be substituted for non-native amino acids that are then either 

linked directly together or offer orthogonal reactivity to natural residues apply a chemical 

staple.  
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Figure I.21 Helical wheel depiction of the BH3 region of Bax and the same sequence as an α-
helical structure. The arrow in the helical wheel indicates the overall hydrophobicity. The 
hydrophobic residues Leu and Ile are on the same side of the interface and are marked in red in 
the alpha helical structure. (PDB: 2XA0).   

 

Peptides corresponding to individual structural elements may display a significantly lower 

solubility compared to the full-length protein and attachment of a covalent linker between two 

polar amino acid residues may further diminish the solubility or lead to aggregation issues, 

depending on the type of linker. Therefore, peptide sequences may need to be altered in order 

to decrease the overall hydrophobicity. The position of the staple is usually of great 

importance and oriented away from the binding interface,45 but this does not always 

guarantee that they do not affect binding.150,151 The introduction of a staple at a given position 

on the peptide sequence does not guarantee structural reinforcement or enhanced α-helicity, 

nor is enforced helicity necessarily a guarantee of improved biochemical or biological activity. 

However, in some cases the stabilization of α-helices using covalent staples has led to 

promising drug-candidates.  

 

b. Stapling Techniques 

Several different macrocyclisation strategies to introduce a chemical staple between two 

amino acid residues have been reported, falling into two general categories; one-component 

and two-component reactions. One-component stapling occurs through the formation of a 

direct intramolecular bond between two amino acid side-chains. As the reactive side-chains 

are already present in the peptide sequence, selective deprotection strategies may be required 

during SPPS if the reactive functionalities are not unique within the peptide. Two-component 

reactions involve an addition of a bi-functional linker that forms covalent bonds with both 

BH3 (Bax): H2N-LKRIGDELDS-OH 
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reactive side-chains in a stepwise fashion to form a macrocycle. This stepwise reaction makes 

two-component reactions more prone to by-product formation, potentially including 

polymerization if the reaction is carried out under insufficiently high dilutions (Figure I.22). The 

main-advantage of this strategy is that a diverse range of similarly reactive linkers can be 

introduced to a single parent peptide rather than preparing numerous peptides containing a 

range of non-native amino acids via SPPS for intramolecular cyclisation.56 

 

 

Figure I.22  a) One-component stapling vs b) two-component stapling. The bi-functional linker 
used for the two-component stapling reaction bridges two side-chains together but can lead to 
side-product formation (c).   

 

Perhaps the most successful approach to introduce staples into a peptide sequence is through 

a ring-closing metathesis (RCM) reaction resulting in all-hydrocarbon linkers (Figure I.23a). 

Residues bearing olefinic side-chains must first be introduced via SPPS before carrying out the 

RCM reaction. Advantageously, RCM-catalysts such as Grubbs I or Grubbs II can be applied 

directly to resin-bound peptides allowing straightforward purification. Amino acid pairs 

suitable for all-hydrocarbon-stapling peptides have been reported for i,i + 3/4/7 spacings, with 

subsequent RCM resulting in a compact, robust and relatively innocuous staple. However, a 

crystal structure of a hydrocarbon-stapled p53 peptide showed that the staple in fact engaged 

in hydrophobic interactions with the binding site.150 Other peptides have proved more 

successful, with Aileron Therapeutics completing the first clinical trial of ALRN-5281, a growth 

hormone releasing hormone (GHRH) agonist for metabolic disorders, in 2013.45 Several other 
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stapled peptides are currently in clinical trials, including ALRN-6924, a stapled peptide 

mimicking the p53 tumor suppressor protein.152,153 

Macrolactamisation reactions between the sidechains of ornithine or lysine and aspartic or 

glutamic acids were amongst the first techniques applied in order to reinforce α-helical 

structures in peptides (Figure I.23b). Coupling agents, such as dicyclohexyl carbodiimide (DCC) 

and diisopropyl carbodiimide (DIC) or benzotriazol-1-yl-oxytripyrrolidinophosphonium 

hexafluorophosphate (PyBOP), are normally necessary to drive the condensation to 

completion. The first successful examples applied this technique to the stabilization of 

peptides derived from growth hormone releasing factor via the sidechains of lysine and 

aspartic acids residues in an i,i + 4 relationship.154 Whilst the amino acids necessary for the 

lactam stapling are usually much easier to obtain and to introduce into the sequence 

compared to other techniques, orthogonal protecting groups are required during SPPS to allow 

selective deprotection of the particular pair of amine and acid functionalities to be lactamised. 

Additionally, only i,i + 4 staples are feasible using lysine and aspartic acid, with larger 

macrocycles requiring modified amino acids with longer side-chains. Numerous examples of 

lactam staples exhibit enhanced α-helicity and proteolytic stability compared to their linear 

precursors, despite the macrolactam being less biologically inert than hydrocarbon stapled 

peptides.56 Two-component lactamisations can also be carried out using bi-functional 

linkers.155 

The archetypical ‘Click’-chemistry copper (I) catalyzed 1,3-dipolar cycloaddition reaction is well 

suited for bio-orthogonal ligations and has been used to staple amino acid side-chains to form 

cyclic peptides under very mild conditions (Figure I.23c).156,157 In order to create a linkage, two 

non-proteogenic amino acids bearing an azide group and an alkyne group respectively are 

introduced into the sequence. Studies on a model peptide based on parathyroid hormone-

related peptide revealed that for a residue spacing of i,i + 4, five or six methylene units in the 

staple are needed in order to enforce α-helicity, whilst other lengths led to irregular secondary 

structures.158 This chemistry can be applied for two-component coupling too using double-click 

linkers. Two azidoornithine residues were introduced into a p53-MDM2 interaction inhibiting 

peptide in a i,i + 7 spacing and were then reacted with molecules containing two alkyne 

functionalities to create a library of functionalized linkers. Cellular uptake was achieved in 

addition to p53 activation using a linker bearing cationic arginine groups.157  
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Figure I.23 Different one-component stapling-techniques to enforce α-helicity in peptides. a) 
Ring-closing metathesis (RCM) reaction, b) Macrolactamisation reaction, c) Copper(I) catalysed 
1,3-dipolar cycloaddition reaction (“Click-reaction”). 

 

Disulfide bridges formed between the sidechains of two cysteine residues can be used as a 

highly biomimetic staple (Figure I.24e). Cysteine bridges play an important structural role for 

many proteins and are easily formed by the oxidation of the thiol groups of two spatially 

proximal cysteine sidechains. Many protecting groups exist for cysteine side-chains allowing a 

large degree of orthogonality against other common protecting groups. Numerous macrocyclic 

peptides containing more than one disulfide bridge have been synthesized applying a strategy 

that involved stepwise deprotection of specific cysteines followed by their oxidation.159 

Disulfide bridges are resistant to acidic and oxidizing environments, making it possible to form 

the linkages prior cleaving the peptide from the resin using strong acids. However, unlike 

natural disulfide bonds that are often buried in protein structures, those in short peptide 

chains are often exposed to the surrounding environment leaving them prone to reduction. 

This is a major limitation, particularly as the cytosol of cells is a reducing environment.  

An alternative approach to harnesses the reactivity of thiol groups is the formation of 

thioethers. Under modestly basic conditions (pH 8), cysteine side chains readily react with α-

bromo amide groups to form thioethers (Figure I.24c). This chemistry has been used to form in 

i,i + 3 and i,i + 4 staples by an intramolecular reaction, although it was suggested that thioether 

stapling might be more suitable to improve α-helicity for shorter i,i + 3 spacings with lactam 

staples preferred for i,i + 4.160 The physical properties of the linkage can be tuned by oxidation 

 

 
   

a) b) c) 



 

37 
 

of the thioether to sulfoxide or sulphone using either hydrogen peroxide or performic acid. 

Oxidation leads to increased polarity and can be used to increase the water-solubility of 

stapled peptides.161 Thiols groups can also react with terminal alkyne-or alkene substituted 

amino acids to form thioethers via thiol-yne/-ene chemistry (Figure I23.a). The reaction rate is 

dramatically enhanced when a radical initiator is employed in order to promote the formation 

of a sulphide radical and the resulting linkage can also be oxidised as described above.156,162,163 

 

 

Figure I.24 Different peptide-stapling techniques involving the cysteine side-chain. a) Thiol-
yne/ene reactions, b) SN2 reactions using benzyl-halides, c) reaction with α-bromo amide 
groups, d) SNAr reactions with hexafluorobenzenes, e) disulfide-formation under oxidising 
conditions.  

 

The nucleophilicity of the thiol groups in cysteine-residues is also commonly exploited for two-

component macrocyclisation reactions. Thiol-groups can be deprotonated under very mild 

conditions (pH ~8) to greatly increase their nucleophilicity and rate of reaction with 

appropriate electrophiles. Suitable electrophiles include aromatic substrates containing 

strongly electron-withdrawing substituents, including hexafluorobenzene where the strong 

  

   

a) b) c) 

d) e) 
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inductive electron-withdrawing effect allows two fluorine atoms to be displaced 

(Figure I.24d).164 When tested on a model-peptide, this modification increased helicity, 

proteolytic stability, cellular uptake and improved binding. Saturated alkyl halide electrophiles 

are not typically very reactive towards thiolates, but benzyl- or allyl-halides react usually 

smoothly (Figure I.24b).165 Staples containing haloacetamides electrophiles have also found 

widespread use. 

Somewhat less commonly applied are stapling reactions between methionine residues and 

benzylic bromides, which nevertheless offer excellent functional group tolerance including 

even cysteine residues.166 When various benzylic bromides were reacted with autophagy 

inducing peptides with i,i + 4 and i,i + 7 spaced methionines, the resulting macrocycles 

displayed improved proteolytic resistance and cellular uptake due to the positive charges of 

the resulting sulfonium ions. These ions were found not to be stable in the reducing 

environment of the cytoplasm, releasing the peptide. 

Finally, the properties of the tryptophan side-chain, which can undergo a condensation 

reaction with aldehydes can also be used to form macrocycles. As tryptophans occur relatively 

rarely, this approach may limit by-product formation. Activation 4-bromobenzaldehyde was 

achieved under mild conditions using (1S)-(+)-camphor-10-sulphonic acid. High conversions 

were obtained for spacings up to i,i + 4, which was accompanied by an increased proteolytic 

stability. However, no increased α-helicity was observed by CD spectroscopy.167 

 

c. Stapled BH3 Region-Derived Peptides  

Peptides derived from the BH3-regions of the pro-apoptotic proteins of the Bcl-2 family 

interact more strongly with their target proteins when their native α-helical conformation is 

reinforced using a chemical staple.148 Therefore, stapled BH3-peptides are thought to have 

potential to restore the function of the apoptotic pathway in cancerous cells. When all-

hydrocarbon staples were applied to BH3-only pro apoptotic Bid- and Bim-derived peptides, 

Walensky et al. referred to the staples peptides as ‘stabilized alpha-helix of Bcl-2 domains’ 

(SAHBs).  α,α-Disubstituted non-natural amino acids containing olefinic side chains of different 

lengths were incorporated at different positions into a Bid-derived peptide during SPPS and 

were cyclised by ruthenium catalyzed olefin metathesis. Circular dichroism showed a 

significant increase in helicity of the stapled variants (up to 87%) compared to the native 

peptide (16%), but the effect was strongly dependant on the positioning and length of the 

hydrocarbon tether. The SAHB displaying the highest degree of helicity was tested further, 
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displaying significantly enhanced proteolytic stability in mouse serum (~10-fold) and almost 7-

fold stronger binding to its target protein compared to the non-stabilized peptide (KD: 38.8 nM 

vs 269 nM). Cell uptake studies using leukemia cells with stapled and unstapled FITC-labelled 

Bid peptides showed cytoplasmic localization only for the SAHB. A dose dependent 

cytochrome c release was observed in vitro on purified mouse liver mitochondria for the SAHB 

at concentrations where the Bid-BH3 peptide showed negligible effects. Bak deficient 

mitochondria did not show any cytochrome c release suggesting activation of the apoptotic 

pathway. Moreover, the SAHB-peptide treatment consistently suppressed leukemia growth in 

mice models in vivo.148 Further experiments revealed that Bid SAHBA directly binds to the pro-

apoptotic protein Bax, the first verification of a direct interaction between Bid and Bax. The 

specificity of this interaction was tested using a stapled peptide derived from the sensitizer 

BH3 protein Bad, as expected, interacted with Bcl-xL but not Bax.147 

Initial results using SAHBs suggested that a combination of the presence of the staple and an 

overall positive peptide charge enabled cellular penetration.168 However, other literature 

reports a wide range of stapled peptides that display intracellular activity with overall charges 

ranging from significantly positive (+3 to +5) to negative (-4).169 A systematic study using a 

comprehensive library of i,i + 4 all-hydrocarbon stapled Bim BH3-derived peptides employed 

statistical methods to compare the biophysical parameters of various stapling positions to 

determine the specific properties conferring the ability to penetrate cellular membranes.168 

The overall findings were that a combination of excessive positive charge and hydrophobicity 

should be avoided in order to prevent non-specific cell lysis. Point mutations suggested that 

cellular uptake efficiency is best served by lowering the overall pI to 8.8-9.3 while maintaining 

hydrophobicity. Furthermore, SAHBs containing a hydrocarbon at the boundary between 

hydrophobic and hydrophilic faces were the most favourable, suggesting that an extension of 

the hydrophobic surface of the α-helix may be a critical feature. The most promising product of 

this study contained a staple reinforcing a crucial highly conserved part of the BH3 region 

containing a hydrophobic residue, a small residue and an acidic residue (XIGDX) (Figure I.25).  
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Figure I.25 a) Wheel depiction of the stapled Bim BH3 α-helix and the wild-type sequence. The 
dotted line indicates the hydrophobic interaction face of the α-helix. Residues were mutated 
with 6 (b) and an all-hydrocarbon staple formed using ruthenium catalyzed olefin metathesis 
reaction. Stapled amino acid pairs are colour-coded based on the level of measured total 
internalized fluorescence intensity. Left and right colours correspond to the roles of the amino 
acids as N- vs. C-terminal staples, respectively. Extension of the hydrophobic surface by the 
staple resulted in strongest internalized fluorescence intensity (position of the staples indicated 
in the peptide sequence). (Figure adapted from [168]).  

 

Analysis of the binding interface of the anti-apoptotic protein Bfl-1 and the BH3 domain of the 

pro-apoptotic NOXA revealed a cysteine on the lip of the canonical binding groove of Bfl-1, a 

feature unique among the anti-apoptotic members of the Bcl-2 family. SAHB-stapled NOXA 

and Bim-derived peptides containing appropriately placed cysteine residues were shown to 

form disulfides between the peptides and Bfl-1 under oxidising conditions. Next, further 

peptides were constructed that instead contained a thiol reactive acrylamide to combine the 

selectivity of α-helical BH3 domains and enhanced binding affinity of stapled peptides with the 

capacity to form a covalently bonded irreversible complex (Figure I.26).170 The peptide was 

synthesized and tested against wild type Bfl-1 and a mutant with the key cysteine mutated to 

serine. In vitro experiments showed no non-specific reactivity of the cysteine-reactive warhead 

stapled NOXA and Bim SAHBs in the presence of other cysteine-bearing proteins, underscoring 

the selectivity towards the cysteine in the binding groove of Bfl-1. Streptavidin pull-down 

experiments showed non-covalent interactions of the NOXA construct with the anti-apoptotic 

protein Mcl-1 together with covalent interactions against Bfl-1. In contrast to the non-modified 

Bim SAHB, the warhead-equipped Bim SAHB construct was able to compete with tBid for Bfl-1 

indicating the effectiveness of the selective thiol reaction in driving binding equilibria. While 

b)  a) 

Bim  BH3: IWIAQELRRIGDEFNAYYARR 
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the NOXA construct showed only limited cellular uptake, the warhead-bearing Bim SAHB could 

enter A375P cells and displayed induction of higher levels of caspase-3/7 release compared to 

its unmodified counterpart. A subsequent crystal structure of the NOXA-peptide covalently 

bound to Bfl-1 revealed an induced conformational change upon binding, data that might help 

design more specific Bfl-1 inhibitors in future.171 

 

 

Figure I.26 a) Noxa peptide in the binding groove of Bfl-1 containing a cysteine residue (blue). 
The residues mutated for the SAHBA staple are coloured magenta. Based on the distances 
between Cys-Cys (3.9 Å) and Cys-Leu (3.3 Å), the leucine residue in the peptide sequence (red) 
was later replaced with the warhead 7 (b) to obtain covalent binding to the cysteine residue in 
the binding groove. (PDB: 3MQP) 

 

A double-click approach was used to generate a library of functionalized stapled peptides for 

the investigation of human platelet PPIs.172 Different functional groups were attached to a 

meta-dialkynylphenyl staple (Figure I.27e) and were assessed for platelet uptake using FACS 

analysis. Despite platelets being anuclear, peptides containing staples bearing a nuclear 

localization sequence (NLS) and oligo-arginine residues showed the highest uptake. CD 

experiments showed no improvement in helicity compared to the wild-type peptide, 

suggesting enhanced uptake is purely due to the additional functionality born on the staple. A 

Bim BH3-derived peptide containing a pair of azidoornithine residues was equipped with this 

staple via a double CuAAC reaction and was found to successfully trigger platelet activation.  

NOXA SAHB
A
: 
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Another recent example of stapled BH3-domain peptides utilized the reactivity of i,i + 4 

cysteine residues towards decafluorobiphenyl to generate a series of stapled peptides that 

showed enhanced abilities to penetrate a spheroid model of the blood-brain barrier 

(Figure I.27c).173 They found that the stapled peptides displayed improved proteolytic stability 

and that the penetration depth of the constructs into spheroids was significantly affected by 

the location of the perfluoroarene within the sequence. This stapling method was then applied 

to a peptide derived from the BH3-region of Bim and enhanced its ability to cross the blood-

brain barrier in mice; the first reported example of increased brain-penetration by a peptide 

based solely on the addition of a linker.  

 

 

Figure I.27 Some of the reported one- and two-component stapling strategies used on BH3 
peptides. a) All-hydrocarbon staple, b) dibromomaleimide reacted with two cysteine side-
chains, c) fluorophenyl-groups used in SNAr-type reactions, d) halobenzyl and halovinylaryl 
compounds, e) double-click strategy.  

 

Dibromomaleimide can be used with cysteines and homocysteines to form a reversible staple 

that can subsequently be removed by excess thiols (Figure I.27b).174 An i,i + 4 stapled Bid-

peptide construct displayed improved α-helicity and proteolytic stability while showing 

significantly binding to Bcl-xL compared to the linear peptide. Alkyne-containing 

dibromomaleimides were then used to conjugate other functionalities, such as fluorescein, 

PEG-groups and biotin to the peptide using click-chemistry.  
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A series of Noxa BH3 peptides containing i,i + 7 spaced cysteines were reacted with a range of 

bromobenzyl and bromovinylaryl compounds to introduce staples of varying lengths and 

rigidities (Figure I.27d).175 Molecular dynamic simulations to estimate the rigidity of the 

constraints by the shape of their S-S distance distribution. Subsequent analysis showed that 

Noxa peptides bearing a staple of a similar S-S distribution compared to the S-S distance of the 

native helical peptide displayed the highest degree of helicity as well as the tightest binding to 

Mcl-1. When tested, the more hydrophobic staples yielded the most efficient uptake into HeLa 

cells.  

 

4. Photo Control of Stapled Peptides 

a. Principles of Photo Control 

Controlling the secondary structures of peptides or proteins upon irradiation with light offers 

the opportunity to manipulate PPIs in a non-invasive way with high spatiotemporal resolution. 

In order to obtain photo control over a peptide, a responsive element needs to be attached. 

Photo-responsive moieties that allow the selective activation of one of two states in a 

reversible way can be termed photoswitches. Naturally photo-responsive proteins, associated 

with vision, phototropism, or phototaxis typically involve conformational changes of a closely 

associated chromophore, such as retinals in rhodopsins or p-hydroxycinnamic acid in 

photoactive yellow proteins respond to light in the visible spectrum.176 However, these 

molecules are usually buried deeply into specialised host proteins in order to allow effective 

signal transduction. A range of other small molecules, more amenable to adding to existing 

general proteins or peptides are known, including spiropyrans, stilbenes, hemithioindigos, 

diarylethenes and azobenzenes (Figure I.28). Unfortunately, many of these molecules are most 

sensitive to shorter wavelengths of light, in the UV region which is non-selectively absorbed by 

tissue and causes damage to cells. In fact, blood supported tissues allow deep penetration 

(~ 20 mm) only for the wavelengths between 650-1100 nm (the ‘bio-optical-window’).177 As a 

consequence, the development of photoswitches sensitive to visible or near-infrared light is a 

high priority. A number of other features also have to be considered during development of 

new photo-reactive switches, such as the isomeric composition of the photostationary state 

(PSS), quantum yields, thermal half-life time of the thermodynamically less stable isomer, 

fatigue resistance, stability against proteolysis and reducing environments and water-

solubility.176,178  
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Figure I.28 Some small molecules capable of photo-induced conformational change. 
a) Spiropyrans b) Stilbene c) Hemithioindigo d) Diarlyethenes, R is other functional groups. 

 

Three general strategies exist in order to activate photochromic compounds without the use of 

UV-light (Figure I.29). The first strategy involves tuning the HOMO-LUMO gap of molecules to a 

value which can be addressed by photons in the visible region. The most common approach to 

this is by extending the π-system of a known compound and hence red-shifting its absorption, 

although this can negatively impact solubility. The second approach utilizes a sensitizer, which 

is able to absorb multiple photons of long-wavelength light and transfer their combined energy 

to the switch. Typical sensitizers include upconverting nanoparticles, triplet photosensitizers or 

two-photon absorber/emitters.179,180 While a few multi-photon photoswitches are known, 

organic molecules tend to have low two photon absorption cross sections and it is more 

common to perform indirect two-photon excitation of photoswitches via energy transfer from 

a sensitizer whose emission overlaps with the absorption band of the photoswitch. The switch 

and sensitizer are either physically mixed together or covalently connected to create close 

proximity for efficient energy transfer.181 In the final strategy, a half-photo switch is used, 

where switching in one direction is achieved through redox reactions triggered either 

electrochemically or using a photo-induced electron transfer from or to a sensitizer. The 

advantage of this final class of systems is that they are not limited by overlap of the absorption 

a) b) 

c) d) 

Spiropyrans Stilbene
s 

Hemithioindigos Diarylethenes 
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spectra of the isomers, but are thermodynamically driven leading to quantitative 

isomerization.176 

 

Figure I.29 Different strategies to replace UV-light with visible light for photochromic 
compounds. a) Direct photoexcitation. Molecular design of the photoswitch is applied to lower 
the energy gap so that it can be addressed with visible light. b) Energy transfer from an up-
converting sensitizer using visible light followed by an energy transfer to the switch. c) 
Switching via redox reaction coupled to a sensitizer, which is excited by visible light to initiate 
the photo-induced electron transfer. (S0: ground state, S1: first singlet excited state, ET: energy 
transfer, (P)eT: (photoinduced) electron transfer). (Figure adapted from [176]). 

 

b. Azobenzenes as Photochromic Compounds 

i. Photo-Physical Properties of Azobenzene 

Azobenzenes are among the best characterized photochromic molecules. They undergo fast 

photoisomerization, have a symmetric structure that allows high spatial control, a low rate of 

photo-bleaching and offer relatively high quantum yields with acceptable isomer ratios at their 

photostationary states. Azobenzenes are readily available and their synthesis can use well 

established synthetic aromatic chemistry.182 The ability of azobenzene (8) to undergo 
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photoisomerization was discovered in 1937 and the two isomers were subsequently isolated 

by extraction utilizing their slightly different solubility properties.183 The trans-isomer is almost 

planar and has a dipole moment near zero. One of the rings of the cis-isomer twists ~55° out of 

the plane due to the steric and electronic repulsion of the phenyl-rings, resulting in a 

significant increase of the dipole moment (Figure I.30). The end-to-end distance between the 

carbons in para-positions of the two rings changes by ~3.5 Å from the trans- to the cis-

isomer.178,184,185 

 

 

Figure I.30 a) Structure of trans- and cis-azobenzene (8) with a spacefilling model of the 
electrostatic potential of the isomers (b). c) UV-visible spectra of the two isomers in ethanol. 
(Figure adapted from [178]). 

 

The spectra of the cis- and trans-azobenzene overlap and show distantly different strengths for 

their n-π* and π-π* transitions as symmetry constraints are broken by isomerisation. In 

ethanol, trans-8 displays a strong π-π* transition at 320 nm (ε440 ≈ 22000 M-1 cm-1), whereas 

the cis-8 shows a band at 280 nm (ε440 ≈ 5000 M-1 cm-1). This trend is reversed for the n-π* 

transition with a stronger band shown by cis-8 (ε440 ≈ 2000 M-1 cm-1) than trans-8 

(ε440 ≈ 600 M-1 cm-1). Both isomers show further bands below 250 nm. The trans-8 isomer is 

~10 kcal mol-1 more stable than cis-8 and forms >99.99% of the equilibrium population in the 

dark. Trans-8 can be isomerised to cis-8 through irradiation with 340 nm light, with trans-8 

being regenerated either through thermal relaxation to equilibrium or irradiation at 450 nm.178 

While solvent polarity has no effect on the π-π* transition, the quantum yield of the n-π* 

transition driven trans-to-cis isomerization increases while the cis-to-trans decreases with 
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increasing solvent polarity. The quantum yield of the trans to cis isomerization is not affected 

by changes in temperature. However, the reverse isomerization from cis to trans shows a 

significant decrease in quantum yield following increasing temperatures, indicating a high 

dependence on thermal vibrations.186  

Several mechanisms have been proposed for the isomerization pathway from trans-8 to cis-8 

including rotation, inversion, inversion-assisted rotation and concerted inversion. However, 

the exact mechanism is still a matter of debate. 186 The potential barriers for the rotational- 

and inversion-mechanisms are subject to external factors including the solvent polarity and 

viscosity, which can favour one mechanism over the other.187 Thermal relaxation from cis-8 to 

trans-8 is considered to proceed via the inversion pathway and ab initio and molecular 

dynamics simulations suggested that photochemical cis-8 to trans-8 conversion should 

proceeds through the rotational pathway.186 

 

Figure I.31 Proposed mechanisms for the trans-cis isomerization of azobenzene.186,188 

 

The trans and cis-conformations of azobenzene molecule have been modelled using the MO-

theory. The non-bonding orbital can be considered as a linear combination of the lone pair 

orbitals of the nitrogen atoms. Excitation of an electron from the n- or π-orbitals into the anti-

bonding π*-orbital, leads to a weakening of the N=N double bond character and allows 

rotation or inversion around the N-N axis. Both isomers show similar n-π* excitation energies 

due to similar shifts in the energies of the π* and n orbitals in the trans isomer. As the twisted 

conformation of the cis isomer reduces the delocalization of the π-electrons, the energy level 

of the π*-molecular orbital is increased. However, the energy of the n-orbital also increases 
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leading to a very similar energy gap to the trans isomer, resulting in overlapping absorption 

maxima for the n-π* transitions of the isomers. The energy gap for the π-π* transition changes 

more significantly in both isomers and the absorption maxima appear well separated.189 

 

Figure I.32 Representation of the n-orbitals (HOMOs) and energetic diagrams of the π, n and 
π* orbitals for the trans- and cis-isomer of 8. (Figure adapted from [189]). 

 

ii. Refining the Photoswitching Properties of Azobenzene 

Therefore, in order to apply azobenzene structures as visible light photoswitches in biological 

systems, the n-π* excitation bands of both isomers need to be separated. The better the 

separation of excitation bands, the more selective isomerization can be, avoiding 

photostationary states containing mixed isomers. One of the most conceptually 

straightforward routes to red-shifted absorption spectra is through the extension of the π-

system of the photochromic switch in order to lower the HOMO-LUMO gap towards visible 

wavelengths.  

However, extending the conjugated system can diminish the photoswitching performance.176 

One reason for this phenomenon is that an extended π-system can lead to a significantly red-

shifted π-π* transition, while the n-π*transition remains mostly unaffected. In many systems, 

the π-π*band is used to induce trans to cis isomerization, whereas the n-π* band of the cis 

isomer is utilized to photo-revert the azobenzene back into its trans configuration. As a result, 

in systems with extended π-system, the two bands overlap and can no longer be selectively 

addressed. Extended systems have also been applied to peptides with larger amino acid 

spacings, albeit with limited success due to a lack of rigidity or poorly separated isomers at 

their photostationary states.190–192 
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Figure I.33 Red-shifting azobenzenes through π-extension (9), push-push- (10) and push-pull-
substitutions (11).  

 

Another strategy to red-shift absorption is to introduce electron-donating (EDGs) or 

withdrawing groups (EWGs) in ortho- or para-position to the azo-group.176 However, 

substituents can also strongly affect the thermal cis-to-trans relaxation. This effect can be 

rationalized by how the groups affect the single bond character of the azo-group with groups 

contributing to an increased dipole character lower the activation barrier for the thermal 

relaxation.178 Push-pull-azobenzenes contain one electron rich and one electron poor ring 

causing the π-π* band to be red-shifted to 400-600 nm, at the cost of the thermal stability of 

the cis isomer decreasing in proportion to the strength of the electron donating/accepting 

substituents (Figure I.33). Typically, the π-π*and the n-π* absorption bands of push-pull 

azobenzenes completely overlap resulting in mixtures of isomers at its photostationary state, 

and often have cis isomer half-lives measured in seconds.176 These compounds are therefore 

most useful in systems where little activation is needed in order to trigger an effect or where 

fast cycling is required.  

In surveys of different moieties at the para position of azobenzene, a similar clear correlation 

between an increased electron donating ability red-shifting the π-π* absorption maxima (up to 

480 nm) while significantly decreasing the half-life of cis isomers was observed 

(Figure I.34a).178,193–195 Substituents in the ortho-positions can have a variety of influences, 

from changes in the excitation spectra caused purely by steric effects on the transition state 
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with alkyl substituents,196–198 to amino substituents that cause similar red-shifting but slightly 

less half-life shortening behaviour as in amines the para-position (Figure I.34b).199 

 

Figure I.34 a) Photo-physical effect of different substituents in para-position when incorporated 
into a peptide and b) in ortho-position of azobenzene. Stronger electron-donating substituents 
lead to a red-shift of the absorption maxima but a reduced half-life time of the cis-isomer. 
Twisted conformations cause a blue-shift but longer half-life times. a: 70% MeCN/H2O; 
otherwise measured in aqueous solution (pH 7.0).193,195,199 

 

Speculating that electron-donating substituents might be shifting the absorption maxima with 

their electronic influence, yet slowing relaxation by their steric influence, different electron-

donating groups were examined in ortho position to the azo-group in order to combine these 

properties. A tetra-ortho-methoxy azobenzene derivative (24) in trans (Figure I.35) showed a 

significant red-shift for its n-π* band compared to the parent structure, while the π-π* 

transition is blue-shifted.200 Interestingly, the n-π* band of the cis isomer was found to be 

separated from that of the trans isomer by 36 nm, allowing efficient bidirectional switching. 
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Time-dependent density functional theory (TD-DFT) calculations indicated that trans-24 adopts 

a conformation where the rings are twisted aplanar, explaining the blue shifted π-π* 

transition. The difference of the n-π* bands in cis and trans can be explained by the different 

steric interaction of the nitrogen lone pairs with the oxygen atoms of the methoxy-groups in 

both conformations. Green light irradiation (530-560 nm) of the trans-isomer yielded ~80% of 

the cis-azobenzene derivative and blue light irradiation (450-460 nm) converted ~85% of the 

cis-isomer back into trans, enabling bidirectional light switching. The cis-24 compound also 

showed very slow relaxation rates, with a half-life of 53 hours in buffer at room temperature. 

Unfortunately, 24 proved sensitive towards reduction under biomimetic (1 mM) glutathione 

conditions with a half-life of 1.5 hour limiting its intracellular application.   

 

Figure I.35 a) Tetra-ortho-methoxy- (24) and b) tetra-ortho-diethylthioether-azobenzene (25) 
with the wavelength for their n-π* transition band and cis-isomer half-life time. c) UV-visible 
spectrum of 24 measured in DMSO at 25°C. a: DMSO at 25 °C. (Figure adapted from [200]). 

 

In an attempt to obtain glutathione resistance, an analogue of 24 was synthesized bearing 

diethylthioether substituents in ortho position to the azo-bond (25) (Figure I.35).201 The 

replacement of the ortho substituents led to a >20 nm red-shift and a significant increase in 

intensity of the n-π* transition band for the trans isomer. 25 displayed a strong transition in 

the blue region of the spectrum. However, no difference between cis- and trans-25 were found 
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for the n-π* transition bands at longer wavelengths, preventing bidirectional photoswitching 

using visible light. Compound cis-25 could be formed using green light to obtain ~75% cis-

isomer at the photostationary state, but it thermally reverted back to trans-25 within minutes 

in DMSO at 25 °C (24 displayed a thermal relaxation half-life time of ~14 days). In contrast to 

24, 25 showed the desired resistance against reducing environment and retained the ability to 

photocycle even after 14 hours incubation in glutathione (10 mM). The weaker hydrogen 

bonding ability of the thioethers of 25 compared to the ethers of 24 are thought to disfavour 

protonation of the central azo bond (formation of an azonium-ion) and prevent glutathione 

reduction with steric effects providing additional steric protection.  

 

Figure I.36 a) Reduction of the azobond of the azobenzene 26 with glutathione (29).202 b) 
Stabilization of the azonium-ion through hydrogen-bonding.  

 

It was envisioned that azonium ions could be used for red-light photoswitching. Typically, 

azonium-ions show strong absorbance in the red region of the spectrum, but usually display 

such low pKa values that they hardly exist at physiological pH.203 Thermal cis-to-trans 

relaxation rates of azonium ions are in the range of microseconds due to the loss of the double 

bond character of the azo bond. However, combining the tetra-ortho-methoxy substituents 
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with a red-shifting amine-group in para position increased the pKa value of trans-30, allowing 

formation of an azonium ion under physiological conditions.203 In contrast to neutral trans-30 

state, the protonated azonium-ion trans-30.H+ displays a planar structure, which supports 

resonance stabilization and H-bonding with the ortho-substituent. Once trans-30 was 

crosslinked to a test-peptide it could be switched with red light (635 nm) at pH 7.5. Thermal 

cis-to-trans relaxation occurred within 10 seconds, around a million times slower than other 

azonium-ion species due to highly twisted cis-30 no longer being able to hydrogen bond to the 

azonium ion, significantly reducing the pKa to 5.7). As a result, cis-30 becomes neutral under 

physiological conditions reverts back to trans-30 much more slowly. However, as reported for 

previous crosslinkers with similar substitution patterns, 30 was not stable in glutathione 

solution. Compound 30 was further developed to 31, capable of absorbing in the near-infrared 

region of the spectrum when protonated to exploit the biological wavelength window 

(Figure I.37). Further substitutuents were introduced in meta position in order to increase the 

thermal energy barrier for the cis-to-trans isomerization.204 Photoisomerization of trans-31 

was achieved using 720 nm light and the thermal reversion half-life of cis-31 was 0.7 seconds. 

Different para-amino substituents were tested to tune the pKa-values, 6-membered rings 

resulted in steric clashes, leading to a twisted para-substituent and lower pKa-value due to 

diminished delocalisation. However, once again, the system was not stable under reducing 

buffer conditions.  

 

Figure I.37 a) The azobenzene derivative 31 (pKa: 6.7) can undergo photoswitching  using near-
infrared light under physiological conditions due to the protonation of the azo-group. b) 
Absorbance 31 at different pH-values. The dotted line (pH 10.0) is the spectrum of the neutral 
trans-isomer, whereas the solid line is the limiting spectrum of the azonium-ion. During 
photoswitching-experiments of 31 with 720 nm near-IR-light (red), the absorbance was 
monitored at 540 nm (green). (Figure adapted from [204]). 
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Unlike the tetra-ortho-methoxy azobenzenes, tetra-ortho-fluoro azobenzene 32 is planar in its 

trans state. The idea behind its synthesis was that fluorine would withdraw electrons and 

stabilize the non-bonding orbital of the cis isomer by reducing the electronic repulsion 

centered around the azo double bond. This would result in an energy increase of the n-π* 

transition. The fluorine substituents lower the energy level of the LUMO (π*) for the trans 

form more than for the cis-isomer, leading to a n-π* red-shift of the trans-isomer. This effect 

causes a band separation between the cis and trans isomers, which is greatest (50 nm) when 

π-electron withdrawing groups are placed para to the azo group. The stabilization of the cis n-

orbital relative to the transition state causes a larger thermal barrier and therefore slower 

thermal relaxation times. Screening various fluorine-substitution patterns revealed that more 

than four fluorine-substituents on the system did not lead to any further increase in band 

separation, which stayed consistently around 40 nm between the two isomers. Trans-to-cis 

isomerization using >500 nm light yielded photostationary states of 92% cis isomer for both 

ester and amide derivatives while 410 nm irradiation resulted in cis-to-trans isomerization to 

96% and 97% trans isomers for p-amide and p-ester respectively. A decrease of thermal 

stability of the cis-isomers was observed for the azobenzenes with ester or amide groups in 

para position as they caused stabilization of the reversion transition state, lowering the half-

life of the cis-isomer.205 

Tetra-ortho-chloro and -bromo substituted azobenzene photoswitches yielded red shifted n-π* 

transitions for the trans-states that could be isomerized using red light (635 nm), with blue 

light (450 nm) reverting it back from cis-to-trans.206 Furthermore, the tetra-ortho-chloro 

azobenzene switch was stable against glutathione reduction in both isomeric forms. It was 

hypothesized that the combination of the twisted conformation of trans-33 and the inductively 

electron withdrawing properties of the chloride substituents makes the azo-group less 

susceptible to reduction. Subsequently, the tetra-ortho-chloro crosslinker 33 was attached to a 

test peptide and yielding a thermal relaxation half-life time of 3.5 hours at 37 °C in sodium 

phosphate buffer (pH 7.0). When attached to a fluorescein-labelled peptide consisting of D-

amino acids and microinjected in zebrafish embryos, switching with red-light produced a 

change in fluorescence emission indicating successful photoisomerization into its cis-state. It 

was possible to carry out alternate red light/blue light switching for 30 hours with no apparent 

side-effects.  The ability of bidirectional photoswitching using visible light, the long thermal 

half-life time of its cis-isomer and its stability in reducing environment makes 33 one of the 

most promising azobenzene-photoswitches for in vivo application based on its photo-physical 

properties.  
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Figure I.38 a) Tetra-ortho-fluoro azobenzene derivative (32) with its n-π* transition bands and 
cis half-life time. b) The tetra-ortho-chloro azobenzene derivative (33) with the n-π* transition 
bands and cis half-life time after linking it onto the peptide FK11 over the cysteine residues. a: 
MeCN, 25 °C; b: MeCN, 60 °C; c: aqueous solution (pH 7.0), 37 °C.205,206 

 

Bridged azobenzenes (34, Figure I.39), where an ortho ethylene bridge constrains the 

azobenzene, possesses remarkable photo-properties with a separation between the n-π* 

transition maxima of 86 nm for both isomers. The relative stability of the cis and trans isomers 

is also reversed compared to azobenzene.207 Isomerization from the ground state cis isomer to 

the trans isomer occurs upon irradiation with 370-400 nm light and the reverse direction with 

480-550 nm light. Chloroacetamido groups were introduced in para position to yield 35, it was 

attached to the test peptide FK11 and a photostationary state consisting of 70% trans-35 was 

detected by NMR-spectroscopy after irradiation with 407 nm. Reversion to the cis isomer was 

achieved using 518 nm light. Whilst the trans-isomer was completely resistant, the cis-isomer 

was reduced reduction by glutathione-containing buffers approximating biomimetic reduction 

potentials.208 

 

Figure I.39 a) Constrained azobenzene derivative 34 displays a n-π* transition maxima of its 
two isomers of 86 nm and was utilized as 35 to obtain photocontrol over the test-peptide 
FK11 (b). a: n-hexane, 25 °C.207 
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iii. Azobenzene Photo-Control of BH3 Domains 

Azobenzene-photoswitches can be conveniently linked to peptides or proteins through the 

introduction of appropriate para-substituents; typically, ester or amide-moieties that can react 

with specific side-chain residues in the peptide sequence. In particular, p-haloacetamide 

substituted azobenzene linkers that can undergo a substitution reaction with thiol-groups of 

cysteines have been well utilized. Indeed, the first report of photo-control of the helical 

content in a short peptide using an azobenzene-based linker employed p-iodoacetamido-

azobenzene (36, Figure I.40) to create a staple between cysteine residues in i,i + 7 positions of 

a soluble, monomeric test peptide known to readily form α-helices.209  A water-soluble version 

of this crosslinker 37 bearing electrophilic p-chloroacetamido substituents was subsequently 

developed. Compound 37 requires no organic co-solvents for its peptide conjugation reaction, 

displays a similar absorption spectrum and an equivalent degree of helical control on a model-

peptide compared to 36. Irradiation of a test-peptide solution at 370 nm yielded 85% cis-37.210 

Neither 37 nor 36 allow bidirectional photoswitching, relying on thermal-relaxation processes 

in order to revert cis to trans. However, the thermal relaxation barrier seems larger for 37 

attached to the same test-peptide as the half-life of cis-37 is 12 minutes at 37 °C compares to 

2.5 minutes for cis-36.210 Access to 37 greatly expanded the scope of peptides and proteins 

that could be crosslinked by haloacetamido azobenzenes.  

 

Figure I.40 a)-b) The two azobenzene derivatives that have been utilized to photocontrol BH3-
peptides. a: DMSO, 25 °C; b: aqueous solution (pH 7.0), 25 °C. 209,210 

 

Crosslinker 37 was attached to short BH3 peptides derived from Bak and Bid with several 

different cysteine spacings; i,i + 4 for the Bid-peptide and i,i + 7 and i,i + 11 for the Bak-

peptide.211 Bulky residues on the same face of the helix as the crosslinker were replaced with 

amino acids of equivalent character but lesser steric demands. Methionine residues in the Bid-
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derived sequence were replaced with isoleucine to increase the stability of the peptide 

towards oxidation. The UV-Vis spectrum of the crosslinked Baki,i+11 showed a π-π* absorption 

band with a maximum at 363 nm for the transition. Half-lives of the cis states for the 

crosslinked 37-Baki,i+7 and 37-Bidi,i+4 were reported to be 174 and 190 minutes respectively at 

15 °C. Photostationary states containing 69%, 76% and 80% cis-isomers were observed for 37-

Baki,i+11, 37-Baki,i+7 and 37-Bidi,i+4 respectively under 363 nm irradiation. The end-to-end 

distance of the crosslinker in its trans-state matches the ideal i,i + 11 distance for an α-helix so 

in this spacing, trans-37 stabilises a helical conformation. This was confirmed by CD-

spectroscopy experiments with significant changes in the α-helical content observed upon 

irradiation. In contrast, crosslinked 37-Baki,i+7 and 37-Bidi,i+4 did not show any great changes in 

helicity upon irradiation. Binding affinities to the anti-apoptotic protein Bcl-xL were measured 

using N-terminal carboxy-fluorescein labeled peptides in florescence anisotropy titrations. For 

37-Baki,i+7 and 33-Bidi,i+4 peptides a ~20 fold difference in affinities was observed for their dark 

and photostationary states, but only a twofold change was observed for 37-Baki,i+11. No binding 

was detected with Hdm2, a negative control protein, using concentrations up to 10 μM, 

indicating more than 200-fold selectivity. 1H-15N-heteronuclear single-quantum correlation 

(HSQC) NMR experiments were carried out using a truncated version of Bcl-xL lacking the 

flexible loop between helix 1 and 2 and 37-Baki,i+7 and 37-Baki.i+11 peptides. Strong chemical 

shift changes were observed for residues lying in the hydrophobic groove region of Bcl-xL 

observed upon incubation with dark adapted 37-Baki,i+11. Surprisingly, NMR experiments with 

dark adapted peptide 37-Baki,i+7 resulted in almost identical chemical shift changes compared 

to Baki,i+11. It was concluded that isomerization only affects binding affinities to the target 

protein Bcl-xL, rather than change in its preferred binding site.211 

The truncated anti-apoptotic protein Bcl-xL (1–209, Δ45–84, Δ210–233), excluding the loop and 

the trans-membrane-region for solubility-reasons, was expressed in 15N and 13C minimal 

media, purified and mixed with 37-BakI81F
i,i+11. The Bak-sequence containing an I81F mutation is 

known to enhance the affinity to Bcl-xL. 3D NMR experiments yielded a full assignment of 

Bcl-xL free and liganded with 37-Baki,i+11. Solution of the NMR-structure revealed that 

crosslinked Baki,i+11 adopts a slightly distorted helical structure upon binding to the surface 

groove of Bcl-xL, which is formed by its α-helices α2 and α5. The distortion of the stapled 

peptide is mostly centered on the Cys73-residues, which are connected to the crosslinker. 

Interestingly, Phe81 was found to point away from the binding groove and towards the 

crosslinker, increasing the hydrophobic contact area.  
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Figure I.41 a) 37-BakI81F
i,i+11 in complex with the anti-apoptotic protein Bcl-xL. The linker 37 leads 

to the formation of a slightly distorted α-helix around the anchor point. Phe81 points towards 
the crosslinker increasing the hydrophobic surface (hydrophobic residues are colored red). 
(PDB: 2LP8). b) The wild-type sequence Bakwt (blue) binds to the hydrophobic groove with half a 
helical pitch shift. (PDB: 1BXL).   

 

Comparing the position of the crosslinked peptide in the binding cleft to the wild-type, a shift 

of around half a helix pitch towards the N-terminus was observed. Additionally, the positions 

of the side-chains that make hydrophobic contact with the protein in the crosslinked peptide 

are slightly different to those in the wild-type, suggesting that the distortions caused by the 

crosslinker result in a change in position of the hydrophobic side-chains. However, the binding 

site of Bcl-xL displays a large degree of flexibility and remodels itself in order to make 

hydrophobic contact with the peptides. The NMR-structures suggest that the increased affinity 

of the crosslinked peptide may not only be a result of the helical-pre-organization, but also of 

the formation of a larger area of hydrophobic contact between the peptide and the surface of 

Bcl-xL due to the relocation of Phe81.212,213 

Carboxyfluorescein-tagged 37-Baki,i+11 and 37-Bidi,i+11
, with affinities of 15 nM and 43 nM, 

respectively, to Bcl-xL in their dark-states in fluorescence-polarisation assays, were tested for 

their ability to photostimulate membrane depolarization and cytochrome c release using flow 

cytometry techniques. Experiments on permeablised human lymphoma SU-DHL-4 cells showed 

that FAM-37-Baki,i+11 initiated mitochondrial dysfunction more efficiently than FAM-37-Bidi,i+11. 

However, whilst FAM-37-Baki,i+11 induced apoptosis effectively, it only possessed 35% cis 

isomer at its photostationary state and the half-life of the cis isomer was only 18 minutes at 

37 °C. Ac-37-Baki,i+7 was much better, with up to 70% cis isomer upon irradiation and an 

extended half-life of 28 min at 37 °C. Low levels of cytochrome c release were observed when 

cells were treated with the inactive, non-helical trans-state of this peptide, which increased 

more than twofold when the peptide was pre-irradiated.214 Overall, these experiments 

a) b) 
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highlight that while BH3-peptides crosslinked with 37 are able to induce cytochrome c release 

triggered with light, improvements need to be made before such peptides are ready for 

medicinal applications. 

 

5. Aims of the Project in the Context of Current Research 

Most apoptotic processes are normally tightly regulated by the Bcl-2 protein family members 

with abnormal over-expression of anti-apoptotic family members often being observed in 

cancer cells, rendering intended death-signals futile, immortalizing the cancer-cell. Peptides 

are naturally good starting points to selectively target PPIs due to their high coverage of the 

mostly hydrophobic interfaces. Secondary structures of peptides can be enforced using 

chemical staples in order to increase the binding affinity. Furthermore, the application of 

azobenzene-photoswitches as peptide-staples gives the opportunity to reversibly stabilize 

secondary structures in a non-invasive way upon irradiation with light of an appropriate 

wavelength.  

Both isomers of crosslinker 33 have been reported to be formed by the action of visible light. 

Most importantly, harmless red-light (635 nm) can be used to isomerize 33 into its cis-state, 

which is a significant improvement over existing azobenzene-linker systems operated on UV-

visible light. When attached to a test-peptide and injected into zebra-fish embryos, the 

thermal relaxation half-life of the cis-state was 3.5 hours, long enough to control even longer 

cellular events. However, despite its outstanding photo-physical properties and glutathione 

resistance, only one example has been described using 33 to alter peptide-conformation.206 

 

 

Figure I.42 Azobenzenes E-33 can be photo-isomerised to Z-33 with red light, is stable against 
glutathione and displays a long cis half-life time.  

 

E-
33 

Z-33 
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Modulation of BH3-peptide conformations to disrupt PPIs using azobenzene photoswitches 

have only been reported with azobenzenes 36 and 37. A major drawback of systems based on 

these molecules has been the relatively short half-lives of their irradiated states and the need 

for UV-Vis light to trans-cis isomerization, effectively limiting their in vivo application. In 

addition, these peptides proved unable to enter cells unaided. The aim of this project was 

therefore to develop an azobenzene-BH3-peptide system, based on 33 due to its excellent 

photo-physical properties and in vivo stability, which is able to cross cell-membranes to induce 

apoptosis in intact cells. 

 

 

Figure I.43 Previously used azobenzene derivatives to photocontrol BH3-peptides.  

  

37 36 
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 Results and Discussion II.

1. Azobenzene Photoswitches 

a. Aims and Objectives  

Due to the promising characteristics of existing azobenzene photo-linkers (chapter I.4.b.ii), it 

was decided to synthesise some of these bi-functional azobenzene analogues, which are able 

to react with two cysteine residues in a peptide. A non-substituted azobenzene crosslinker was 

the first target, to act as a baseline, followed by the synthesis of the tetra-ortho-chloro 

azobenzene crosslinker 33, which can be addressed using light in the visible range of the 

spectrum. Subsequently, the photochemical properties of these compounds were to be 

investigated by NMR and UV-visible spectroscopy. Further modification on the final 

compounds was undertaken in order to change the reactivity towards the thiol-groups of the 

cysteines and to obtain reference compounds for cell-culture studies in the later stage of the 

project.  

b. Azobenzene Crosslinker 

i. Synthesis 

The azobenzene crosslinker 38 was synthesized as described in a one-step procedure from 

commercial material (Scheme II.1) to represent the most basic azobenzene scaffold. Addition-

elimination reactions of the two amines with chloroacetyl chloride yielded a pair of reactive 

groups able to undergo SN2 type reactions with nucleophiles, such as the thiol group of 

cysteines. The reaction was performed in acetonitrile with triethylamine added to neutralize 

any hydrogen chloride formation during the reaction. A total yield of 87% was obtained for 38 

as indicated by NMR spectroscopy.  

 

 

Scheme II.1 Formation of the unsubstituted azobenzene-crosslinker 38. 
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ii. Photocharacterisation 

As the chlorine atoms in 38 are susceptible to hydrolysis, the photocharacterisation was 

carried out in aprotic DMSO solvent. UV-visible spectra were recorded in the dark state and 

the photo-stationary state (PSS) under 360 nm and 450 nm illumination. The dark state of 38 in 

DMSO displays a major band for the π-π* transition at 376 nm and another maximum at 

260 nm. The n-π* band, which can be found at 440 nm for trans-azobenzene (in ethanol178) 

appears to overlap with the π-π* band, without any distinct maxima. Irradiation with 360 nm 

light significantly reduces the absorption band at 376 nm. There is a small increase in 

absorbance for the n-π* band at 449 nm and the π-π* transition band is blue-shifted to 

321 nm. Irradiation with 450 nm light yielded a photo-stationary state similar to the dark state 

in its absorption spectrum (see Figure II.1a). As expected, irradiation with red-light induced no 

trans-to-cis isomerization (not shown). 

 

 

Figure II.1 a) Absorption spectrum of 38 in DMSO at dark state, PSS360 nm and PSS450 nm. b) 
Thermal relaxation profile of 38 in DMSO at 37 °C after 360 nm irradiation, one scan every 
20 min is shown.  

 

Spectra of cis-38 were taken at 37 °C at 20 min intervals after irradiation with 360 nm light to 

observe thermal relaxation (Figure II.1b). Full reversion to the dark state could be observed 

after a few hours. The measured half-life time of cis-38 in DMSO was 132 min at 37 °C, 

significantly longer than the half-lives previously reported for 38 crosslinked to model-peptides 

(6.4 min at 36 °C,209 2.5 min at 37 °C210). The difference between the half-life obtained and 

those previously reported are a combination of the different chemical environment in the 
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absence of a peptide and the different solvents used for the experiment. The composition of 

the attached peptide substantially influences the cis-to-trans relaxation rate as does the 

spacing of the cysteines used to bind the crosslinker, as the end-to-end distances define how 

strained the crosslinker is in either state. Peptides, designed to form an α-helix with a cysteine-

spacing of i,i + 11, might therefore show faster relaxation rates compared to peptides with an 

i,i + 4 or i,i + 7 spacing due to the combination of the thermodynamically preferred trans-state 

of the linker and the additional hydrogen-bond interaction promoting an α-helix formation.  

The 1H-NMR spectrum of thermally equilibrated 38 in DMSO-d6 showed two overlapping 

doublets in the aromatic region at 7.88 and 7.81 ppm corresponding to the protons on the 

phenyl-rings (Figure II.2). The methylene-group appeared as a singlet at 4.32 ppm and the 

amide-proton could be observed as a broader singlet at 10.66 pm. No other peaks relating to 

other species could be observed suggesting that the dark state consists of 100% trans-38.  

 

Figure II.2 1H-NMR spectra of 38 at dark-state, the PSS360 nm and the PSS450 nm in DMSO-d6. 

 

At the photo-stationary state under 360 nm illumination, new peaks emerged in the 1H-NMR 

spectrum corresponding to the cis-38. Interestingly, the peaks of the cis-38 uniformly shifted 

to more shielded electronic environments. This could be explained by the conformational 

change to a bent structure for the cis-isomer, where the phenyl rings are twisted out of the 

plane to the azo-group. This leads to a loss of the aromaticity between the two phenyl-rings 

and the electron density becomes more localised within the separated rings. Due to the 

450 nm 

360 nm 

Dark state 
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diminished delocalisation of the electron density over the azo-bond, the nitrogen-atoms might 

impose a slight inductive effect further shifting the aromatic signals upfield. As a consequence, 

the aromatic protons underwent the most significant changes in the spectrum, appearing as 

doublets at 7.53 ppm and 6.86 ppm. The amide-proton in para-position of the phenyl-ring 

displayed a weaker shift upfield to 10.43 ppm, whereas the methylene-protons (4.23 ppm) 

were least affected by the shielding effect of the conformational change. Integrating the 

proton signals revealed of ~83% cis-38 at PSS360 nm. Interestingly, attempted photoreversion by 

irradiation with 450 nm light led to a PSS450 nm still containing ~34% cis-38, despite the UV-

visible spectrum indicating almost complete reversion to the dark-state conformation 

(Figure II.1a). This suggested that estimating the cis-/trans-isomeric content of azobenzene 

molecules just by UV-visible techniques could be misleading and should be supported by other 

techniques as well.  

 

c. Ortho-Tetrachloro azobenzene Crosslinker 

i. Synthesis 

Crosslinker 33 was reported to have excellent photo-physical properties compared to previous 

azobenzene analogues.206 Cis-to-trans photo-isomerization was possible using red light, which 

was attributed to the tetra-ortho substitution pattern of the azobenzene ring. When linked to 

a test peptide, thermal cis-to-trans relaxation was observed to occur over a period of 16 h. 

Furthermore, 33 displayed resistance to reduction by glutathione, which was assessed through 

incubation experiments using reduced glutathione (10 mM) and high stability towards 

photobleaching as indicated by the ability of 33 to undergo multiple cycles of red-/blue light 

switching.  

The synthesis of crosslinker 33 was attempted as described in literature reports,206 however 

certain changes to the published procedure had to be made to obtain the final product 33 

(Scheme II.2). Protection of the amine group in 40 was carried out as described in the 

literature, yielding 41 in 88% yield. Synthesis of the azo bond was achieved through formation 

of a nitrosyl cation using sulphuric acid and sodium nitrite. After drop-wise addition of 41, the 

solution was stirred for 1 h at 0 °C and then allowed to warm to room temperature. The 

mixture was poured onto ice-water whereupon a very fine precipitate formed which was left 

to aggregate for another 2 h to facilitate subsequent filtration. The resulting precipitate of 

crude 43 was subsequently treated with aqueous sodium hydroxide to release the protecting 

group.   
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Scheme II.2 Modified synthetic route for 33. Synthetic route adapted from [206]. 

 

Complete removal of dimethylformamide (DMF) was necessary before the removal of the 

protecting group to avoid the formation of side products. Formation of the side product 46 

(Scheme II.3) was observed when 1H-NMR spectroscopy indicated DMF was not fully removed. 

Decomposition of DMF under higher temperatures and basic conditions can promote the 

formation of dimethyl amine, which could subsequently attack the aromatic ring in 43 in a 

nucleophilic aromatic substitution reaction displacing one chlorine atom to give 46.  

 

 

Scheme  II.3 Side product 46 and its reduced azobenzene derivative 47. 
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Full removal of DMF from the crude product 43 proved impossible even after several washes 

and re-suspensions in ice-cold water or methanol suggesting the formation of a complex 

between the solvent and 43. Subsequent analysis of the dried precipitate displayed product-

to-DMF peaks in a 3:1 ratio. Removal of DMF was finally achieved by washing the precipitate 

with lithium chloride (LiCl, 1 M) solution to displace DMF from the putative complex by 

coordination of LiCl to the DMF molecule (Figure II.3). Compound 43 was then dry-loaded onto 

magnesium sulfate under reduced pressure and subsequently transferred onto a cellulose-

filter. It was washed with cold dichloromethane (DCM) until the eluent ran clear. The lower 

polarity of DCM allowed selective elution of side products from the magnesium sulfate, as 

confirmed by TLC analysis, whilst leaving the product sulfate behind. The magnesium sulfate 

was then washed with acetone to release a red solution containing the intermediate 43 in high 

purity. The solvent of the red acetone fraction containing the intermediate 43 was removed 

under reduced pressure and the solid thoroughly dried before the synthesis was continued.  

 

 

Figure II.3 Proposed coordination of LiCl to DMF. 

 

Reduction of 44 to 45 was carried out as reported in recent literature.206 Three equivalents of 

sodium sulfide were used as a reducing agent in dioxane, water and ethanol. The reaction 

mixture was stirred and heated under reflux for 24 h. More sodium sulfide (3.0 eq.) was added 

and the reaction let to stir for another 5 h until the reduction was complete as judged by TLC-

analysis. Extraction and subsequent silica gel chromatography of the crude product yielded 45 

as a red solid in 51% yield.  

The reduction of the isolated dimethylamine side product 46 was attempted under the same 

conditions using sodium sulfide in dioxane, water and ethanol under reflux but gave only 17% 

yield for 47 (compared to 51% for the tetra-chloro derivative 45). Further reducing agents such 

as stannous chloride or sodium borohydride were tested but did not yield any of the desired 

product. One possible explanation for this observation is the more electron rich environment 

of this azobenzene scaffold due to the electron-donating properties of the dimethyl amine 

group, which might lead to a higher electron density around the nitro-group, and thus, make 
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its reduction more difficult. However, no product could be isolated after reaction of the 

reduced dimethyl amine scaffold with chloroacetyl chloride.  

Reaction of chloroacetyl chloride with 45 gave the final product 33. The literature procedure 

specified that this step should be carried out in a mixture of diethyl ether and pyridine. 

However, complete removal of pyridine from the crude product proved challenging and made 

the identification of the final product by NMR spectroscopy difficult due to overlapping signals 

in the aromatic region. Purification of the reaction mixture by silica chromatography, extensive 

washes with copper sulfate or 1 M hydrochloric acid did not yield clean product and NMR 

showed strong signals of pyridine in a 2:1 pyridine:azobenzene ratio, suggesting potential π-

interaction between the aromatic system of the azobenzene and pyridine. The synthesis of the 

final compound was instead achieved by dissolving 45 in cold acetonitrile and slow addition of 

chloroacetyl chloride in the presence of diisopropylethylamine (DIPEA) as the base. The 

solution was stirred overnight and the reaction mixture cooled in an ice-water bath. The 

precipitate was filtered off and washed with cold acetonitrile to give pure 33 by NMR 

spectroscopy and mass spectrometry. In general, the overall yield was less than 5%, 

presumably due to the steric hindrance of ortho-substituents disfavouring product formation.  

Although initially formed as a side-product, an azobenzene-based crosslinker bearing three 

chlorine atoms and one dimethyl-amine residue could potentially possess interesting photo-

physical properties. The separation of the n-π* transition bands of the cis- and trans-isomers in 

similar azobenzene-crosslinkers can be attributed to the tetra-ortho substitution pattern, 

whereas the red-shift and thermal stability of the cis-isomer is widely considered a result of 

the twisted conformation in the trans-state. The torsion of the trans-state causes 

destabilization of the HOMO orbitals centred on the azo-nitrogen lone pairs due to the close 

proximity of the electrons of the other substituents, resulting in a red-shift of the n-π* 

transition. Furthermore, amine-substituents in ortho-position are known to induce 

bathochromic shifts due to their electron-donating character.199,201,206 Subsequently, a mixed 

tetra-ortho-substituted azobenzene-linker bearing one dimethyl amine and three chlorine-

residues might be expected to further increase the red-shift of 33. The three chlorine-

substituents may still cause enough distortion of the trans-state and generate a long-lived cis-

state useful for bidirectional photoswitching, although the nitrogen lone-pair might also be 

able to stabilize protonation of the azo-bond and therefore lead to a linker less stable to 

glutathione-reduction. Further material was obtained by a direct synthesis of the dimethyl 

amine derivative by addition of dimethylamine hydrochloride to the reaction mixture during 

the deprotection step and heating to 70 °C for 3 h to give an overall yield of 7% (Scheme II.4). 
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Scheme II.4 Intentional synthesis of 46. 

 

 

Figure II.4 1H-NMR spectrum of the purified dimethyl-amine side product 46.  

 

Compound 46 was characterised using NMR-spectroscopy and mass spectrometry. The 

1H-NMR spectrum confirmed the presence of different substitution patterns for the two 

phenyl rings resulting in two doublets at 6.59 ppm and 6.30 ppm for the ring bearing the 

dimethlyamine-moiety. The two doublets show J-coupling constants of 2.3 Hz, typically 

corresponding to 4J coupling constants in aromatic systems. A significantly de-shielded singlet 

corresponds to the two protons on the ring with the nitro-group (8.30 ppm). A broad singlet at 

6.05 ppm is due to the amine-protons, whereas a singlet at 2.85 ppm integrating for six 

accounts for the methyl-protons (Figure II.4). Reduction of 46 to 47 continued to be the 

limiting factor and further optimisation is necessary. Only a few milligrams of 47 were 

obtained using the described procedure, leading to difficulties in the subsequent purification 

step. Small scale reaction of 47 with chloroacetyl chloride again did not lead to any observable 

product formation so attention returned to the tetra-chloro compound. 
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ii. Photocharacterisation 

UV-visible spectra were recorded for the linker 33 at the dark state, PSS360 nm and PSS450 nm in 

DMSO to avoid hydrolysis of the reactive chloroacetyl moieties. The ability to photo-isomerize 

using red light was evaluated using 635 nm LEDs. Compared to the unsubstituted azobenzene 

crosslinker, the π-π* transition band for the dark state appears blue-shifted with an absorption 

maximum at 333 nm (vs. 360 nm). A weaker absorption band for the n-π* transition could be 

observed at 461 nm. The photo-stationary state at 360 nm gave a significant decrease of the 

absorption band for the π-π* transition (327 nm) and a moderate increase of the n-π* 

absorption band (458 nm). Irradiation using the 635 nm light source led to a stronger decrease 

of the π-π* transition band and further blue-shift of the absorption maximum to 323 nm. Blue 

light irradiation resulted in an absorption spectrum similar to the dark state with the maximum 

of the π-π* transition at 338 nm and the n-π* band at 463 nm (Figure II.5a). Reversibility of 

photoswitching between those two states was possible for more than 10 cycles without any 

change in the absorption profile for either of the species.  

 

 

Figure II.5 a) Absorption-spectrum of 33 for the dark state, PSS450 nm, PSS625 nm, and PSS360 nm. b) 
Thermal relaxation at 37 °C after 635 nm irradiation, one scan every 60 min is shown. All 
spectra were obtained in DMSO.    

 

Thermal relaxation experiments were carried out at 37 °C from PSS625 nm (Figure II.5b). 

Relaxation occurred very slowly, with the dark state not reached even after 33 hours. The half-

life for the thermal relaxation from the cis-to-trans isomer at 37 °C in DMSO was calculated to 

be 2761 min (~46 h). Compared to the non-substituted azobenzene crosslinker 38, thermal 
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relaxation occurs significantly slower, indicating a higher thermal cis-to-trans isomerization 

barrier. Even at elevated temperatures, the relaxation process was extremely slow and full 

trans-relaxation was only achieved by incubation of a sample in DMSO at 60 °C for several 

hours. No half-life has previously been reported for the crosslinker alone, but when attached 

to a test-peptide, the half-life of the conjugate was 3.5 h at 37 °C.206  

An HPLC-trace of a sample of 33 confirms the strongly hydrophobic character of the crosslinker 

with trans-33 eluting at ~75% (v/v) acetonitrile/water (Figure II.6). When an irradiated sample 

of 33 was subjected to HPLC, a second peak with an earlier retention time could be observed, 

indicating the presence of the more polar cis-33. Typically, the cis-isomers of azobenzene 

derivatives display a higher polarity due to the bent phenyl-rings and the subsequent exposure 

of the lone pairs of the nitrogen atoms of the azo-bond creating a dipole. Chromatographic 

techniques are a valuable method to determine the number and proportion of isomers 

present, and to compare their hydrophobicity relative to each another and between 

crosslinkers.  

 

 

Figure II.6 HPLC-profile of 33 before and after irradiation with 635 nm.  

 

UV-visible spectra of trans-isomers (dark state) can be recorded without being affected by the 

cis-state for most azobenzene derivatives, but typically corresponding spectra of cis-isomers 

have to be inferred from time-dependent density functional theory (TD-DFT) calculations due 

to contamination with the trans-isomer in real samples. However, in this case a diode-array 

detector on the HPLC-system was used to scan the absorption values for wavelengths ranging 

from 250 – 700 nm for each peak that eluted. This allowed the absorption profiles for the cis-
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33 and trans-33 to be plotted against each other (Figure II.7a). The ratio of the two 

conformations can also readily be quantified using NMR-spectroscopy.  

 

Figure II.7 a) Extracted absorption profile of the cis- and trans-isomer of 33 from the HPLC 
separation. b) Ratio of the absorbance of the dark-adapted trans-isomer to that of the cis-
isomer.  

 

Figure II.7a shows the UV-visible spectra for the cis- (blue) and trans-isomers (red). The trans-

isomer shows a maximum at 332 nm for the π-π* transition and a weaker n-π*band at 466 nm. 

A shift of these maxima is observed in the cis-isomer, with a significantly weaker π-π* 

transition at 314 nm and a moderately stronger n-π* absorption band at 452 nm. A clear 

separation between the n-π* transition bands for the two isomers enables direct bidirectional 

photo-isomerization. Compared to the spectra in Figure II.5a, a shift of ~5 nm can be observed 

for the n-π* transition of the in both isomers. Those shifts can be mainly linked to the changes 

in the chemical environment due to the different solvents. Small shifts of the n-π* absorption 

band of crosslinked peptides have previously been attributed to the variation in solvent 

hydrogen-bonding to the azo nitrogen atoms and changes in co-planarity of the aromatic 

rings.206  

When plotting the ratio of the absorbance of the isolated trans- and cis-isomer, the relative 

absorption at a specific wavelength of the two isomers can be seen (Figure II.7b). A value of 

one indicates that the cis- and trans-isomer show the same absorption values at this specific 

wavelength and indicates isobestic points in their spectra. The graph shows a minimum at 

442 nm and a maximum at 522 nm displaying the wavelengths with the highest differences for 

the photo-isomerization of cis-to-trans and trans-to-cis, respectively. Isobestic points can be 
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found at 416 nm and 482 nm in the UV-Vis spectrum. Interestingly, the trans-isomer shows a 

stronger absorbance than the cis-isomer from the isobestic point at 482 nm onwards into the 

red-region of the visible spectrum, as the absorption ratio is greater one. This explains why 

red-light driven trans-to-cis isomerization is possible.  

The extent of red-light photo-isomerization of 33 was quantified by 1H-NMR-spectroscopy. A 

sample of trans-33 in DMSO-d6 was irradiated using 635 nm light (Figure II.8). Proton NMR-

spectra were run at different time points after irradiation until the photo-stationary state was 

reached. The 1H-NMR-spectrum of non-irradiated, trans-33 consists of three singlets. The 

amide-protons could be observed at 10.90 ppm, the aromatic protons at 7.90 ppm and the 

aliphatic methylene protons at 4.29 ppm. Interestingly, a singlet-signal corresponding to the 

aromatic protons of the cis-isomer at 7.71 ppm integrated for ~7% of the signal from the trans-

isomer, suggesting that the product obtained from the synthesis exists as an isomeric mixture. 

Samples of the pure trans-isomer as indicated by 1H-NMR spectroscopy (not shown) were 

obtained following thermal relaxation at 60 °C for 3 hours. Irradiation with red light (635 nm) 

resulted in the appearance of the slightly upfield signals for the cis-isomer. The amide-protons 

shifted to 10.79 ppm, the aromatic protons to 7.71 ppm and the aliphatic protons to 4.29 ppm. 

The aromatic protons underwent the greatest chemical shift due to the loss of conjugation to 

the other phenyl group. In the bent cis-conformation, the aromaticity of the crosslinker is 

greatly diminished and the azo-group imposes an inductive effect on the phenyl-rings causing 

the upfield-shift. The photo-stationary state at 635 nm consists of 85 % cis-isomer. Irradiation 

with blue light (450 nm) yielded 81% trans-isomer and 19% cis-isomer resulting in a ~4.5 fold 

change for the bidirectional photo-isomerization using those two wavelengths.  
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Figure II.8 1H-NMR spectra of 33 after irradiation with 635 nm at different time intervals. 

 

iii. Synthesis of Di-Cysteine Crosslinker 

 

Scheme  II.5 Reaction of 33 with L-cysteine to obtain 48. 

 

In order to test the crosslinkers robustness in a cellular environment, its toxicity and uptake 

abilities, the terminal ends were reacted with L-cysteine as the charged N- and C-termini of 

cysteines were expected to increase the water solubility of the otherwise poorly soluble 

crosslinker 33.  

The reaction was first attempted under the conditions reported in the literature to attach the 

crosslinker 33 to peptides. However, reaction overnight at 45 °C did not lead to a soluble 

product as evidenced by a colourful precipitate and the colourless supernatant. 

Dimethylformamide (DMF, 50 % v/v) was added in an attempt to dissolve the crosslinker 33 to 

improve the reactivity towards the cysteines. The reaction was left overnight, but no 

improvement in solubility was achieved. The obtained precipitate did in fact contain the 

Non-Irradiated 

Photostationary State (635 nm) 



 

74 
 

intended product according to mass spectrometry, but it was not soluble even in neat in DMF 

or DMSO. The diminished solubility as compared to the crosslinker on its own could originate 

from the amphipathic nature of the amino acid, which might contribute to cation-π-

interactions with the aromatic rings (Figure II.9) rather than interacting with solvent molecules. 

Polar interactions could also exacerbate the effects of existing aromatic interactions, such as π-

stacking, making the product even less soluble compared to the unmodified crosslinker.  

 

 

Figure II.9 Proposed intermolecular interactions decreasing the solubility of 48. a) π-stacking 
and b) cation-π-stacking as main-driving force for the formation of aggregates. 

 

Due to its low solubility, 48 could only be characterised by mass spectrometry. The calculated 

isotopic pattern of the product was identical to the isotopic pattern of the measured sample 

and a handful of other fragment peaks were observed (Appendix 1), suggesting successful 

synthesis of 48. Further testing in mammalian cell culture lab was deemed impractical due to 

the adverse physical properties of 48.  
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d. Halide Exchange Reaction  

 

Scheme  II.6 Finkelstein-reaction to exchange the chloride with iodide in 33 and 38.  

 

In order to increase the reactivity of the crosslinkers 33 and 38 towards nucleophilic groups, a 

halide exchange of the chlorides with iodide was performed via a modified Finkelstein 

procedure. Potassium iodide is approximately 16-fold more soluble in DMF than potassium 

chloride pushing the halide exchange equilibrium towards the desired product.215 Crosslinkers 

were dissolved in DMF, excess potassium iodide was added and the reaction was stirred 

overnight at 45 °C. The precipitation of potassium chloride indicated successful synthesis. The 

products were then isolated by pouring the reaction mixture into dilute hydrochloric acid, 

precipitating them whilst dissolving potassium halide salts. Acidic conditions were chosen to 

prevent hydrolysis of the iodoacetates. The precipitate was then washed with acetonitrile and 

diethyl ether to remove any water, then dried under vacuum to yield 49 and 36. Compared to 

the acetyl chloride analogous 33 and 38, the chemical shifts of the methylene protons are 

most affected by the new substituent and appear more shielded in the 1H-NMR spectra 

(3.87 ppm vs. 4.31 ppm for 36 and 3.88 ppm vs. 4.36 ppm for 36, Appendix 2). This is due to 

the weaker electronegativity of iodine compared to the chlorine substituents leading to a less 

polarised carbon atom and hence a more shielded proton environment.  

 

e. Conclusion 

Azobenzene crosslinkers 38 and 33 were synthesised and their UV-Vis spectra and photo-

stationary states at their dark states, 360 nm, 450 nm and 625 nm, respectively were 

characterised. Cis-to-trans relaxation spectra were recorded and the half-life times for 

relaxation of the isolated crosslinkers in DMSO were calculated. Both isolated azobenzenes 

showed significantly longer half-lives than literature-values for their half-lives when 

conjugated to peptides. Their photo-stationary states were analysed by 1H-NMR spectroscopy 

to determine the ratio of the cis- and trans-species. Separation of the isomeric mixture of 33 

X: Cl   33 
X: H  38 

X: Cl   49 
X: H  36 
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by HPLC and subsequent analysis using a diode-array detector gave access to the isolated UV-

visible absorption spectra of the cis- and trans conformation. Plotting the absorption ratio for 

the trans/cis-isomers explains why red-light photo-isomerization from trans-to-cis can be 

applied with azobenzene 33.  

Several steps of the synthesis of 33 required modification to be successful. During the 

synthesis an interesting side-product, 46, was formed that may possess promising photo-

physical properties when converted into a crosslinker. A synthetic procedure was established 

to synthesise 46 directly, but the final steps to convert 47 into an azobenzene crosslinker 

remained problematic. Halide-exchange reactions were carried out for 33 and 38 to improve 

their reactivity towards nucleophiles.  
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2. Synthesis of Pro-Apoptotic BH3 Peptides for the Photochemical Control over Cell Fate 

a. Aims and Objectives  

Synthetic biochemical tools for controlling apoptosis could help unravel the complex pathways 

governing cell fate and provide new therapeutic agents for disease. Using light to control the 

activity of molecules enables the generation of transient or localised effects that are difficult to 

realise with traditional chemical methods. Peptides derived from the pro-apoptotic BH3 

domain were therefore synthesised such that, when combined with azobenzene crosslinkers, 

they would induce apoptosis in a light dependent manner. The peptides contained various 

cysteine-spacings for different light-driven responses and terminal cell-penetrating peptide 

(CPP) sequences to allow cellular uptake. Previous reports stated that a BSBCA (37)-crosslinked 

Bidi,i+4 peptide showed a ~20 fold difference in binding affinity to the target protein Bcl-xL in its 

dark and light states.211 However, this design was of limited application as this conjugate is not 

cell permeable. Therefore, the initial focus was to establish an effective synthetic route for the 

Bidi,i+4 peptide with and without a CPP. Other pro-apoptotic peptides bearing cysteine residues 

in alternative spacings (i,i + 7, i,i + 11) were also investigated. Different strategies were tested 

to synthesise the pro-apoptotic peptides including recombinant expression using Escherichia 

coli and solid-phase peptide synthesis. In addition, a novel enzymatic ligation approach was 

employed to conjugate CPP- and BH3-peptides together. 

 

b. Bio-Synthesis of Pro-Apoptotic Peptides 

Octa-arginine (R8) is a cell-penetrating peptide (CPP) sequence widely used to facilitate the 

uptake of peptides or proteins by cancerous cell lines, such as HeLa, KG1a or A431.216,217 A 

BH3-R8 peptide construct was designed with the high-dynamic range i,i + 4 cysteine spacing. 

Based upon previous reports on the production of peptides by recombinant expression in E. 

coli, a similar recombinant production strategy was attempted.217 A plasmid containing DNA 

encoding a BH3i,i+4-R8 peptide repeats fused to a sequence encoding ketosteroid isomerase 

protein was used. Codons for methionine were located between each BH3i,i+4-R8 gene repeat 

for downstream peptide processing. From this plasmid, the ketosteroid isomerase fused 

peptides were expressed in inclusion bodies using the BL21 (DE3) strain of E. coli grown in 

auto-inducing media (100 μg/mL of ampicillin) for 72 h at 25 °C. The protein was purified by 

washing in three different buffer systems of increasing ionic stength before dissolving the 

pellet in guanidinium hydrochloride solution (6 M) and dialysis against water.  
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Figure II.10 a) SDS-gel of KSI-tag fused to Bidi,i+4-R8 (total mass: 17.3 kDa.) b) HPLC-profile of 
Bidi,i+4-R8 after CNBr cleavage. The green arrow indicates the target band and peak in the SDS-
gel and HPLC-chromatogram, respectively.   

 

Analysis by SDS-PAGE showed a clear band at the expected mass for the protein (17.3 kDa.) 

(Figure II.10). However, the band size indicated a relatively low level of overexpression. The 

precipitate was treated with cyanogen bromide to cleave the protein at the methionine 

residues and liberate the Bidi,i+4-R8 peptides as C-terminal homoserine lactones. The crude 

peptide mixture was separated by HPLC (Figure II.10) and the main fraction (30.0 – 35.0 min) 

collected. However, characterisation via mass spectrometry was unsuccessful, possibly due to 

the eight arginine residues, giving complex and ambiguous mass spectra. To see if the product 

obtained was consistent with similar peptides, a SDS-polyacrylamide gel was prepared 

containing 20% acrylamide other peptides, previously synthesized by similar or solid-phase 

peptide synthesis methods, were used as standards (Figure II.11). (6)[FAM]-Bidi,i+4-NH2, Tat-Bid, 

Bidi,i+4-R8 and Bidi,i+7-R8 were used as reference compounds. The gel was treated according to 

standard protocols and stained with Coomassie Brilliant Blue. No bands were observed for the 

reference peptide (6)[FAM]-Bidi,i+4-NH2 indicating that the peptide ran through the gel within 

the time (60 min) and voltage (150 V) of the electrophoresis process. This could be due to the 

additional negative charge of the FAM-tag, which accelerates the transport through the gel. 

Another reason could be the lack of reactive sites for the staining agent due to the overall 

negative charge. The synthesised Bidi,i+4-R8 and Tat-Bid showed one band at the same height 

indicating pure compounds of a similar molecular weight. 
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Figure II.11 SDS-PAGE (20% acrylamide) of synthesised Bidi,i+4-R8 (e) against 
(6)[FAM]-Bidi,i+4-NH2 (a), Tat-Bid (b), reference peptide Bidi,i+4-R8 (c) and Bidi,i+7-R8 (d). 

 

As mass-spectrometry repeatedly failed to characterise the peptide, an alternative method 

was required to establish whether the synthesised peptide was in fact functional Bidi,i+4-R8. 

Bcl-xL has a specific and well-characterised interaction with BH3 helices that can be probed 

using solution-state NMR and chemical shift perturbations, which are already known for other 

BH3 peptides, such as Baki,i+11. The synthesised peptide Bidi,i+4-R8 (232 µM, 1.1 eq.) was 

therefore incubated with a sample of 15N-Bcl-xL (211 µM, 1.0 eq.) to visualise potential binding 

interactions by 15N NMR spectroscopy. Certain residues of 15N-Bcl-xL undergo significant and 

distinct chemical shifts upon a BH3-domain peptide binding to its hydrophobic groove.213 

However, addition of the peptide to the protein-sample resulted in the formation of a 

precipitate. The supernatant of the sample showed a significant loss of unbound-protein 

signal. Although no peptide-protein-complex was directly observed by NMR, interaction 

between peptide and protein is a likely cause for the formation of precipitate and indicates 

that the Bidi,i+4-R8 may well have been synthesised.  

As it was suspected that either the R8 tag or some other event during treatment with cyanogen 

bromide was preventing characterisation by mass spectrometry, an alternative approach was 

attempted to synthesise Bidi,i+4 as a reference-peptide. Short peptides are poorly expressed in 

E. coli, so a plasmid was designed containing DNA encoding a His6-tag, a GB1-protein fused to a 

TEV (Tobacco Etch Virus, a nuclear-inclusion endopeptidase) cleavage site followed by the 

Bidi,i+4 sequence (total mass: 10.74 kDa.) (Figure II.12). Primers were designed and the DNA 

sequence coding for Bidi,i+4 was copied from the plasmid used for the Bidi,i+4-R8 expression using 

polymerase chain reaction (PCR) techniques. The PCR product was then inserted into an 

existing acceptor plasmid by Golden Gate ligation to give the target plasmid.218  

 

a)  b)  c)  d)  e)  

Product 
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Figure II.12 a) Plasmid-map displaying key parts of the BH3-Bid peptide with TEV protease 
recognition sequence, solubility tag GB1 and His6-tag under T7 promoter, kanamycin resistance 
cassette and ColE1 origin of replication. b) SDS-PAGE of the expressed, purified and 
concentrated N-His6-GB1- BH3-Bid protein (10.74 kDa.) prior to TEV protease digestion.  

  

The Bidi,i+4 peptide-containing fusion protein was expressed in E. coli BL21 (DE3) RP cells. A 

single colony was grown in LB media (50 μg/mL of kanamycin) for 16h at 16 °C. The protein 

was purified using a Ni-NTA column with an imidazole gradient (5 - 500 mM) to first wash, then 

elute the product from the column. The product fractions were concentrated on an Amicon 

filtration system using a 5.0 kDa cut-off membrane. The imidazole buffer was exchanged for a 

high salt buffer (500 mM NaCl and 100 mM Na-phosphate, pH: 7.5) and the sample was 

concentrated. Formation of precipitate was observed at 4 °C, which returned to solution upon 

warming to room temperature. Analysis of the precipitate by SDS-PAGE indicated protein with 

minor impurities while the supernatant consisted of purer protein (Figure II.12). The 

concentrated sample was treated with TEV protease in the presence of tris(2-

carboxyethyl)phosphine (TCEP), centrifuged to remove any precipitates and applied to a Ni2+-

NTA column. Analysis of the flow-through by mass spectrometry confirmed the presence 

Bidi,i+4-peptide (Appendix 3).  

Following the successful synthesis and characterisation of the Bidi,i+4-peptide, two  

complementary restriction enzyme cleaving sites for BsaI were introduced into the plasmid 

after the sequence encoding the BH3 peptide using PCR techniques and the presence of the 

desired sequence was confirmed by DNA sequencing. BsaI cuts DNA outside its recognition site 

and creates unique overhangs that can be used in combination with a ligase to rapidly 

assemble DNA parts. The post-ligation plasmid lacks BsaI sites and remains uncut in the 

presence of the enzyme.  
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Figure II.13 Schematic map of the new acceptor-plasmid containing BsaI protease sites for the 
rapid insertion of CPP-tags.   

 

The BsaI site-containing plasmid could therefore be used as a template to introduce different 

tags or CPPs on the C-terminus of the Bidi,i+4 sequence using oligonucleotides with 

corresponding BsaI sites via Golden Gate techniques (Figure II.13). However, upon critical 

reflection, doubts were raised about the ability of biosynthesis to deliver the necessary 

quantities of material and alternative synthetic strategies were investigated. 

 

c. Solid-Phase-Peptide Synthesis and Enzymatic Ligation  

i. Overview 

Recombinant peptide production suffers from low yields and challenges with expression of 

small peptides that are frequently unexpressed or proteolytically digested during production. 

The small size means peptides have to be produced fused to larger proteins, which reduce 

yields. Therefore, a solid state synthetic approach was taken before further progress was 

attempted with recombinant synthetic techniques. A clear challenge with this approach is that, 

different to automated systems, the manual peptide synthesis can be time and labour 

intensive.  

In order to investigate a large number of peptide constructs with different CPPs a modular 

synthetic approach was required. Solid-phase peptide synthesis (SPSS) is a well refined method 

and can be performed either by automated systems, or more slowly but with a greater degree 

of control by manual peptide synthesis. The C-terminus of an N-terminal protected amino acid 

is first anchored onto a solid-support. Iterative deprotection and coupling steps, using soluble 

reagents and new amino acids, which can be washed from the resin after reaction is complete 
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lead to a growing peptide chain. The N-terminal Fmoc-protecting groups on the amino acids 

can be released using basic conditions while the protecting groups of reactive side-chains and 

the linkage to the solid support are acid-labile. Compared to the recombinant approach, SPPS 

offers a greater degree of flexibility, enabling the use of a wide variety of unnatural, 

isotopically labelled and enantiomeric amino-acids. However, aggregation and low yields with 

increasing chain lengths limit the practical application of SPPS to peptides <100 amino acids.  

A number of different ligation strategies exist that have been exploited to combine peptide 

fragments to a bigger sequence to achieve the desired modular synthesis of BH3 and CPP 

components. Chemical ligation techniques often involve the modification of N- or C-terminal 

residues to ensure reactivity between the peptide chains. In contrast, enzymatic ligations only 

rely on the introduction of specific recognition sequences to ligate two peptide strains. 

Asparaginyl endopeptidases from Oldenlandia affinis (OaAEP1) hydrolyses C-terminal 

asparagine residues, ligating them to the N-terminus of another peptide. The reversibility of 

the reaction requires a large excess of one of the peptides in order to drive the equilibrium 

towards the product. The recognition sequence for OaAEP1 consists of three amino acids for 

the peptide to be ligated through its C-terminal end: Asn-X-Leu, with X being any of the other 

proteinogenic amino acids except Pro. A Gly-Leu motif on the N-terminus of the second 

peptide has been used as a nucleophile during the ligation (Scheme II.7).219 

 

 

Scheme II.7 Reaction scheme of the enzyme OaAEP1. The recognition sequences Asn-Gly-Leu 
and Gly-Leu are shown for both peptides.  

 

It was anticipated that, using OaAEP1, a library of peptides consisting of various BH3-peptides 

and different CPPs could be easily accessible. The chosen synthetic route would involve the 

BH3-peptide being crosslinked prior to ligation, making its preparation more difficult, so the 

CPP-peptide would then be added in excess to push the equilibrium to the product side. 

Following the difficulties analysing Bidi,i+4-R8 using mass spectrometry, an alternative CPP, the 

Ant sequence derived from the antennapedia protein was used instead. This sequence has 
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been demonstrated by Lutz and co-workers to enhance apoptosis in HeLa cell through fusion 

to the N-terminus of a related BH3-peptide.143 A number of peptides comprising the Ant and 

Bidi,i+4 sequence of varying lengths and enzyme recognition sequences were synthesised by 

SPPS and purified by HPLC to explore the suitability of this approach (Table II.1).  

 

Table II.1 Synthesised peptides for the ligation with the enzyme OaAEP1.  

Peptide Length Sequence 

Bidi,i+4-NH2 5-mer GL-DIIRN-NH2 

 Full-length GL-DIIRNIARHLACVGDCIDRSI-NH2 

Ant-NH2 5-mer MKWKK-NGL-G-NH2 

 Full-length RQIKIWFQNRRMKWKK-NGL-G-NH2 

 Full-length RQIKIWFQNRRMKWKK-NCL-G-NH2 

 

 

ii. Short Fragment Peptide Ligation 

Different conditions were screened to test the applicability of OaAEP1-mediated ligation using 

truncated models of Bid and Ant in preliminary experiments as single repeats (Table II.1). The 

5-mers of Bid and Ant containing the corresponding enzyme recognition site on their N- and C-

termini, respectively, were synthesised and purified. Expression, purification and activation of 

OaAEP1 were kindly carried out by Simon Tang (Cardiff University). Samples were reacted in 

sodium acetate buffer at pH 5.0 and at 37 °C and with an OaAEP1 concentration of 100 nM. 

Peptides were added in ratios with concentrations ranging from 100 μM to 2 mM and the 

reaction progress monitored by LC-MS at time points ranging from over 3 hours (Table II.2).  

 

Table II.2 Different peptide ratios and time points used for the ligation of the short fragments 
GL-Bid5 (GLDIIRN) and Ant5-NGLG (MKWKKNGLG). 

GL-Bid5 : Ant5-NGLG (100 μM) 

 1 : 5 5 : 1 1 : 10 10 : 1 1: 20 20 : 1 

 
Reaction time 

  1 h 1 h 1 h 1 h 

1 h 1 h 2 h 2 h 2 h 2 h 
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  3 h 3 h 3 h 3 h 

Samples of reactions were quenched by the addition of hydrochloric acid (10% v/v, 1 M) at 

different time points to evaluate the progress of the ligation and to compare to samples 

exposed to the same conditions without any enzyme. Bid5 and Ant5 separated well by HPLC 

owing to their very different degrees of hydrophobicity. After enzymatic ligation, a new 

product peak was observed between the two starting materials, suggesting the desired 

combination of the hydrophilic properties of the CPP with the hydrophobic character of the 

BH3 peptide, which gave a mass spectrum corresponding to product. In all cases, no further 

product formation was observed after 1 hour. No side-products could be detected during the 

enzymatic ligation step. Figure II.14 shows the elution profile at 210 nm of 100 μM Bid5 and 

500 μM Ant5 without addition of OaAEP1 and after 1 hour of reaction using the enzyme. No 

other products were detected at 210 nm or by the total ion chromatogram (TIC) of the 

reaction mixture. Deconvolution of the mass-spectrum for the newly emerged peak suggested 

the formation of the expected product.  

 

 

Figure II.14 LC-MS traces of the enzymatic ligation of the short peptide sequences for 100 μM 
GL-Bidi,i+4and 500 μM Ant-NGLG. Elution profile without and with the enzyme OaAEP1 after 1 h 
at 210 nm and TIC of the reaction mixture after 1 h. Mass-spectrum for the isolated peak 
eluting at 8.8 min corresponding to the expected ligation product (calc.: 1615.0, obsv.: 1613.7).  

 

A
b

s.
 2

1
0

 n
m

 
TI

C
 

5 

Retention time / min 

Blank 

1 h 

ES-API, pos. 

9.4 
GLDIIRN-NH

2
 

                               7.7 
MKWKKNGLG-NH

2
 

8.8, Product  

7.5 10 12.5 15 17.5 20 22.5 

100 
80 
60 
40 
20 

%
 

500 

 

 

 

808.0 

538.8 

1613.7 Da.  

8.8 min 

600 700 800 900 1000 1100 1200 
m / z 



 

85 
 

The peptides show different absorption profiles at 210 nm due to their differing number of 

peptide bonds and side-groups. As a result, the integrated peaks cannot be compared to each 

other directly to quantify the composition of the reaction mixture without further calibration. 

However, assuming that the amount of peptide shows a linear correlation to its absorption 

value at 210 nm, a qualitative estimation can be made based on the peak area before and after 

the reaction. A significant change of the ratio between the two starting materials indicates 

depletion of either one and that the equilibrium is shifted towards the product (Table II.3).  

 

Table II.3 Reduction in the integrated peak area of the limiting reagent as a percentage of the 
total integrated reagent area compared to a reaction lacking enzyme (peptide concentration in 
100 μM).  

 Bid5:Ant5 Ratio (100 μM) 

 1:5 1:10 1:20 5:1 10:1 20:1 

Limiting reagent Bid5 Bid5 Bid5 Ant5 Ant5 Ant5 

% Limiting reagent in 
blank 

6.7% 13.8% 10.7% 41.5% 26.7% 16.7% 

% Limiting reagent in 
reaction 

3.7% 1.1% 0% 38.7% 0% 12.8% 

Estimated limiting  
reagent remaining 

55% 8% 0% 75% 0% 77% 

Estimated 
conversion 

45% 82% 100% 25% 100% 23% 

 

 

Interestingly, only the samples with a GL-Bid5:Ant5-NGLG ratio of 10:1 and 1:20 showed a 

complete depletion of Ant5-NGLG in the 210 nm trace. Likewise, very little GL-Bid5 remained 

after 1 hour when reacted in a ratio of 1:10. In contrast, the ratio of the integrated peaks of 

the two peptides showed hardly any change for a 20:1 GL-Bid5:Ant5-NGLG ratio. Overall, these 

results support the assumption that excess starting material is needed to drive the product 

formation. However, the type of peptide in excess seems to play an important role as shown 

by the reactions with 1:20 and 20:1 ratios.  
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Product formation by OaAEP1 is governed by two equilibria (Scheme II.7); reversible attack of 

the enzyme on Ant5-NGLG, and hydrolysis of the peptide bond to release a NH2-Gly-Leu-Gly-

NH2 peptide. This tripeptide competes with GL-Bid5 and reaction can proceed either through 

re-attack of the tripeptide to reform the starting material or product formation through attack 

by GL-Bid5. Based on the observations in Table II.3, addition of excess GL-Bid5 promotes back-

reaction, whereas excess addition of Ant5-NGLG seems to promote the formation of ligated 

product in the second equilibrium. No Ant5-NGLG peptide remained after the reaction when 

GL-Bid5 was used in 10:1 excess according to the analytical HPLC-profile before and after the 

enzymatic reaction for 1 h (Figure II.15a). In contrast, the reverse ratio led to some GL-Bid5 

peptide remaining in the mixture following the reaction albeit greatly diminished 

(Figure II.15b). The much stronger extinction coefficient of the Ant5-NGLG peptide at 210 nm 

compared to GL-Bid5 is also evident in Figure II.15a where GL-Bid5 is in 10-fold excess. 

 

 

 Figure II.15 HPLC-traces at 210 nm of the shortened sequences of GL-Bid5 (GLDIIRN-NH2) and 
Ant5-NGLG (MKWKKNGLG-NH2) without and with OaAEP1 after 1 h in ratios of (a) 10:1 and (b) 
1:10.  

 

iii. Full-Length Peptide Ligation 

Following the successful ligation of the truncated model peptides, full length GL-Bidi,i+4-NH2 and 

Ant-NGLG-NH2 peptides were synthesised by SPPS and purified by HPLC for enzymatic ligation. 

Blank 

1h 

MKWKKNGLG-NH
2
 GLDIIRN-NH

2
 

Product 
8.8 

Blank 

1 h Product 
8.8 

9.4 

GLDIIRN-NH
2
 

  7.7 

MKWKKNGLG-NH
2
 

5 
Retention time / min 

A
b

s.
 2

1
0

 n
m

 

a) 

b) 

Retention time / min 

7.5 10 12.5 15 17.5 20 22.5 

5 7.5 10 12.5 15 17.5 20 22.5 

A
b

s.
 2

10
 n

m
 



 

87 
 

As the eventual goal was to carry out the ligation on a preparative scale, the right balance 

between appropriate peptide-ratio and availability of the peptides needed to be struck. 

Therefore, the enzymatic ligation-reactions were first carried out for peptide-ratios of 10:1 and 

5:1 (Ant-NGLG-NH2 : GL-Bidi,i+4-NH2) on an analytical scale. The conditions used for the full-

length peptide ligation were the same as for the short-fragment ligation.  

Ant-NGLG-NH2 and GL-Bidi,i+4-NH2 were also easily separated by HPLC (Figure II.16). The 

difference in amino acid composition and length of the peptides resulted in a generally 

stronger absorption of Ant-NGLG compared to GL-Bidi,i+4 at 210 nm. The enzymatic ligation 

reaction was carried out for 1 hour, and LC-MS analysis showed a new peak at 11.3 min 

corresponding to the ligation product (m/z = 4865.80). The retention time of the product lay 

between those of the two starting material-peptides, suggesting the correct combination of 

hydrophobic and hydrophilic characters for the ligated product. Due to the strong absorption 

of Ant-NGLG-NH2, the peaks for the product and GL-Bidi,i+4-NH2 appear relatively small at 

210 nm and seem negligible. However, analysis of the TIC showed the presence of the product 

and GL-Bidi,i+4 starting material (Figure II.16). Samples with a peptide ratio of 10:1 (Ant-

NGLG-NH2 : GL-Bidi,i+4-NH2) showed no apparent improvement over the product-to-starting-

material distribution compared to the reaction that was set at the ratio of 5:1 (Figure II.16). 

 

 

Figure II.16 HPLC-traces of the ligation of full-length GL-Bidi,i+4-NH2 and Ant-NGLG-NH2 without 
(blank) and with OaAEP1 after 1 h in the ratio of 5:1. 
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The enzymatic ligation of the full-length peptides was attempted on a larger scale using 

500 μM Ant-NGLG-NH2 and 100 μM GL-Bidi,i+4-NH2
 (ratio 5:1) in a total volume of 30 mL (i.e.: 

7.6 mg of GL-Bidi,i+4-NH2, 38.9 mg of Ant-NGLG-NH2). The reaction was monitored by LC-MS 

and quenched with HCl (10% v/v, 1 M) after 1 hour. Similar to the ligation reaction carried out 

on an analytical scale (Figure II.16), both starting material-peptides and the product could be 

detected by LC-MS at 210 nm and TIC. However, only < 1 mg of ligated product was recovered 

after HPLC purification along with ~27 mg of Ant-NGLG-NH2, making further optimisation of 

the reaction necessary.  

A major hurdle issue with the enzymatic ligation is the reversibility of the reaction. The product 

contains the OaAEP1 substrate sequence and can be re-attacked by the enzyme to form the 

starting material. Excess addition of starting material can shift the equilibrium towards product 

side but may not be practical or economical on a bigger scale. To eliminate at least one of the 

equilibria, the product of the enzymatic cleavage could be removed from the reaction mixture 

or made unreactive. Pyruvic acid readily reacts with cysteines to form thiazolidine derivatives 

even at similar reaction conditions.220,221 It was therefore anticipated that by changing the 

recognition sequence of the CPP Ant from NGLG to NCLG and the addition of pyruvate, an 

unreactive thiazolidine-derivative would be formed (Scheme II.8). The formation of a 

heterocycle using the thiol-group of cysteine would remove the nucleophilic character of the 

N-terminus and drive the first equilibrium of the ligation reaction.  
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Scheme II.8 Reaction of pyruvic acid with the side-chain of an N-terminal cysteine leads to the 
formation of a thiazolidine product, eliminating the first equilibrium of the enzymatic ligation.  

 

The appropriate Ant-NCLG peptide was synthesised and purified in order to test this 

hypothesis (Table II.1). Due to the expected irreversibility of the first reaction, the ligation was 

carried out using the peptides Ant-NCLG-NH2 and GL-Bidi,i+4-NH2 in 1:1 and 1.5:1 ratios in the 

presence of 10 equivalents of pyruvic acid. After ensuring that the pH was correctly buffered at 

5.5, the reaction was carried out for 1 hour at 37 °C. Samples without any enzyme and samples 

lacking pyruvic acid were subjected to the same conditions as a control.  

In all samples, another peak close to the Ant-NCLG-NH2 starting material was observed with a 

retention time of 8.4 min (Figure II.17). The extent of absorption for this species at 210 nm 

varied throughout the samples, suggesting a non-uniform formation of this side-product. 

Analysis by mass spectrometry suggested a mass corresponding to Ant-N-OH (2360.84 Da.), 

which could suggest hydrolysis, but probably originates from non-enzymatic N-terminal 

cysteine/pyruvic acid condensation due to the presence of this peak in the no-enzyme control 

samples (Figure II.17).  

 

 

Figure II.17 a) LC-MS trace of the reaction mixture without any enzyme using Ant-NCLG-NH2 
and GL-Bidi,i+4-NH2

 in a ratio of 1.5:1 with 10 eq. of pyruvic acid after 1 h. b) Mass-spectra of the 
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peak at 8.4 min corresponding to the hydrolysed Ant-N-OH and 11.3 min corresponding to 
ligated product (calc.: 4865.8).  

 

Substrate specific self-cleavage is known for a number of proteins during which an internal 

segment is usually excised from the original sequence.222 Non-enzymatic peptide-bond 

cleavage reactions have been reported for peptides containing aspartate and asparagine 

adjacent to cysteine residues, where the formation of a cyclic succinimide intermediate plays a 

crucial role.223 The initial step for the cleavage of the peptide bond is the attack on a carbonyl-

group by the cysteine side-chain to yield a thioester, which can undergo hydrolysis. Typically, 

the attack of an Asn-residue onto the thioester leads to the liberation of a segment from the 

polypeptide. Possibly, the close proximity of Asn-Cys residues and reaction conditions might 

lead to a similar reactions and the subsequent release of C-terminal-cyclised Ant-N-OH 

(Scheme II.9). Subsequent hydrolysis of the cyclised succinimide intermediate would free the 

Asn-residue to yield Ant-N-OH as indicated by mass-spectrometry. Samples of Ant-NCLG-NH2 

incubated in pure water gave a single peak, suggesting that a combination of the elevated 

temperature, buffer system and reaction-time promoted the auto-cleavage of the substrate 

rather than any inherent instability.  

 

 

Scheme II.9 Proposed mechanism for the internal trans-thioesterification that lead to the auto-
cleavage of the NCLG-motif. Ring-opening of the cyclised C-terminus by either hydrolysis or 
nucleophilic attack of a peptide could lead to the truncated peptide as suggested by mass 
spectrometry.   
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Surprisingly, all samples contained traces of ligated product (m/z 4865.80) even in the absence 

of the enzyme, as indicated by mass spectrometry and absorption at 210 nm (Figure II.17). 

Ligated product was also observed in samples lacking pyruvate, suggesting that the mechanism 

of product formation involves the substrate only. Samples containing larger quantities of the 

truncated peptide Ant-N-OH seemed to show more ligated product as estimated by the extent 

of 210 nm absorption. One possible explanation is that the cyclic succinimide of the truncated 

peptide Ant-N can undergo ring-opening through the nucleophilic attack of water (hydrolysis) 

or GL-Bidi,i+4-NH2 to give the ligated product. The amount of product formed would then 

depend on the degree of autolysis of Ant-NCLG-NH2 and the competitive ring-opening reaction 

with water. The observation of product coincides with a diminished GL-Bidi,i+4-NH2 peak 

compared to reference samples at 210 nm, supporting the assumption of a potential reaction. 

Addition of enzyme to the samples did not lead to a significant increase in product 

(Figure II.18), suggesting that the conditions were suboptimal for catalysis.  

 

 

Figure II.18 210 nm trace of the reaction mixture without any enzyme using Ant-NCLG-NH2 and 
GL-Bidi,i+4-NH2

 in a ratio of 1:1 with 10 eq. of pyruvic acid after 1 h. The dotted line marks the 
peak for the ligated product Ant-NGL-Bidi,i+4.  

 

Further evidence supporting non-enzymatic, cysteine-mediated autolysis was gathered by 

analysing old samples containing the peptide GL-Bidi,i+4-NH2. Decomposition of the peptide up 

to ~26% (based on the integration of the 215 nm absorbance values) could be seen in all 

batches of the peptide tested, even those stored as a dry powder at -20 °C. Decomposition of 

the peptide may have occurred during the freeze-drying after the HPLC purification or thawing 

process prior their further application. Rather than the Asn-Cys-motif described above, an Asp-

Cys sequence is present in this peptide that could lead to the truncation (Scheme II.10). 
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Autolysis would proceed via an initial thioesterification, similar to the proposed mechanism for 

the truncation of the peptide Ant-NCLG-NH2. The thioester intermediate could then be cleaved 

by the adjacent Asp residue giving a truncated C-terminal cyclic peptide and the sequence 

CIDRSI-NH2 (mass: 704.83). Ring opening through hydrolysis would give a peptide fragment of 

the sequence GLDIIRNIARHLACVGD-OH (mass: 1836.13). The analysis of a seven month old 

peptide sample (stored at -20 °C) by LC-MS techniques showed four peaks at the wavelength 

of 215 nm (Figure II.19). Mass spectrometric analysis suggested the peaks at 10.5 min and 

17.0 min correlated to the truncated products described in the proposed mechanism. The 

mass spectrum of the peak at 16.6 min corresponded to the peptide GL-Bidi,i+4-NH2 containing 

a disulfide-bond between the cysteine-residues and that of the main peak at 18.2 min (92% of 

the total integrated signal) corresponded to the parent peptide. 

 

 

Scheme II.10 Potential autolysis mechanism of the peptide sequence of GL-Bidi,i+4-NH2 leading 
to the observed truncated peptides. 
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Figure II.19 LC-MS analysis of the peptide GL-Bidi,i+4-NH2 ~7 months after its purification and 
storage at -20 °C indicating decomposition and truncation. 

 

The peptide bond is known to be particularly stable and very few cases of its self-cleavage 

without any exogenous cofactors are known, such as in protein-splicing or when certain non-

proteinogenic amino acids are introduced to a sequence.224,225 However, those mechanisms 

require specific conditions such as certain amino acid compositions, conformations or pH. 

Surprisingly, no decomposition of the peptide GL-Bidi,i+4-NH2 was observed during the 

enzymatic ligation. Peptide degradation was only observed in tested batches (5 in total) of 

purified peptide-samples indicating that the cleavage of the peptide might have occurred 

under the specific conditions, such as during the freeze-drying process following the peptide-

purification or during the thawing of the samples prior use.  

Further studies were carried out on the enzymatic ligation using OaAEP1 to optimise the 

conditions and to shift the equilibrium of the enzymatic ligation towards the product side using 

formyl phenyl boronic acid (FPBA) by Simon Tang et al.219 Similar to the application of pyruvic 
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quenching the reverse reaction of the enzyme. These optimised conditions with 0.1 mol% 

OaAEP1 were applied to the enzymatic ligation of a 4:5 mixture of Ant-NCLG-NH2: 

GL-Bidi,i+4-NH2 in 2-(N-morpholino)ethanesulfonic acid (MES) buffer at pH 5.5 and 20 °C. The 

reaction progress was monitored by the absorption at 210 nm at an analytical HPLC with no 

further conversion observed after 4 hours of reaction (Figure II.20).  

The reaction yield was estimated by the integration of the peaks for the peptides on their own 

and in the reaction mixture to be ~50%. Interestingly, no truncated Ant-NCLG-NH2 was 

observed under these optimised conditions, suggesting that the previously observed auto-

cleavage of the peptide might be caused by specific conditions, such as the buffer or elevated 

temperatures. However, although the yield of the ligation was significantly higher than 

previously obtained, no preparative scale of the enzymatic ligation was carried out. The 

potential of this enzymatic ligation for synthesising libraries of peptides through a modular 

approach is good, but its application on larger scales and even under optimised conditions is 

limited by the ~50% conversion of starting material. Peptides were therefore synthesised by 

SPPS directly to avoid the multiple lengthy purification steps that were necessary to purify first 

the starting materials, then the enzymatic ligation reaction mixture. 

 

 

Figure II.20 Ligation of Ant-NCLG-NH2 and GL-Bidi,i+4-NH2
 in a ratio of 1:1.2 using optimised 

conditions and formyl phenyl boronic acid (FPBA) as an additive.  

11.2 

7.1 

7.5 
Retention time / min 

10 15 17.5 20 22.5 

 
 

 

 

 
 

9.8 
Product 

8.6 
FPBA 

4 h 

GL-Bid
i,i+4

-NH2 

Ant-NCLG-NH2 

A
b

so
rb

an
ce

 2
10

 n
m

 

12.5 



 

95 
 

d. Conclusion 

This chapter describes two approaches to generate CPP-BH3-peptide-conjugates; recombinant 

expression and enzymatic ligation. In the recombinant approach, the synthesis of BH3-

peptides attached to cell-penetrating sequences using biological techniques was successfully 

carried out. Recombinant peptide production was achieved using a plasmid harbouring DNA 

encoding Bidi,i+4-R8 fused to an insoluble ketosteroid isomerase. Post-translational modification 

and purification furnished a soluble peptide. Although no conclusive mass-spectrum could be 

obtained, analysis by SDS-PAGE and 210 nm HPLC trace suggested the presence of the desired 

product. A new plasmid was created harbouring DNA encoding a His-tag, solubiity tag, a TEV 

cleaving site and Bidi,i+4. The expressed protein was purified by Ni-NTA-column followed by TEV 

cleavage and the presence of the desired peptide confirmed by mass spectrometry. The 

plasmid was further modified to include two BsaI recognition sites following the DNA encoding 

Bidi,i+4. This new acceptor plasmid can be used in future to generate a library of sequences, 

which are fused to the C-terminus of a Bidi,i+4 peptide by Golden-Gate ligation.  

An approach combining biological and synthetic chemistry techniques was applied next. 

Peptides containing the BH3- and the CPP-sequence of the antennapedia protein were 

synthesised by SPPS and ligated using the asparaginyl endopeptidase OaAEP1. Short sequences 

of the peptides containing the recognition sites were synthesised and ligated at different 

concentrations to explore the suitability of this approach. Generally, addition of excess peptide 

containing the recognition site on its C-terminus seemed superior to excess peptide bearing 

the N-terminal recognition site. Following model studies, ligation of the full-length peptides 

was carried out using excess CPP containing the recognition site on the C-terminus. However, 

despite a preparative scale (46.5 mg of combined peptide), only negligible amounts of ligated 

product could be isolated (<1 mg). It was anticipated that the reaction equilibrium could be 

strongly shifted towards the product if the cleavage byproduct could be made to undergo an 

irreversible reaction, removing it from the equilibrium. The recognition sequence was changed 

so that the by-product contained a N-terminal cysteine residue. Addition of pyruvate would 

then cause a reaction with this cysteine residue to form an unreactive thiazolidine, preventing 

the back-reaction of the enzymatic ligation. However, the amount of ligated product did not 

significantly improve as indicated by HPLC analysis, and introduction of the cysteine residue 

seemed to promote enzyme-independent autolysis of the peptide. Optimised conditions for 

the enzymatic ligation developed by Simon Tang using formyl phenyl boronic acid (FPBA) as an 

additive yielded ~50% product on an analytical scale.  
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Auto-cleavage of GL-Bidi,i+4  and Ant-NCLG peptides was narrowed down to their Asp/Cys and 

Asn/Cys sites, respectively. While the truncation of the peptide GL-Bidi,i+4-NH2 is likely a 

product of its storage and treatment following its purification, Ant-NCLG-NH2 showed auto-

cleavage only under certain conditions, such as those applied during the initial enzymatic 

ligation. However, the exact mechanism of this fragmentation remains unclear and further 

investigation would be necessary to fully elucidate it.  
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3. Peptide-Stapling 

a. Aims and Objectives 

The efficient synthesis of azobenzene crosslinked peptides in high yields remains a significant 

challenge. Typically, photo-crosslinker attachment is performed after peptide synthesis and 

cleavage from the resin in a buffered aqueous solution at a pH that selectively deprotonates 

thiol-groups on the side chain of cysteine residues. This process can suffer from low yields, 

particularly when peptides have limited solubility and/or adopt significant degrees of 

secondary structure. Purifying peptides before and after the stapling reaction can be extremely 

time-consuming, especially in cases of limited peptide solubility. To address these issues, 

methods for crosslinking on resin as part of the SPPS procedure were investigated with the aim 

of simplifying crosslinking procedures and reducing the number of purification steps to a single 

HPLC purification. A series of apoptosis inducing peptides including short test peptides and full 

length BH3-peptides, CPP linked peptides and fluorophore-labelled peptides were synthesised 

on a preparative scale using SPPS methods (Table II.4). As the selective deprotection of the 

cysteine-thiol-protecting groups was crucial to ensure reactivity with the crosslinker, different 

protecting group and deprotecting regimes were tested.  

 

Table II.4 Pro-apoptotic BH3-domain peptides and the corresponding sequences, which were to 
be synthesised. [PEG]n denotes a polyethyleneglycol polymer of n monomer units consisting of 
H2N-(PEG)-COOH (linker length: 9 atoms) each. 

Peptide Sequence 

GL-Bidi,i+4-NH2 GL-DIIRNIARHLACVGDCIDRSI-NH2 

(5)[FAM]-GL-Bidi,i+4-NH2 (5)FAM-GLDIIRNIARHLACVGDCIDRSI-NH2 

Bidi,i+7-NH2 DIIRNIASCLASVGDCIDRSI-NH2   

Ant-Bidi,i+4-NH2 RQIKIWFQNRRMKWKKDIIRNIARHLACVGDCIDRSI-NH2 

(5)[FAM]-Ant-Bidi,i+4-NH2 (5)FAM-RQIKIWFQNRRMKWKKDIIRNIARHLACVGDCIDRSI-NH2 

Bimi,i+4-NH2 IWIAQELRCIGDCFNAYYARR-NH2 

Baki,i+11-NH2 GCVGRALAAIGDCINR -NH2 

 [PEG]3-Baki,i+11-NH2 NH2-[PEG]3-GCVGRALAAIGDCINR -NH2 

(5)[FAM]-[PEG]3-Baki,i+11-NH2 (5)FAM-[PEG]3-GCVGRALAAIGDCINR -NH2 
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b. Solution Phase Stapling  

i. Screening Solution Phase Crosslinking Conditions 

Crosslinking conditions were screened using a 12-amino acid Bidi,i+4 peptide which was 

synthesised, cleaved form the resin and purified as described (see chapter IV.2c). The 

previously synthesised, non-substituted crosslinker 38 was used for experiments to establish 

baseline solution phase conjugation yields. The stapling reaction was carried out in 100 mM 

tris-ethanolamine (Tris) buffer including 0.5 mM tris(2-carboxyethyl)phosphine (TCEP). The pH 

of the crosslinking buffer was adjusted to 8.3 to deprotonate the cysteine sidechain thiols, and 

the peptide was pre-equilibrated in the buffer for 30 min at 45 °C in a total concentration of 

0.5 mM to ensure reduction of any disulfides. Crosslinker 38 was then added in 1 μL portions 

from a 50 mM DMSO stock solution to obtain a final ratio of 50% (v/v) DMSO:Tris-buffer. After 

addition, the reaction vessel was shaken to ensure complete mixing of the reagents. Different 

ratios of peptide-to-linker from 1:1 to 1:4 were tested, and the reaction mixtures were shaken 

at 450 rpm for 16 h at 45 °C, prior to LC-MS analysis.  

Formation of precipitate was observed in all samples, so the suspensions were centrifuged at 

13,200 rpm for 5 min and the supernatant was injected into the LC-MS. The precipitate was 

dissolved in 1:1 (v/v) acetonitrile:water then analysed by LC-MS. Generally, a peptide-to-linker 

ratio of 1:1 seemed to be sufficient to obtain crosslinked peptide with only a trace amount of 

starting material detectable in the reaction mixture. Higher concentrations of crosslinker did 

not seem to have a significant effect, with no side-product formation evident in UV-Vis 

absorbance traces (Appendix 4). Both precipitate and supernatant samples contained some 

crosslinked peptide, but whereas the precipitate sample mostly consisted of crosslinked 

peptide and unreacted crosslinker, the supernatant sample had numerous peaks at different 

wavelengths (210, 280, 360, 440 nm) indicating the formation of a significant number of 

unidentified side-products. This suggested that the side-products formed during the 

crosslinking reaction were mostly soluble in the buffer/DMSO mixture with the final product 

and unreacted crosslinker largely remaining insoluble.  

Reaction of crosslinker 38 with the 12-amino acid peptide resulted in a shift in retention time 

for the crude crosslinked adduct of the major peak from 10.2 min to 11.4 min (Figure II.21). A 

later retention time corresponded to an increased hydrophobicity, supporting successful 

attachment of 38 to the peptide. Furthermore, significant absorbance was observed at 

360 nm, characteristic of the presence of crosslinker. The mass spectrum of the main peak at 
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11.4 min corresponded to the double-charged state of the peptide-crosslinker product (calc.: 

1555.8). 

 

Figure II.21 210 nm traces of the purified starting material peptide and the crude crosslinked 
peptide at 210 and 360 nm. Mass spectrum of the peak at 11.4 min corresponded to the 
crosslinked peptide (calc.: 1555.8). Shown traces are for the purified 12-mer peptide and the 
reaction mixture containing peptide:linker in a ratio of 1:1 (precipitate).   

 

ii. Full Length Stapling 

The ultimate aim was to staple the peptides listed in Table II.4 using the red-shifted 

azobenzene linker 33, so the optimised crosslinking conditions for the shorter peptide 
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have halted by LC-MS, further TCEP and 33 were added. Stapling reactions of peptides 

containing the Bidi,i+4 sequence all yielded multiple major peaks, which made the subsequent 

purification steps challenging, leading to a maximum yield of 22%.  

Typically, 0.1% TFA was used as an additive to the HPLC-solvents when purifying the reaction 

mixture, whereas LC-MS analysis was carried out with 0.1% formic acid in the mobile phase to 

improve the ionisation of the peptides. Compound 33-crosslinked peptide Ant-Bidi,i+4-NH2 gave 

a broad peak when analysed by LC-MS, suggesting incomplete protonation. In contrast, when 

0.1% TFA was used as an additive, a sharper peak-shape and a shift in retention time were 

observed (Figure II.22). A wider, tailing peak-shape suggested more than one mechanism of 

analyte retention on the solid phase may be at work, such as polar interaction of the amino 

acids residues with residual silanol groups of the silica support.226 The LC trace at 210 nm and 

360 nm contained an additional peak in the purified sample around 8.7 min that persisted 

even after multiple rounds of purification implying the presence of an equilibrium of 

conformers or a mixture of the cis- and trans-form of the crosslinker, as all peaks displayed the 

same mass spectrum corresponding to crosslinked Ant-Bidi,i+4-NH2 (m/z 5011.5).   

 

 

Figure II.22 Analytical LC-trace at the wavelengths 210 nm and 360 nm for the 33-crosslinked 
peptide Ant-Bidi,i+4-NH2 (TFA used as additive), mass spectrum of the peaks obtained by the 
LC-MS analysis run with formic acid as an additive corresponded to the crosslinked peptide 
(calc.: 5011.5).  
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GL-Bidi,i+4-NH2 was stapled with both, the red-shifted linker 33 and the water-soluble 

azobenzene-derivative 37 (Appendix 5) for use as controls in protein-binding assays and for 

comparison with previous results.211 The N-terminal Gly- and Leu- residues were added to 

maintain consistency to the previously synthesised peptides. A total yield of 28% was obtained 

when crosslinking with 33, but only 6% for the water-soluble linker 37. In contrast to 

crosslinked Ant-Bidi,i+4-NH2, no peak tailing or secondary peaks were observed on the LC-MS, 

hinting that incomplete protonation or distinct conformational states of the CPP-tag were the 

cause of this phenomena. 33-staped GL-Bidi,i+4-NH2 also showed mixed cis-/trans-isomers in the 

dark-state of the sample (Figure II.23). (5)[FAM]-GL-Bidi,i+4-NH2 was stapled with 33 and 37 

(Appendix 6) for fluorescence anisotropy (FP) binding assays with Bcl-xL.  

 

 

Figure II.23 LC-MS trace of the 33 crosslinked peptide GL-Bidi,i+4-NH2. 210 nm (black) and TIC 
(red)-trace are overlapped. Mass spectra of the two peaks are shown and the obtained mass 
corresponded to the final product within the standard deviation of the de-convoluted mass 
(calc.: 2953.0).  
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(Figure II.24). Several peaks corresponding to oxidised starting material suggested the 

presence of multiple oxidised species containing intra- and intermolecular disulfide bridges.  

 

 

Figure II.24 Isolated starting material from the HPLC purification of the crosslinking reaction 
with (5)[FAM]-GL-Bidi,i+4-NH2. Addition of TCEP lead to conversion of the three peaks to one at 
210 nm, which was confirmed to be starting material by mass spectrometry (calc.: 2881.3). 
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peptide reagent. However, if the peptides predominantly existed in their reduced state when 
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the peptide reduced using one equivalent of TCEP. Argon was bubbled through the reaction 

mixture prior the addition of the crosslinker to minimise the chance of oxidation. Peptides that 

were crosslinked following this procedure contained significantly fewer side-products, 

simplifying subsequent purification of the reaction mixture.    
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regarding the optimal positioning of an all-hydrocarbon linker. The resulting construct 
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apoptosis in various cancer cell lines even without any attached CPP-sequences.168,227 
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Following these results, the peptide Bimi,i+4-NH2 was synthesised and stapled with 33 to obtain 

another light-switchable activator BH3-domain peptide. The azobenzene crosslinker was 

positioned between the same amino acids as the all-hydrocarbon linker reported by Walensky 

and co-worker. The analysis of the crude reaction mixture by HPLC indicated multiple side-

products. The product could be purified in 25% yield and showed two peaks (74.3% trans, 

25.7% cis) corresponding to the mass of the peptide-construct at the dark-state in LC-MS 

analysis (Appendix 7). 

In previous work, binding interactions between 37 crosslinked Baki,i+11-NH2 and Bcl-xL were 

examined by NMR spectroscopy,213 so  37-stapled Baki,i+11-NH2 was synthesised to reproduce 

these results and 33-stapled Baki,i+11-NH2 to determine if the binding mode remained the same 

in the absence of the polar sulfonate groups. As these NMR experiments are conducted in 

purely aqueous solutions, a polyethylene glycol (PEG) tag (H2N-(PEG)-COOH, linker length 9 

atoms) was added to the N-terminus of the peptide sequence to increase the water-solubility 

of the crosslinked peptides. PEG-groups are highly hydrophilic, flexible chains unlikely to cause 

undue steric hindrance when conjugated to a peptide or protein. Three repeating units of PEG-

groups ([PEG]3) were added to the N-terminus of Baki,i+11-NH2 during synthesis. As this 

solubility tag contributed more than 20% of the total mass of the peptide, a significant 

improvement in solubility was expected even when stapled with a bulky hydrophobic 

crosslinker. The PEG-spacer also provided sufficient distance between the BH3-sequence and 

the fluorophore to rule out potential interference of the fluorophore with the binding groove 

during NMR or fluorescence polarisation assays.  

The crude reaction mixtures of the stapled Baki,i+11-peptides showed fewer side-products 

compared to Bid peptides, which facilitated ready identification of the product peaks and 

purification of the crosslinked peptide by HPLC and significantly greater yields (54% yield) than 

for the Bimi,i+4 (25% yield) and Bidi,i+4 (6-28% yield) peptides. The azobenzene crosslinker 

seemed to react more selectively with peptides containing a wider spacing of the cysteine 

residues. Without a chemical staple or protein-context, these peptides predominantly exist in 

a random structure in the reaction mixture.228 An azobenzene staple can function as a 

secondary structure-forming element depending on the cysteine-spacing in the peptide and 

the isomeric form of the linker. For peptides containing i,i + 4 and i,i + 7 cysteine-spacings, the 

longer end-to-end distance of the trans-isomer stretches the peptide out of an α-helical 

structure. For peptides with a i,i + 11 cysteine spacing, an α-helical structure is distorted by the 

shorter end-to-end distance of the cis-isomer.  
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Compound 33 crosslinked Baki,i+11-NH2 (Figure II.25) and (5)[FAM]-[PEG]3-Baki,i+11-NH2-peptides 

(Appendix 8) exhibited two peaks in LC-MS analysis, indicating the presence of both cis- and 

trans-stapled peptide in the dark-state. The first peak corresponds to the less hydrophobic cis- 

and the peak with later retention time corresponds to the trans-conformer as indicated by 

comparison of their 210 and 360 nm absorption profiles.  

 

 

Figure II.25 LC-MS traces of the 33-crosslinked peptide Baki,i+11-NH2. The obtained mass spectra 
of the two peaks correspond to the two isomers of the stapled product within the standard 
deviation of the de-convoluted mass (calc.: 2017.9). 

 

This observation supports the expectation that helical conformations of BH3-domain peptides 

should display a stronger hydrophobic character due to the formation of a stripe of 

hydrophobic residues on one side of the helical wheel (Figure II.26). Based on the integration 

of the 210 nm trace, 17% cis-conformer was present.  
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Figure II.26 Helical wheel illustration of the stapled peptide Baki,i+11-NH2 with the attached 
linker that leads to an extension of the hydrophobic surface (dotted line).  

 

The reactivity of functional groups other than the thiols could be a potential source of side-

product formation when stapling the peptides in solution. The reaction of the cysteine-thiols 

with the crosslinker can be controlled by adjusting the pH of the buffer so that other 

potentially nucleophilic residues are not deprotonated in solution. However, as the pKa-values 

of N- terminal amine (8.0-9.0) lies close to the pKa-value of the cysteine side-chain (8.1), the 

33-stapled peptide Baki,i+11-NH2 was subjected to an enzymatic digestion assay followed by LC-

MS analysis to confirm the correct position of the crosslinker. Trypsin was used to cleave the 

peptide on the C-terminal side of Arg and Lys residues (Figure II.27). When stapled through the 

thiol groups of the cysteines, the digested peptide would exist as a linear sequence with 

hydrolysed ends of the peptide bond at the arginine residue. In case the crosslinker was 

misplaced to the N-terminal end of the peptide sequence, the digestion assay would result in 

two peptides that could be isolated and identified by LC-MS techniques with a mass of 

920.6 Da. and 1115.3 Da. (Figure II.27).  
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Figure II.27 Trypsin digest assay with 33-stapled Baki,i+11-NH2 and resulting masses of the 
peptides when labelled through the cysteine-residues and the N-terminus. As the peptide bond 
plays a crucial role during the amino acid recognition process of the enzyme, the C-terminal 
arginine was not expected to be cleaved by trypsin. 

 

Samples were first denatured in 8 M urea by heating to 60 °C for 60 min. The digestion 

reaction was then diluted in Tris HCl (pH 7.8. 50 mM) and incubated with an aliquot of MS-

grade trypsin to a trypsin:peptide ratio of 1:20 (w/w) at 37 °C for 24 hours in buffer containing 

dithiothreitol (DTT) to prevent disulfide formation. The reaction was quenched by addition of 

5% (v/v) of formic acid to the sample and analysed by LC-MS (Figure II.28).  

The 280 nm absorbance trace showed five major peaks at 10.1 min, 15.3 min, 15.9 min, 

19.4 min and 19.7 min. The first peak at 10.1 min was identified as trypsin by mass 

spectrometry, but the latter four peaks exhibited crosslinker-33-specific absorption at 360 nm 

and 450 nm. The following pairs of peaks corresponded to the two isomers of the hydrolysed, 

cleaved peptide (trans at 15.3 min and cis at 15.9 min) and unreacted peptide (19.4 min and 

19.7 min).  
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Figure II.28 LC-MS analysis of the peptide digestion of 33-stapled Baki,i+11-NH2 using trypsin. a) 
UV-Vis absorbance of the reaction mixture at 280 nm, 360 nm and 450 nm. b) Mass spectra 
with deconvoluted masses of the obtained four main-peaks. 

 

iii. Methyl-Cysteine Labelling  

An alternative to cysteine conjugation was reported by the research group of Li and co-

workers, who developed a macrocyclization strategy based on a chemoselective alkylation 

process of methionine residues (Figure II.29a).26 Methionine amino acids were introduced into 

a model peptide and then reacted for 24 hours with various alkyl halides in 30:70 MeCN:H2O 

(v/v) containing 1% formic acid to generate cyclic peptides of different ring sizes. The product 

contained two additional positive charges, causing the bis-alkylated peptides to have better 

solubility and cellular uptake in addition to imparting greater stability towards proteolytic 

enzymes than the linear parent peptides. This strategy was successfully applied to create cyclic 

peptides that were able to induce an autophagic flux in HeLa cells.27 
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Figure II.29 (a) General principle of methionine-alkylation used by Li and co-workers166,229and 

(b) one of the linkers (50, α,α′-dibromo-m-xylene) used for the stapling of the methyl-cysteine 

residues.  

 

It was hoped that this conjugation approach would counteract the poor solubility of the 33-

crosslinked peptides. Methyl-cysteines were used instead of methionines to limit the flexibility 

of the product and improve photo-control and were introduced in place of cysteines into the 

GL-Bidi,i+4-NH2 sequence. The methyl-cysteine stapling reaction with 33 was carried out at 

45 °C. The reaction mixture was centrifuged and the supernatant analysed by analytical HPLC. 

No product formation was observed after 24 hours. DMF (30 vol.%) was added to increase the 

solubility of the crosslinker 33, but there was still not show any reaction after 24 h as indicated 

by analytical HPLC (Figure II.30a). The subsequent addition of α,α′-dibromo-m-xylene 

(Figure II.29b), a linker used in previous publications for stapling of methionine residues166,229, 

to the reaction mixture resulted in a significant decrease of the starting material signal and 

three new peaks (Figure II.30b). LC-MS analysis of the new peaks revealed that two of them 

originated from small molecules (obtained mass < 400 Da.) and to the formic acid-adduct of 

the successfully 50-stapled peptide (calc.: m/z 2700.1).  

a) b) 
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Figure II.30 HPLC-traces of the reaction mixture containing the peptide GL-Bidi,i+4-NH2 with 
methylated cysteines. a) The azobenzene linker 33 after 48 h shows only starting material. b) 
Addition of the staple 50 leads to the formation of multiple peaks. The peaks at 20.0 and 
24.1 min did not show any mass > 400 Da. in ESI pos. mode. The peak at 27.3 min corresponded 
to starting material (m/z 2251.0) and the peak at 28.5 min to 50-stapled peptide (2655.1 + 45.0 
(formic acid): m/z 2700.1).  

 

One potential reason for 50 reacting when 33 does not, is the proximity of the bromine to the 

sp2-hybridised aromatic ring that has an electron withdrawing effect on the attached carbon 

atom and a stabilising effect on the partial positive charge formed during the reaction. To 

increase the reactivity of the crosslinker 33, a halide-exchange reaction was carried out to 

replace the chloride with iodine (49, chapter II.1.d). However, no reaction between 49 and the 

peptide was observed, even at 45 °C. Although the electrophilicity of alkyl-iodides is 

significantly greater than alkyl-chlorides, an even more reactive staple seemed to be necessary 

for the reaction with methyl-cysteines. Only staples where the halide was connected to a 

carbon-atom in α-position to a sp2-center showed reactivity towards methionine residues in 

recent literature, suggesting that the lack of an sp2 centre in the crosslinker was hindering its 

reactivity.166,229  
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c. Solid Phase Stapling 

A major limitation in the production of azobenzene stapled peptides are the required multiple 

HPLC purification steps to separate the non-stapled and stapled peptides. The purification is 

particularly challenging when several side-products show cis/trans isomeric mixtures with 

similar retention times to the desired construct, significantly reducing the final yield. Due to 

the hydrophobic nature of the azobenzene scaffold, precipitation of the linker in the aqueous 

stapling buffer was thought to reduce the amount of formed product. Furthermore, the 

analysis by LC-MS techniques of the multiple potential products after the HPLC separation 

proved to be time consuming making the stapling process very inefficient in terms of time and 

material costs. On resin crosslinking of peptides was investigated as a means to improve the 

overall yield of crosslinked peptide synthesis by addressing solubility issues in typical stapling 

buffers, minimising potential side-products during the stapling reaction, and reducing the total 

number of purification steps required. This approach requires orthogonal cysteine protecting 

groups that can be removed selectively without affecting the nascent peptide (Figure II.31).  

 

 

Figure II.31 Solid-phase crosslinking: The peptide is still anchored onto the solid support and 
the cysteine-protecting groups (PG) have to be removed in a selective fashion in order to allow 
the linker to react with the free thiol-groups.  

 

The azobenzene-linker dissolved in organic solvent could then react with the free thiol groups 

and any unreacted material would be removed by washing as usual for solid phase synthesis. 

The stapled peptide would remain anchored to the resin and the peptide sequence could be 

further modified with fluororphores or other sequences, such as solubility tags or CPPs. 

Following release of the peptide from the resin under acid, a single purification step would 

provide the final stapled peptide-construct.   
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i. Selective Deprotection of Peptides Containing Cys(Trt)-OH and 

Cys(StBu)-OH 

Selective deprotection of the cysteine side-chains is crucial to avoid side product formation. 

Initial experiments were carried out on a 12 amino acid long Bidi,i+4-NH2 sequence where the 

cysteine-thiols were protected with trityl-groups. To avoid any reaction with the peptide N-

terminus, the Fmoc-group was only removed after the crosslinking reactions with 38. 

The trityl-protecting group is generally acid-labile and can be removed using dilute TFA 

solutions (1-3% v/v). The released trityl cation is very stable and gives the supernatant a yellow 

colour. The deprotection reaction is reversible, as the thiol group can react with the product 

trityl cation, so additives are typically used with the cleavage cocktail to quench the cation. 

After swelling the peptide on the resin, it was repeatedly exposed to a mixture of 1% 

trifluoroacetic acid (TFA) and 1% triisopropylsilane (TIPS) in dichloromethane (DCM) 

(9 x 5 min). This was followed by 1% TFA and 99% DCM to check if the reaction was complete 

by absence of yellow unquenched trityl cations. However, a yellow colour was observed in the 

solution even after repeated exposure to the cleaving cocktail, meaning complete 

deprotection could not be readily achieved with this protecting group.  

Methoxytrityl (Mmt)-groups have been reported to be more quickly and more efficiently 

removed from thiol groups than trityl groups. In a recent literature report,230 Cys(Mmt) was 

introduced into a peptide sequence, deprotected using 2% TFA and the resulting peptide 

stapled with an all-hydrocarbon linker while still on the resin. However, quantification of the 

degree of deprotection remained challenging, as visual assessment of deprotection progress 

by colour was prone to error and conditions used to cleave test peptides from the resin for 

analysis also removed any remaining (methoxy)trityl groups. Repeated treatments may also 

remove trityl groups from other amino acids, with their unprotected side-chains potentially 

leading to side-products.  

Based on these initial experiments, the introduction of a cysteine-protecting group that is 

orthogonal to the acidic cleavage was considered superior to continuing to use acid-labile 

groups as they would allow monitoring the selective deprotection progress by LC-MS after 

cleavage from the resin. Disulfides are typically stable under acidic conditions and are readily 

removed under mild conditions by exposure to reducing agents. Disulfides are also stable 

during the base-induced N-terminal Fmoc-deprotection step, allowing complete flexibility in 

monitoring deprotection and crosslinking reactions by LC-MS.   
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Figure II.32 Structural differences of three Fmoc-Cys(PG)-OH building blocks for SPPS. The 
different protecting groups are highlighted in green.   

 

The cysteine building block Fmoc-Cys(StBu)-OH, consisting of a tert-butyl sulfide attached to 

the thiol group (Figure II.32), was incorporated into a 13 amino acid long Bidi,i+4-NH2 sequence. 

A number of different reducing agents have been reported to deprotect peptides containing 

tBu-disulfide protecting groups, including: DTT231, a combination of N-morpholine and β-

mercapto-ethanol,232 and tributylphosphine.233 However, only small amounts of deprotected 

product were detected by LC-MS under any of these conditions, even after 24 hours. A 

maximum of 15% deprotection (estimated from 210 nm absorption trace) was achieved when 

tributylphosphine was mixed with the peptide and β-mercaptoethanol and the solution left to 

react overnight. This difficulty in removing the protecting group could potentially be caused by 

the peptide adopting a coiled structure in which the tBu-protecting groups were not accessible 

to the added reducing agents. If that were true, reduction of the StBu-protecting group should 

have been facilitated by releasing the peptide from the solid support. However, even 

prolonged exposure to a reducing agent did not lead to a significant increase in deprotection 

by LC-MS in the solution phase. Further scrutiny of the scientific literature suggests 

deprotection of Cys(StBu) amino acids in peptides may be challenging in general, as conditions 

to fully deprotect the cysteine-residues required thorough optimisation in a number of 

reports.231–233  

 

ii. Synthesis and Reaction of Cys(STmp)-OH with Bidi,i+4-NH2 

The trimethoxyphenylthio (STmp) cysteine protecting group was developed by Albericio and 

co-workers.234 The protecting group was reported to be rapidly removed (5 minutes) using 

mild reducing agents. It showed good stability under both SPPS conditions and TFA cleavage 
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when incorporated into a test-peptide. However, on a different model peptide, exposure to 

95% TFA compromised the stability of the group and lead to deprotection of 8% of the cysteine 

side-chains. Following the unexpectedly high resilience of the StBu-protecting group to 

reducing agents, the potential moderate instability of STmp against TFA exposure seemed like 

an acceptable compromise, particularly as stability against TFA is only useful for measuring 

incomplete deprotection of the peptide. The synthesis of Fmoc-Cys(STmp)-OH was adapted 

from literature procedures (Scheme II.11). 

 

 

Scheme II.11 Synthesis of the new Cys-building block for SPPS; Fmoc-Cys(STmp)-OH (55).  

 

Deprotection of 51 was achieved by stirring it in a mixture of 8:1:1 (v/v/v) TFA:TIPS:H2O for 

1 hour. The reaction mixture was concentrated and the precipitate obtained was washed 

several times with hexane. 53 was then reacted with 1 equivalent of sulphur and 0.9 

equivalents of butyl lithium (2.5 M in hexanes). The reaction product was crystallised from 

hexane and a few drops of dichloromethane at -78 °C. N-chlorosuccinimide was recrystallized 

from water and dried prior to suspending in dichloromethane at -78°C whereupon a solution 

of 54 and 52 in tetrahydrofuran was added drop-wise. Overnight reaction and subsequent 

silica gel chromatography yielded impure 55 by 1H NMR spectroscopy. The main impurity 

appeared to be Fmoc-cysteine, possibly due to strong π-interactions with 55. Several silica gel 
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chromatography conditions were tried, but purification of 55 was eventually achieved by 

reverse-phase HPLC yielding a white powder (47%, lit.: 76%) after freeze drying the combined 

product fractions. LC-MS analysis indicated that the purity of the isolated material was greater 

than 96% (Appendix 9). 

The new protected cysteine building block was incorporated into a 13 amino acid Bidi,i+4-NH2 

sequence by standard Fmoc-SPPS chemistry. Analysis of the cleaved peptide by LC-MS 

indicated that the synthesis was unsuccessful. Different cleaving cocktails were tested as well 

as removal of the STmp-group prior to cleaving the peptide from the resin in order to rule out 

any interference with the analysis by the new protecting group, but the results did not change. 

As a consequence, portions of the peptide were cleaved from the resin after the incorporation 

of each amino acid and analysed by LC-MS. The results indicated that the incorporation of the 

second cysteine as the tenth amino acid was successful but major side-product formation 

occurred upon addition of alanine as the eleventh amino acid. No product could be observed 

after the incorporation of the twelfth amino acid (Figure II.33). These observations were 

surprising as alanine does not carry any protecting groups that could interact with the newly 

introduced Cys(STmp) and cause the decomposition of the peptide.  

 

 

Figure II.33 Test-cleaving of the peptide after incorporation of each amino acid revealed that 
decomposition of the peptide takes place after the introduction of the second cysteine.  
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A 10 amino acid long Bidi,i+4-NH2 sequence was synthesised to investigate the cause of the 

peptide degradation. Integration of the 210 nm HPLC trace estimated a purity of ≥95% for the 

crude 10-mer and suggested that the protecting group is mostly stable against the cleaving 

conditions. One possibility for the degradation of the peptide on the resin was interaction of 

an activated amino acid monomer with the STmp-protecting groups. To test for this type of 

reaction, Fmoc-Ala-OH was activated with DIC and oxyma and incubated with the Fmoc-

protected 10 amino acid long peptide. The resulting 210 nm trace consisted mostly of the 

desired product, with few side-product peaks emerging. Different Fmoc-deprotection-cocktails 

were tested (2% DBU + 0.5% piperidine in DMF instead of 10% (w/v) piperazine in NMP/EtOH 

(9:1)+ 0.1 M HOBt) but produced the same outcome as previously observed, with product 

purity falling to ~40%. Glycine was used in place of alanine to investigate any potential steric 

effects, but displayed a similar level of side-product formation (product purity ~30%), 

indicating that the effect is independent of the amino acid. Changing the activating agents 

from DIC and oxyma to HBTU and HOBt also had no effect suggesting, the cause of degradation 

might be related to the internal spacing of the cysteines.  

The STmp-protecting groups of the 10 amino acid Bidi,i+4-NH2 sequence were selectively 

removed using a solution containing 5% (w/v) DTT in DMF (3 x 5 min), with loss of the 

hydrophobic groups causing a significant shift of the retention time from 8.1 min to 6.3 min 

relative to the parent protected peptide (Figure II.34). In a test-reaction, the STmp-

deprotected peptide was reacted with the azobenzene crosslinker 38 and DIPEA overnight. The 

Fmoc-group was removed and the peptide cleaved off the resin using standard techniques. 

The analysed sample showed a single major peak at 360 nm indicating a crosslinked species 

(Figure II.34).  

Next, reactions were conducted to produce the crosslinked 12 amino acid Bidi,i+4-NH2 sequence 

by on-resin crosslinking of the 10-mer sequence, followed by the addition of the remaining 

two amino acids. The result of the LC-MS analysis of the released peptide was compared 

against the previously obtained results for the in solution stapled 12 amino acid long peptide 

of Bidi,i+4-NH2 (Figure II.35). The stacked traces displayed the same retention time for the main 

product and similar amounts of side-products absorbing at 360 nm suggesting that the 

attached crosslinker did not interfere with adding additional amino acids. However, even 

though this result indicates that crosslinking of a peptide using an azobenzene linker during 

SPPS is possible, multiple additional signals in the 210 nm and 280 nm (not shown) traces 

corresponding to side-products indicated that further optimisation of this technique is 

necessary.    
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Figure II.34 10 amino acid long peptide containing the synthesised cysteine before and after 
the selective deprotection of the STmp-protecting groups. Crosslinking with non-substituted 
azobenzene linker 38 yielded a main peak at 360 nm.  

 

 

Figure II.35 Stacked LC-traces at 360 nm wavelength comparing the obtained product of the 
solution- and solid-phase-labelling process with azobenzene 38.  

 

iii. Synthesis and Labelling of Bidi,i+7- Cys(STmp) 

As the results of the 12-mer Bidi,i+4-NH2 synthesis implicated internal interactions of the 

aromatic protecting groups, Fmoc-Cys(STmp)-OH was used to synthesise Bidi,i+7-NH2, a BH3 
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domain peptide with a wider cysteine spacing. Analysis of the crude peptide indicated one 

predominant species, identified as the desired Bidi,i+7-NH2 peptide containing two STmp 

protecting groups (Figure II.36).  

 

 

Figure II.36 The peptide Bidi,i+7-NH2 containing the two cysteine protecting groups STmp before 
and after selective deprotection. The STmp removal was followed by reaction with 
iodoacetamide and the main-peak identified as product by mass spectrometry (calc. mass: 
2347.7).  

 

Removal of the protecting groups was achieved using 5% DTT in DMF (3 x 5 min), but 

unexpectedly resulted in a product with a later retention time than the protected Bidi,i+7-NH2 

peptide. Overall, these results confirmed that the distance between the cysteine-protecting 

groups is crucial, with significant byproducts observed when using Fmoc-Cys(STmp)-OH for the 

Bidi,i+4-NH2 12-mer but not Bidi,i+7-NH2. However, incubation of the deprotected Bidi,i+7-NH2 with 

the linker 38 and DIPEA overnight did not yield any crosslinked peptide by LC-MS. Multiple 

peaks with absorbance at 210 nm, 280 nm and 360 nm indicated the presence of several 

crosslinker/peptide products, suggesting low selectivity, but mass-spectrometry failed to 

detect any mass correlating to the desired product. Basic reactivity towards alkylation was 

tested using iodoacetamide to mimic the halide-acetamide motif of the crosslinker. 

14 

Retention time / min 

16 18 20 22 24 

A
b

so
rb

an
ce

 2
1

5
 n

m
 

20.2 

22.0 

19.0 

Bid
i,i+7

-NH
2
 - Cys(STmp) 

 
 

Bid
i,i+7

-NH
2
 

Bid
i,i+7

-NH
2
 - Iodoacetamide 

 
 

600 800 1000 1400 
m / z 1200 

60 
40 
20 

%
 

100 
80 

587.6 

Bid
i,i+7

-NH
2
– Iodoacetamide 

19.0 min 

 1174.1 783.3 

2346.5 Da. 



 

118 
 

Iodoacetamide and DIPEA were added to the deprotected peptide and let to react overnight. 

Analysis of the crude-peptide, cleaved from the resin, by LC-MS showed a major peak at a 

shorter retention time with a mass correlating to diacetylated product (calc.: m/z 2347.7, 

obsv.: m/z 2346.5) (Figure II.36).  

As a result of the successful reaction of iodoacetmaide with the deprotected peptide, 38 was 

subjected to a halide-exchange reaction to replace the chloride with iodine in order to increase 

its reactivity towards thiol-groups (chapter II.1.d). The iodide version of 38, 36, was incubated 

with the STmp-deprotected peptide and DIPEA overnight, the resin was then washed multiple 

times with DMF prior the Fmoc-removal and removal of the peptide from the resin using TFA. 

Analysis of the crude peptide by LC-MS showed corresponding major peaks in 210 nm and 

280 nm chromatograms (Figure II.37).  

 

 

Figure II.37 LC-MS analysis of the crude product obtained from the solid-phase stapling 
reaction of 36 with the peptide Bidi,i+7-NH2. The obtained mass for the peak at 19.2 min 
corresponded to the stapled peptide within the standard deviation of the deconvolution and 
calibration of the mass-spectrometry (calc.: m/z 2525.9, obsv.: m/z 2529.9). 

 

The later retention time of the main-peak compared to the diacetylated sample was consistent 

with the expectation that the addition of 36 to the peptide should increase the overall 
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hydrophobicity and the mass spectrum suggested formation of the desired product 

(Figure II.37, calc.: m/z 2525.9, obs.: m/z 2529.9, the difference of four mass units was 

attributed to calibration difficulties). However, no absorption of the main-peak at 360 nm 

could be observed (dotted line), inferring the peak corresponding to the cis-isomer of the 

crosslinker. Several side-products had formed during the reaction as indicated by the multiple 

other peaks. Although the stapling-conditions needed further improvement, this experiment 

did demonstrate that crosslinking peptides on the resin using azobenzene linkers is possible, 

but the successful incorporation of Cys(STmp) requires a certain minimal spacing between the 

two protected cysteines. 

 

d. Conclusion 

Two different approaches to stapling BH3-domain peptides were explored with the peptide 

either in solution or on a solid-phase support. While a 12 amino acid long Bidi,i+4-NH2 sequence  

was successfully stapled in solution under several different conditions, no stapled peptide was 

obtained when optimised conditions were applied to a 37 amino acid long peptide sequence 

containing an N-terminal CPP sequence in addition to the BH3-domain of Bid. However, 

product formation was observed in the presence of a high concentration of chaotropic agents.  

Purification of stapled peptides by HPLC was a significant challenge, a protocol was developed 

involving the complete oxidation and reduction of the peptides to minimise side-products that 

could arise from disulfide-formation prior to crosslinking. Stapling peptides with a greater 

spacing between cysteine residues, such as Baki,i+11-NH2, resulted in much higher overall yields 

and cleaner HPLC profiles suggesting that the amount of side-product formation correlates 

with the distance between the two anchor points.  

Stapling peptides while they were still anchored to the resin during or after SPPS offered a 

promising solution to the high number of purification steps required and the prospect of 

increasing the overall yield. It was anticipated that the higher solubility of the azobenzene-

linker in DMF compared to the aqueous buffer systems would also improve product formation. 

Reliable, complete and selective removal of the cysteine protecting group was crucial for the 

selective reaction with crosslinkers, and following a series of test reactions on the selective 

deprotection of protected cysteine residues, Fmoc-Cys(STmp)-OH was synthesised for use 

during SPPS. Complete deprotection of this disulfide-group was achieved upon short exposure 

of the peptide to mild reducing agents, with the disulfide-group otherwise stable even under 

the TFA conditions used for cleaving from the resin. It was planned that the synthesis of the 
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peptide should be carried out before the stapling reaction, in order to minimise any potential 

side-reactions of the crosslinker during SPPS. However, incorporation of Fmoc-Cys(STmp)-OH 

into a short Bidi,i+4-NH2 sequence resulted in catastrophic loss of purity of the peptide during 

SPPS. Careful experiments showed that this degradation did not take place before the 

introduction of a second Cys(STmp) into the sequence, indicating that interactions between 

the two protected residues might lead to the observed decomposition. Subsequently, a 

peptide was synthesised until the incorporation of the second Cys(STmp) four residues after 

the first, stapled using an azobenzene crosslinker. The sequence of the stapled peptide was 

then successfully extended by the addition of further amino acids, suggesting that the process 

to staple peptides that were still anchored onto the resin using this approach was possible.   

Bidi,i+7-NH2 was successfully synthesised using Fmoc-Cys(STmp)-OH, which were selectively 

deprotected. As this peptide contained a similar amino acid composition but a wider cysteine 

spacing than Bidi,i+4-NH2, this result supports the hypothesis that peptide-degradation might be 

related to the internal interaction between the STmp groups. Initial crosslinking experiments 

were not successful, but exchanging the halide of the cross-liker to improve its reactivity 

resulted in a single major peak which corresponded to the desired peptide-construct by LC-MS. 

Although the LC traces obtained showed that conditions still could be further improved to 

address the formation of side-products, crosslinking peptides on the resin using azobenzene 

linkers was shown to be possible with the introduction of Cys(STmp) into a peptide sequence 

allowing rapid, reliable, and selective deprotection of the Cys-side chains. However, the 

spacing between these protecting-groups seemed to have a significant effect on the peptide 

stability.  
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4. In Vitro Characterisation of Crosslinker-Peptide Complexes 

a. Aims and Objectives 

Following the synthesis and purification of the crosslinked peptides (Table II.5), the biophysical 

properties of the constructs were tested to investigate if binding to an anti-apoptotic protein 

could be controlled by red light. Fluorescence-polarization (FP) assays were used to detect 

binding, requiring crosslinked peptides also be labelled with a fluorophore. NMR experiments 

using labelled protein were performed to obtain further information about the location of 

binding sites; photo-physical properties were evaluated by UV-Vis spectroscopy, the extent of 

cis-/trans-isomerization by analytical HPLC techniques and secondary structure propensities by 

circular dichroism (CD) spectroscopy.  

 

Table II.5 Crosslinked-apoptotic BH3-domain peptides and the corresponding sequences, which 
were investigated during the in vitro studies.  

Peptide Sequence 

33-GL- Bidi,i+4-NH2 GLDIIRNIARHLACVGDCIDRSI-NH2 

33-(5)[FAM]-GL-Bidi,i+4-NH2 (5)[FAM]-GLDIIRNIARHLACVGDCIDRSI-NH2 

37-(5)[FAM]-GL-Bidi,i+4-NH2 (5)[FAM]-GLDIIRNIARHLACVGDCIDRSI-NH2 

33-Ant-Bidi,i+4-NH2 RQIKIWFQNRRMKWKKDIIRNIARHLACVGDCIDRSI-NH2 

33-Bimi,i+4-NH2 IWIAQELRCIGDCFNAYYARR-NH2 

33-Baki,i+11-NH2 GCVGRALAAIGDCINR-NH2 

33-(5)[FAM]-[PEG]3-Baki,i+11-NH2 (5)[FAM]-[PEG]3-GCVGRALAAIGDCINR-NH2 
 

 

b. Photo-Characterisation of Stapled Peptide Complexes 

The cis-/trans-isomerisation of the stapled-peptides were characterised using UV-visible 

spectroscopy and LC-MS techniques. In order to obtain the greatest dynamic range for cell-

experiments, the switching wavelengths used need to have the highest possible proportions of 

either active or inactive states. As the application of UV light is toxic to cells, light of the visible 

range of the spectrum and ideally red-light-switching was preferred as it displays higher tissue 

penetration and lower toxicity than shorter wavelengths of visible light. 
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Peptides stapled with 33 could be isomerized using red-light (635 nm), as demonstrated by the 

change in their UV-visible spectrum upon illumination (Figure II.38). Maximal relaxation to the 

thermodynamically more stable trans-state was achieved by heating solutions to 60 °C. 

Pleasingly, blue light (450 nm) could be used to obtain a photostationary state that was almost 

identical to the dark state (60 °C), allowing bidirectional switching using red and blue light. UV 

light produced an intermediate photostationary state. As for free cis-33, the cis-33-stapled 

peptides were long-lived with slow thermal relaxation at 37 °C. The measured half-life time for 

cis-33-Ant-Bidi,i+4-NH2 at 37 °C in water was ~13 hours, long enough to cover most cellular 

events. This half-life was, however, significantly shorter than free 33 in DMSO (46 hours, 

37 °C), due to the differences in the solvents and the destabilising steric effect of the peptide 

on cis-33. 

 

 

Figure II.38 UV-visible spectra of 33-GL-Bidi,i+4-NH2 in a thermally induced dark state and at 
PSS360nm, PSS450 nm and PSS635 nm.  

 

When shorter peptides, such as GL-Bidi,i+4-NH2, were stapled with 33 the half-lives of their cis-

isomers remained long even at elevated temperatures (11 hours at 60 °C). However, due to 

the lower net-charge of these constructs, organic solvents were required to solubilise most of 

the 33-stapled peptides. For example, while 33-Ant-Bidi,i+4-NH2 was readily soluble in water, 

the addition of acetonitrile (33% v/v) was necessary to dissolve 33-GL-Bidi,i+4-NH2, which lacks 

the highly polar CPP sequence.  

Peptide constructs that employed the water-soluble linker 37, displayed significantly faster 

thermal relaxation than 33-stapled peptides. The observed half-life time of the 37 stapled 

peptide 37-(5)[FAM]-GL-Bidi,i+4-NH2 at 20 °C was 81 min (Figure II.39). Due to the photo-
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bleaching of the carboxyfluorescein-group under blue-light, all (5)[FAM]-labelled peptides had 

to be thermally relaxed back into their native state. 

 

 

Figure II.39 UV-visible spectra showing thermal relaxation of 37-(5)[FAM]-GL -Bidi,i+4-NH2 at 
20 °C from PSS360nm. Spectra were recorded every 30 minutes (t1/2 = 81 minutes).  

 

LC-MS was used to quantify the extent of cis-/trans-isomerization of a sample of 33-Ant-

Bidi,i+4-NH2. The two isomeric forms were easily separated on an analytical HPLC-column due to 

the differences in hydrophobicity between the two states and the peak areas under the 

210 nm absorbance trace were integrated to assess the cis-/trans-isomer ratio (Figure II.40).  
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Figure II.40 HPLC traces of 33-Ant-Bidi,i+4-NH2 showing isomer ratios under different conditions. 
Maximum discrimination is achieved in the dark at 60 °C and under red light (635 nm).  

 

A sample of 33-Ant-Bidi,i+4-NH2 equilibrated in the dark at room temperature in aqueous 

solution contained 62% trans and 38% cis isomer. Heating this sample to 60 °C achieved a state 

containing significantly more trans-isomer (81%), suggesting that the energy barrier of 

isomerisation at room temperature prevents easy access to the thermodynamic ground ratio. 

Irradiation with blue light (450 nm) resulted in a similar quantity of cis-isomer (33%) to the 

room temperature sample, whilst irradiation with 360 nm resulted in a 2.8-fold enrichment of 

the cis-isomer compared to the dark state at 60 °C. Red-light irradiation (635 nm) caused the 

biggest change between dark- and light-state with a 3.7-fold increase of the cis-isomer 

compared to the dark state sample at 60 °C. 33-Bimi,i+4-NH2 in buffer supplemented with 

acetonitrile displayed a similar 3.4-fold increase in cis-isomer compared to the dark state (to 

89% from 26%) when exposed to red-light at room temperature. 

The wider cysteine spacing in 33-Baki,i+11-NH2 results in α-helical conformation matching the 

end-to-end distance of the trans-azobenzene staple, imposing additional tension on the cis-

isomer of the crosslinker compared to narrower spacings. LC-MS determined a dark-state 

sample in aqueous solution supplemented with acetonitrile to contain 83% 
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trans-33-Baki,i+11-NH2  at room temperature. When the sample was irradiated with red light 

(635 nm), a 2.7-fold increase in peak area of the cis-isomer was seen to 45%.   

In conclusion, the 33 and 37 stapled peptides displayed photo-physical properties that echoed 

the properties of the free crosslinkers. Compound 33 was attached to a number of pro-

apoptotic peptides and could then be switched between its cis and trans isomers by irradiation 

with 360 nm, 635 nm and 450 nm light sources. The greatest difference in isomer populations 

were obtained using red-light irradiation and thermal relaxation of the constructs at 60 °C.  

 

c. Circular Dichroism Spectroscopy 

The aim in crosslinking pro-apoptotic peptides is to control their conformation so that an -

helical peptide mimics the BH3 domain of a pro-apoptotic protein in binding to the 

hydrophobic groove of anti-apoptotic Bcl-2 proteins. Circular-dichroism (CD) experiments were 

therefore carried out to examine changes in helical propensity upon light-induced trans-cis 

isomerization of the attached crosslinker.  

Spectra of peptides (typically 50 µM) were recorded in potassium phosphate buffer (5 mM¸ 

pH 8.0) containing DTT (1 mM) in a 1 mm path length cuvette with at 20 °C. However, all 33-

stapled peptides were insoluble under these conditions, even when incubated for extended 

durations at increased temperatures. Addition of DMSO as a co-solvent resulted in a strong 

background absorbance at 204 nm. Therefore, attention was then focussed on native, non-

stapled peptides. Surprisingly, Bimi,i+4-NH2 was not soluble either, but GL-Bidi,i+4-NH2 and 

Baki,i+11-NH2 could be analysed by CD-spectroscopy in buffer (Table II.5).  

 

Table II.5 Mean residue ellipticity and helical content of peptides at 20 °C. 

Peptide [Θ]r,222 / deg cm2 dmol-1 Helicity / % 

Baki,i+11-NH2 -737 3 

GL-Bidi,i+4-NH2 -1118 3 

Ant-Bidi,i+4-NH2 -868 2 

33-Ant-Bidi,i+4-NH2 (Dark state) -4079 11 

33-Ant-Bidi,i+4-NH2 (PSS450 nm) -4939 14 

33-Ant-Bidi,i+4-NH2 (PSS635 nm) -4479 13 
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Compound 33-Ant-Bidi,i+4-NH2 was insoluble in buffer but was soluble in water, suggesting that 

solubility issues of the constructs could be connected to cation-π stacking interactions that are 

significantly reduced in deionised water, or that even the weak buffer was sufficient to screen 

mutually repulsive charges. Ant-Bidi,i+4-NH2 and 33-Ant-Bidi,i+4-NH2 were therefore analysed in 

water rather than buffer (Figure II.41).  

  

Figure II.41 CD-spectra of the non-stapled peptide Ant-Bidi,i+4-NH2 (black dotted line) and 33- 
Ant-Bidi,i+4-NH2 in its dark state (black line), PSS635 nm (red line, overlaps with black line) and 
PSS450 nm (blue line).   

 

As expected, non-stapled peptides displayed very low α-helical content, roughly estimated as 

2-3% based on a their mean residue ellipticities at 222 nm.235 Attaching the azobenzene staple 

to Ant-Bidi,i+4-NH2 resulted in an increase of α-helicity to 11%. Contrary to expectations, red-

light irradiation did not lead to a significant increased helicity (13%) whereas the irradiation 

with blue light created a nominally higher α-helical content of 14%. Although these results 

seemed to contradict the hypothesis that α-helicity can be induced by cis-azobenzene 

formation, similar results were observed in the past for 37-stapled Bidi,i+4-peptides.211,236 It is 

thought that the stabilisation of binding interactions are more significant than initial 

conformations for controlling the affinity of BH3 peptides.237  

 

d. Fluorescence-Polarisation Binding Assays  

In vitro binding experiments were carried by mixing fluorescently tagged-peptides in their dark 

and light states with the anti-apoptotic protein Bcl-xL in fluorescence-polarization (FP) assays. It 
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had previously been reported by Kneissl et al. that the azobenzene-staple 37 had an effect on 

the binding properties of a number of pro-apoptotic BH3-domain peptides with 37-Bidi,i+4-NH2 

and 37-Baki,i+11-NH2 reported to show 23-fold and 2-fold differences in specific target-binding 

between their light and dark states.235 

Stock solutions of the peptides were prepared, with peptide concentrations determined by the 

extinction coefficient of their carboxyfluorescein group at 492 nm in sodium hydroxide 

solution (0.1 M). Peptide-stock solutions (typically ~100 mM) were diluted in phosphate buffer 

(100 mM, pH 7.5) containing sodium chloride (10 mM) to a final concentration of 10 nM. TCEP 

reducing agent was added to samples of non-crosslinked peptides to avoid disulfide-formation. 

Crosslinked peptides were thermally relaxed by incubating them at 60 °C for 16 hours prior to 

the experiment. Light states were maintained by irradiating the sample every 5 min with an 

appropriate light source for 2 min during the experiment. Bcl-xL was expressed in E. coli BL21 

(DE3), purified by affinity chromatography and concentrated using a spin-column. Protein 

concentrations were determined using a known extinction coefficient at 280 nm. 

Measurements were carried out using a Perkin-Elmer LS-55 fluorescence spectrometer exciting 

at 495 nm and detecting fluorescence emission at 525 nm. During the experiment, the protein 

was titrated into the solution of fluorophore-labelled peptide in concentrations from 10 nM to 

2 µM (resulting in a total increase in volume of <2.5 vol%) and the changes in fluorescence 

anisotropy recorded. All measurements were recorded in triplicate unless otherwise stated. 

The background signal of the measurement was removed by subtracting the initial anisotropy-

value of the (5)[FAM]-labelled peptide before protein addition from the remaining values. To 

rule out interference from a CPP, 33-stapled constructs GL-Bidi,i+4-NH2 and Baki,i+11-NH2 were 

tested first.  

Titration curves were fitted to the Hill-Langmuir equation, simplified by the assumption that 

only one binding site exists for the peptides on the target protein. Based on the Hill-Langmuir 

equation, the obtained anisotropy values were fitted to two different binding models: specific 

binding and total-binding (Figure II.42a). Specific binding only takes the interaction of the 

peptide with the protein into account whereas the total binding includes specific and non-

specific binding interactions. It is assumed that the amount of non-specific binding is directly 

proportional to the concentration of protein, and thus becomes more significant at higher 

concentrations. The Bmax term represents the maximum specific binding of the function and 

can never be fully reached when the binding curve is described by specific interactions only. 

Bmax can also be used to normalize different data sets by division of the receptor-ligand 

complex to yield fractional binding values. KD is the equilibrium binding constant; the 
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concentration that is needed to achieve a half-maximum binding at equilibrium, commonly 

used to describe specific protein-ligand interactions. Binding curves are often displayed on a 

log-scale to give a sigmoid curve where the log10(KD) value lies at the inflection point 

(Figure II.42b). Linear binding curves can be misleading as a slower increase of the anisotropic 

values can be misinterpreted as a saturation of the binding sites. However, when plotting the 

same values on a logarithmic scale, it often becomes more apparent by the shape of the 

sigmoid curve if sufficient sample points were measured. The dissociation constants were 

reported with their standard deviation (SD) and 95% confidence interval (95% CI) based on 

their binding model used to fit the experimental data.  

 

  

Figure II.42 Simulated binding curves using the Hill-Langmuir equation with a KD of 10 nM and 
Bmax of 0.3 on a linear plot (a) and on a logarithmic plot (b). The total binding is based on the 
assumption that non-specific binding is proportional to the added concentration of the protein 
Bcl-xL.  

 

(5)[FAM]-GL-Bidi,i+4-NH2 was titrated with Bcl-xL and the anisotropy values obtained were fitted 

to both binding models (Figure II.43a). A significant linear increase of the anisotropy values 

was observed from ~200 nM onwards suggesting a strong contribution of non-specific binding. 

The close-up of the plots up to 200 nM (Figure II.43b) showed that even at lower protein 

concentrations the total-binding model offers the best fit for the data. Plotting the residuals of 

the specific model (Figure II.43c) against the protein concentration suggested that the specific 

model suffers from systematic errors while the random distribution of the values around zero 

in the total-binding model indicated to be a more appropriate fit (Figure II.43d). The 

discrepancy between the two binding models became also visually apparent when the 

experimental data was plotted on a logarithmic scale (Figure II.44a). As the two binding models 
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resulted in very different KD values for the same data set (35 nM vs. 201 nM), the curves 

showed only little overlap implying a strong contribution of non-specific binding. Using the 

more sophisticated model, specific binding could be observed despite a non-specific linear 

effect, (Table II.6) however the large errors made it difficult to accurately determine a 

dissociation constant.  

 

 

  

Figure II.43 Binding curves and residual plots for (5)[FAM]-GL-Bidi,i+4-NH2. a-b) Experimental 
values were plotted against the total-binding (cyan line) and the specific-binding model (green 
line). c-d) Residuals of the binding models show that the total-binding model was a more 
appropriate description of the experimental data based on its random distribution.   

 

 

 

d) 
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Table II.6 Dissociation constants obtained for (5)[FAM]-GL-Bidi,i+4-NH2.  

Peptide / Model Total Binding / nM  
Specific Binding / nM 

 KD 95% CI SD  KD 95% CI SD 

(5)[FAM]-GL-Bidi,i+4 35 78 - 18 60  201 279 - 143 138 

 

The obtained KD-values differed from previously reported values (117 ± 48)235 for (5,6)[FAM]-

Bidi,i+4-NH2, and it was thought that the additional hydrophobic glycine and leucine residues in 

(5)[FAM]-GL-Bidi,i+4-NH2 must contribute to the increased non-specific binding, and thus the 

large errors in the measurement. A stored sample (5)[FAM]-Bidi,i+4-NH2
 (previously synthesised 

and purified by Dr. Robert Mart) was tested against Bcl-xL in a single repetition and the data 

fitted with both binding models (Figure II.44b).  

 

 

Figure II.44 a) Binding curve of the peptide (5)[FAM]-Bidi,i+4-NH2
  plotted on a logarithmic scale 

with the fits of the specific-binding model (green line) and  the total-binding model (cyan line). 
b) Previous fit curves for the specific-binding (green line) and total-binding (cyan line) of the 
peptide (5)[FAM]-GL-Bidi,i+4-NH2 overlaid upon the experimental data of 
(5)[FAM]-Bidi,i+4-NH2.The similarity of the data points to the total-binding model indicated that 
the additional glycine and leucine residues in the peptide sequence did not alter the binding 
properties of the peptide.  

 

Again, the model including non-specific binding provided a superior fit across the whole 

concentration range and when the data were overlaid with the fits previously obtained for 

(5)[FAM]-GL-Bidi,i+4-NH2
 (Figure II.44b), the additional residues appeared to have little impact 

a) b) 
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on the balance between specific and non-specific interactions. The KD values obtained from 

total binding fits for (5)[FAM]-Bidi,i+4-NH2 were similar to those obtained for (5)[FAM]-GL-

Bidi,i+4-NH2 (50 nM, 95% CI: 67-38 nM; SD ± 32 nM).  

Discrepancies between these fits and those previously reported might also be explained by the 

lesser contribution of non-specific binding at lower concentrations, e.g. 

(5)[FAM]-GL-Bidi,i+4-NH2 for protein concentrations up to 200 nM (Figure II.45a).  

 

 

 

Figure II.45 Binding curves and residual plots for the peptide (5)[FAM]-GL-Bidi,i+4-NH2 for a 
protein concentration up to 200 nM. The experimental values were plotted against the total-
binding (cyan line) and the specific-binding model (green line) on a linear scale (a) and a 
logarithmic scale (b). c-d) Residuals of the binding models showed that both models describe 
the binding accurately at low concentrations indicating that little non-specific binding is 
dominant at lower concentrations. 

d) c) 

a) b) 
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The plateau at the higher end of the concentrations resembled the shape of an ideal binding 

curve without any significant non-specific binding. Both models describe the data-points well 

within their errors, as can also be seen when plotting the data on a logarithmic scale 

(Figure II.45b). The residuals of the total (Figure II.45c) and the specific-binding model 

(Figure II.45d) showed a random distribution, in marked contrast to their application to wider 

concentration ranges (Figure II.43) suggesting that the KD-binding dominates at low 

concentrations. Indeed KD values derived from both binding models were similar for this 

narrower concentration range (Table II.7), and the KD-value for the specific-binding model for 

up to 200 nM protein concentration (33 nM) correlates well with the dissociation constant of 

the total-binding model for the titration curve over the entire concentration range (35 nM). 

The total binding model will be more accurate over wider concentration ranges and in cases of 

stronger non-specific (ie. hydrophobic) interactions or weaker specific binding. 

 

Table II.7 Obtained dissociation constants for the peptide (5)[FAM]-GL-Bidi,i+4-NH2 up to 200 nM 
protein concentration with 95% confidence interval and standard deviation. 

Peptide / Model Total Binding / nM 
 

Specific Binding / nM 

 KD 95% CI SD 
 

KD 95% CI SD 

(5)[FAM]-GL-Bidi,i+4 

[0 - 200 nM] 
16  99 - 1.8 77 

 
33 56 - 19 29 

 

In conclusion, non-specific binding dominated for (5)[FAM]-GL-Bidi,i+4-NH2 at higher 

concentrations of Bcl-xL where specific interactions were saturated. Large errors made an 

accurate determination of the dissociation constant challenging. The total-binding model was 

equivalent to the non-specific model over a lower concentration range, but described the full-

range concentration data set more accurately. The glycine and leucine residues of (5)[FAM]-

GL-Bidi,i+4-NH2 were shown to have little effect on binding behaviour, suggesting that non-

specific binding is an intrinsic property of the peptides investigated.  

Compound 33-(5)[FAM]-GL-Bidi,i+4-NH2 was tested next, with a degree of optimism as 

previously reported results with 37-(5,6)[FAM]-Bidi,i+4-NH2 indicated significant differences 

between the dark and light states.235 However, non-specific binding dominated even at low 

concentrations in both light and dark states, with large errors in the calculated properties 

(Figure II.46a).  
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Figure II.46 a) Binding curve for dark state 33-(5)[FAM]-GL-Bidi,i+4-NH2 with the values fitted to 
a specific-binding (green line) and total-binding (cyan line) model. b) Overlaid dark () and 
light state ()33-(5)[FAM]-GL-Bidi,i+4-NH2 curves.  

 

The irradiated sample showed a significant overlap with dark state sample implying that no 

difference in protein affinity with respect to their isomeric state (Figure II.46b), but close 

comparison of the dissociation constants proved impossible due to the magnitude of the 

errors (Table II.8).  

 

Table II.8 Dissociation constants, 95% confidence intervals and standard deviations obtained 
for 33-(5)[FAM]-GL-Bidi,i+4-NH2 in its dark and light states. 

Construct / Model Total Binding / nM  Specific Binding / nM 

 KD 95% CI SD  KD 95% CI SD 

33-(5)[FAM]-GL-Bidi,i+4 

Dark State 
92 708 - 18 818  266 413 - 173 284 

33-(5)[FAM]-GL-Bidi,i+4 

PSS635 nm 
59 118 - 32 103  171 221 - 132 105 

 

One possible explanation for these observations could be self-aggregation of the peptide, with 

the low concentration of monomeric peptide remaining in solution could then lead to large 

experimental errors. The 33-stapled peptides were generally insoluble in buffer systems and 

b) a) 
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although the constructs were soluble in the stock solution (0.1 M NaOH), dilution to 10 nM 

might have led to micro-precipitation. The overall shape of the binding curve indicates nM-

concentration range interactions with a strong contribution from non-specific binding, possibly 

via interactions between the crosslinker and hydrophobic or aromatic residues on the surface 

of the protein.  

To examine the effect of solubility issues, the water-soluble azobenzene linker 37 was stapled 

to the peptide to compare the results directly to the previously published data.235 Compound 

37-(5)[FAM]-GL-Bidi,i+4-NH2 differs to the reported construct only in the glycine and leucine 

residues, previously shown to exert little effect (Figure II.44b). Titration data indicated a 

significantly tighter binding compared to the equivalent peptide crosslinked with 33 

(Figure II.47a,b). Inspection of residual plots (Figure II.47c) suggested the total-binding model 

remained a better fit than the specific binding model. When dark and light states were plotted 

together, the observed affinities were within each other’s error bounds, suggesting that the 

cis-/trans- state of the linker did not in fact affect the binding (Figure II.47d). However, the 

dissociation constants were very low in both of the models implying a tight binding of the 

construct (Table II.9) and below the range at which they could sensibly be determined using 10 

nM peptide solutions. 

This observation was in stark contrast to the previously published results, where a 23-fold 

difference in binding was reported upon light-induced isomerisation. Moreover, both 

calculated constants lie within a standard deviation of the dissociation constant for the non-

stapled peptide, implying that the crosslinker may not lead to an improved binding over the 

unstapled peptide. The error bars of the measurement were, however, significantly smaller 

than those obtained from the previous binding experiments, possibly due to the improved 

solubility of the 37-stapled construct over the 33- and non-stapled peptide 

(5)[FAM]-GL-Bidi,i+4-NH2 leading to more monomeric peptide in solution.  

 

Table II.9 Obtained dissociation constants for the construct 37-(5)[FAM]-GL-Bidi,i+4-NH2 with 
95% confidence interval and standard deviation in its dark and light state. 

Peptide / Model Total Binding / nM  Specific Binding / nM 

 KD 95% CI SD  KD 95% CI SD 

37-(5)[FAM]-GL-Bidi,i+4 Dark State 14 17 - 11 7  30 37 - 24 15 
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37-(5)[FAM]-GL-Bidi,i+4 PSS360nm  7 13 - 3.6 11  19 28 - 12 19 

 

 

Figure II.47 Binding curves and residual plots for 37-(5)[FAM]-GL-Bidi,i+4-NH2. a) The 
experimental values were plotted with the total-binding (cyan line) and the specific-binding 
model (green line) on a linear scale for the dark state. b-c) Residuals of the binding models 
showed that the total-binding models describes the binding accurately -  Dark state,  Light 
state . d) Overlaid, normalized values for the dark state () and the light state ().  

 

Upon closer examination of the previously published data,235 it became apparent that the 

experimental values were only plotted against the specific binding model, disregarding non-

specific interactions. Different data sets seemed to have been compared to each other without 

normalizing them correctly to their intrinsic Bmax-value leading to unrealistic fractional binding 

values between the dark and light states of the tested constructs. Data points for the 

anisotropy values were not collected at the same concentrations for both states and therefore 

d) c) 

b) a) 
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did not account the non-specific binding for both isomers equally. Normalising the two 

isomeric states then resulted in an apparent tighter binding for the light state due to the fewer 

measurement points at higher concentrations. Furthermore, no error bars were reported for 

each measurement making it impossible to judge if the anisotropy values for the dark and light 

state overlapped. The raw data for the reported binding, which was produced by Dr. Sabine 

Kneissl, were obtained, re-plotted and processed in the same manner as described above 

(Figure II.48).  

 

Figure II.48 a) Re-plotted binding data for 37-(5)[FAM]-Bidi,i+4-NH2 originally recorded by Dr. 
Sabine Kneissl.235 b) Zoomed-in section of up to 4000 nM protein concentration shows the 
overlap of the error bars for each measurement.    

 

Although a difference between the light and dark state was evident, the error bars of each 

data set overlapped throughout the entire titration curve. The values for the light state 

seemed to be more accurately described by the specific-binding model whereas the dark state 

was better described by the total-binding model. However, this might be a result of the data 

points at the higher concentration range, which led to a greater contribution from non-specific 

binding. Few data-points were collected for the concentration range where specific binding 

would be expected to dominate, leading to an inaccurate determination of Bmax and 

significantly bigger errors for the dissociation constant (Table II.10). Overall, these up-dated 

results are in alignment with the previously reported CD-spectroscopic data where no 

significant difference in induced helicity was found for the dark (16%) and light state (15%) of 

the 37-stapled peptide Bidi,i+4-NH2.
236 

 

b) a) 
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Table II.10 Dissociation obtained constants from the raw data recorded by Dr. Sabine Kneissl 
(37-(5,6)[FAM]-GL-Bidi,i+4-NH2) in its dark and light state. 

Peptide / Model Total Binding / nM  Specific Binding / nM 

 KD 95% CI SD  KD 95% CI SD 

37-(5,6)[FAM]-Bidi,i+4 Dark  362 1167 - 96 641  747 1320 - 411 544 

37-(5,6)[FAM]-Bidi,i+4 PSS360 nm 156 631 - 45 381  152 283 - 76 135 

 

 

Wysoczanski et al. previously solved a solution structure of a complex between apoptosis 

activating 37-Ac-Baki,i+11-NH2 peptide and the anti-apoptotic protein Bcl-xL,
213 finding the 

peptide to be bound in the hydrophobic groove binding site. As no other solution or solid state 

structures of pro-apoptotic, azobenzene stapled peptides in complex with Bcl-xL have been 

reported, this drove the expectation of the specific single-site binding that was observed for 

the stapled peptide 37-Ac-Baki,i+11-NH2. Furthermore, previous CD-spectroscopy results of the 

same construct showed that the dark and light states display significant differences in α-

helicity (100% and 44%), which stands in strong contrast to the construct 37-Ac-Bidi,i+4-NH2 

where no significant differences were observed.235,236 Whilst modest control of the Bcl-xL 

binding affinity of 37-Ac-Baki,i+11-NH2 had been reported, the superior cis:trans ratio at PSS635 nm 

and slow relaxation of 33 suggested it would perform far better if its poor solubility compared 

to 37 could be overcome. To increase water-solubility when using the more hydrophobic 33, 

three [PEG]-groups were added onto the N-terminus of the peptide. PEG-groups are flexible, 

hydrophilic chains that usually cause little steric hindrance. As the molecular weight of the 

solubility tag contributed to more than 20% of the total mass of the peptide, a significant 

improvement in solubility was expected, even when peptides were stapled with the 33. This 

modification could also be used to distance an N-terminal carboxyfluorescein dye from the rest 

of the peptide to rule out non-specific binding interactions with the hydrophobic groove, 

allowing a suitably dye-tagged, crosslinked peptide to be examined by both NMR and FP 

techniques.  

The FP binding curve of (5)[FAM]-[PEG]3-Baki,i+11-NH2 displayed a good overlap for both models 

indicating that specific binding is dominant with negligible contribution by non-specific binding 

over the entire range of measured protein concentrations (Figure II.49a). This is further 
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supported by the very small error bars and obtained dissociation constants, which were similar 

for both binding models with low standard deviations (Table II.11).  

 

 

Figure II.49 Binding curves on a linear (a) and logarithmic (b) scales for (5)[FAM]-[PEG]3-
Baki,i+11-NH2 displayed specific binding over the entire concentration range. (c) Addition of a 
crosslinker resulted in 33-(5)[FAM]-[PEG]3-Baki,i+11-NH2  

 

Table II.11 Calculated dissociation constants for the (5)[FAM]-[PEG]3-Baki,i+11-NH2. 

Peptide / Model Total Binding / nM  Specific Binding / nM 

 KD 95% CI SD  KD 95% CI SD 

(5)[FAM]-[PEG]3-Baki,i+11 102 119 - 88 34  127 139 - 117 25 

 

The quality of this data highlighted the importance of the improved solubility, and supported 

the hypothesis that solubility issues could be the cause for the larger errors obtained for the 

b) a) 

c) 
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33-stapled and non-stapled peptide (5)[FAM]-GL-Bidi,i+4-NH2. The logarithmic plot of the data 

confirmed the initial observation and showed a sigmoidal curve implying specific binding over 

the tested range of protein concentration (Figure II.49b). However, only random scattering was 

observed for the dark state of the stapled construct 33-(5)[FAM]-[PEG]3-Baki,i+11-NH2 suggesting 

that the attachment of the staple 33 prevented specific binding. This could be due to the 

precipitation of the construct through self-aggregation or rapid non-specific aggregation with 

protein. 

 

e. NMR Characterisation of Peptide-Protein Complexes 

If the disappointing fluorescence assay result for 33-(5)[FAM]-[PEG]3-Baki,i+11-NH2 was indeed 

due to self-aggregation, this could either be due to the presence of 33, or to π-stacking 

interactions between the N-terminal carboxyfluorescein group and 33. The proposed protein 

NMR work was therefore continued as it could answer this question by omitting the dye and 

confirm the location of the specific binding the non-crosslinked construct by observing the 

chemical shift perturbation. Bcl-xL was expressed in M9 minimal media supplemented with 

15NH4Cl (99% 15N) and purified as described. Product fractions were dialysed three times 

against sodium phosphate buffer (5 mM, pH 7.3), then concentrated by ultrafiltration to a 

400 µM. NMR samples were supplemented with 5% D2O and recorded at 298 K using a Bruker 

DPX-600MHz spectrometer equipped with QCI-P cryoprobe and preamplifiers using a 1H-15N-

HSQC pulse sequence. Peptides were added in varying concentrations to a protein:peptide 

ratio of at least 1:1. 15N-HSQC spectra were compared to those of pure protein and the 

published assignments for the Bcl-xL/37-Ac-Baki,i+11-NH2 complex.212,213 

The 1H-15N-HSQC spectrum of pure Bcl-xL showed generally well dispersed peaks, indicative of 

a folded protein (Figure II.50). Peaks at the top right corner of the spectrum arise from amide-

interactions of asparagine and glutamine residues (blue box) and at the bottom left corner of 

the spectrum contains signals due to the aromatic side-chain amine peaks pf tryptophan 

(green box). Changes in the protein-structure upon binding of a ligand were more easily 

observed in these less-crowded regions. The spectra obtained overlapped well with previously 

recorded spectra, confirming Bcl-xL was correctly folded (not shown).  
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Figure II.50 1H-15N-HSQC-spectrum of Bcl-xL. The center of the spectrum is dominated by the 
backbone amide interactions whereas the blue box by the amide-interactions of the aparagine 
and glutamine residues. Aromatic amines in the green box arise from tryptophan residues.  

 

Incubation of Bcl-xL with 1.4 eq. of the non-stapled peptide Baki,i+11-NH2 gave a spectrum 

suggestive of incomplete binding, with peaks present in locations corresponding to both 

peptide-bound and free Bcl-xL (Figure II.51). Integration of the Trp169 amine peak indicated 

28% of the Bcl-xL had bound peptide, but a loss of NMR-resolution started to become visible.  

More peptide was added to the sample (total 5.7 eq.) to try to achieve saturation, but a 

precipitate formed. The sample was centrifuged and the supernatant re-analysed by NMR. The 

tryptophan amine peak now solely corresponded to shifts characteristic of bound peptide, 

with no peaks for the unbound protein visible (Figure II.52). However, the overall resolution of 

the spectrum was now generally very poor, presumably due to loss of signal from precipitated 

peptide-protein complexes leading to little protein remaining in solution. 
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Figure II.51 1H-15N-HSQC-spectrum of the protein Bcl-xL with 1.4 eq. of unstapled peptide 
Baki,i+11-NH2. Red arrows indicated new peaks arising from the bound complex whereas black 
arrows mark the peaks corresponding to the unbound protein.  

 

 

 

Figure II.52 1H-15N-HSQC-spectrum of Bcl-xL with 5.7 eq. of Baki,i+11-NH2. Red arrows indicated 
new peaks arising from the peptide-protein complex.  
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Precipitation or aggregation of protein samples upon addition of a ligand is a common 

problem, most often addressed by lengthy buffer optimizations.238,239 Interestingly, the 

previously published NMR-solution structure work used a different procedure to prepare NMR 

samples, involving a second concentration step after the addition of the construct implying 

either that precipitate had formed or precipitation was mitigated by mixing the peptide and 

protein in a more dilute solution, then concentrating them.213  

Curiously, when 1.1 eq. of the azobenzene stapled construct 33-Baki,i+11-NH2 was added to a 

sample of 15N-labelled Bcl-xL no binding was observed. More stapled peptide was added (total 

2.7 eq.), but no peaks for peptide-bound protein were seen (Figure II.53). Although the NMR-

spectrum obtained was of lower resolution than the spectrum of the protein on its own, no 

precipitation was evident either and the red colour of the NMR sample indicated solubilised 

33-Baki,i+11-NH2.  

 

Figure II.53 1H-15N-HSQC-spectrum of Bcl-xL with 2.7 eq. of 33-Baki,i+11-NH2. 

 

In a control experiment 33-Baki,i+11-NH2 remained insoluble when incubated with the NMR 

buffer in the absence of protein, implying that interactions with the protein increased its 

solubility. One explanation for loss of signal without precipitation could be the aggregation of 

the peptide-protein complex leading to a slower tumbling complex. Larger molecules show 

faster relaxation for transverse magnetisation (T2) and the enhanced relaxation leads to line 

broadening, degrading resolution and increasing signal overlap in crowded areas of spectra. 
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Slower tumbling of macromolecules also reduces longitudinal relaxation, leading to longer T1 

and necessitating longer recovery-delays between scans. These factors can combine to reduce 

the sensitivity of the NMR-experiments, leading to a lower signal-to-noise ratio.240,241 Unlike 

37-Ac-Baki,i+11-NH2, 33-Baki,i+11-NH2 did not seem to engage with the hydrophobic groove of the 

protein Bcl-xL in a manner detectable by NMR spectroscopy, although the presence of protein 

increased its solubility in buffer. In contrast to 33-Baki,i+11-NH2, 33-Ant-Bidi,i+4-NH2, Bimi,i+4-NH2, 

and 33-Bimi,i+4-NH2 were insoluble in the NMR buffer even in the presence of the protein Bcl-xL.  

Finally, the effect of an N-terminal carboxyfluorescein was investigated using NMR-techniques. 

Although soluble, NMR spectra after the addition of (5)[FAM]-Baki,i+11-NH2 to Bcl-xL suggested 

limited binding. Integration of the Trp169 signals indicated only up to 16% binding, in marked 

contrast to the full binding observed using the non-dye-labelled version of this peptide. When 

a PEG-spacer was added between the fluorophore and the pro-apoptotic peptide in (5)[FAM]-

[PEG]3-Baki,i+11-NH2, a greater (36%) shift in signals was observed (Figure II.54). However, 

addition of excess (5)[FAM]-[PEG]3-Baki,i+11-NH2 did not lead to increased binding. 

 

 

Figure II.54 1H-15N-HSQC-spectrum of Bcl-xL with (5)[FAM]-[PEG]3-Baki,i+11-NH2. Red arrows 
indicated new peaks arising from the bound peptide-protein complex whereas black arrows 
mark the peaks corresponding to the unbound protein. 

 

The equivalent peptide lacking the fluorophore, [PEG]3-Baki,i+11-NH2 showed full binding 

accompanied by the formation of precipitate and a significant loss of signal. These results were 
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analogous to the behaviour of GL-Bidi,i+4-NH2, which also showed full-binding when incubated 

with the protein sample (Appendix 10), but none with up to 4.0 eq. of (5)[FAM]-GL-Bidi,i+4-NH2. 

Nor did the fluorophore labelled CPP-BH3 peptide (5)[FAM]-Ant-Bidi,i+4-NH2 show any sign of 

binding, but it did give an orange precipitate suggesting that it is simply insoluble in buffer 

which was confirmed by control experiments.  

In conclusion, the NMR-experiments showed that only the non-labelled and non-stapled 

peptides caused a shift in 15N-1H HQSC signals to positions characteristic of protein-peptide 

complexes. Addition of an N-terminal fluorophore diminished or abolished binding in all cases. 

This effect was counteracted to an extent when a linker was placed between the fluorophore 

and peptide as in (5)[FAM]-[PEG]3-Baki,i+11-NH2. Attachment of an azobenzene crosslinker was 

universally detrimental, leading to no observable binding and frequent precipitation. Even 

non-crosslinked sequences containing more hydrophobic residues such as Bimi,i+4-NH2 showed 

no sign of binding. The analogous peptide to that used in the published NMR structure, 33-

Baki,i+11-NH2, was the only peptide soluble in the presence of the protein, but again no binding 

could be detected. Attempts to draw wider conclusions are complicated by the formation of 

aggregates when using the fluorophore, leading to a lower sensitivity of the NMR signals which 

may hide binding or bound species may precipitate.  

 

f. Conclusion 

In this chapter, the physical properties of stapled peptides were investigated, including tests 

on their isomerization, structure and binding to Bcl-xL. These properties are critical to any 

future application of the constructs in a medicinal context. Attachment of azobenzene linker 

33 to peptides led to a mixture of cis- and trans-isomers in most peptides, indicated by the 

presence of a recurring second peak observable by HPLC analysis. Red-light switching of the 

azobenzene linker was established and monitored by analytical HPLC. The relaxation rate of 

the isomerized crosslinked peptides still remained very low, retaining the desired 

conformation of the construct over the time scales of cellular events.  

Generally, the attachment of the linker 33 to the peptides led to their insolubility in common 

buffers preventing their further analysis and characterisation. However, the 33-stapled peptide 

Ant-Bidi,i+4-NH2 was soluble in deionised water and subsequently analysed using CD-

spectroscopy. No significant changes in α-helicity could be observed upon irradiation of the 

construct using red-light. This was in accordance with previous observations where it was 

reasoned that a helix-inducing motif, such as a protein binding partner, is needed in order to 
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observe a change in helical propensity. Interestingly, these observations suggested that the 

previously observed increase in hydrophobicity using HPLC analysis and thus shift in retention 

time upon irradiation may not strictly be due to an increase in α-helical content. As the cis-

isomer of the linker 33 is more polar than the trans-species, its later retention time by reverse 

phase HPLC can only be a result of a different conformational alignment of the peptide leading 

to an increased exposure of hydrophobic residues.  

Fluorophore-labelled peptides were used to perform fluorescence polarisation binding assays. 

All tested peptides showed specific binding to some degree, with large margins of error making 

it challenging to determine the accurate dissociation constants. The standard deviation of the 

measurements were significantly reduced when the water-soluble crosslinker 37 was attached 

to the peptide (5)[FAM]-GL-Bidi,i+4-NH2, presumably as a result of an increased solubility of the 

peptide. However, the dissociation constants obtained for an 37 stapled construct did not 

differ significantly from the non-stapled peptide (5)[FAM]-GL-Bidi,i+4-NH2 suggesting that the 

linker increases solubility, but not necessarily binding affinity. No significant differences in 

binding properties were detected between the cis- and trans-isomers, an observation in 

accordance with CD-spectroscopic data where only little difference in the α-helical content 

could be observed upon irradiation. Previously published data were reanalysed, to show they 

also bound with little difference between dark and light state. 

Large error bars were observed when tetra-ortho-chloro azobenzene stapled construct 33-

(5)[FAM]-GL-Bidi,i+4-NH2 was tested with Bcl-xL, making it impossible to determine the 

dissociation constant accurately. This was most likely a result of aggregation of peptide-

precipitation in solution due to the hydrophobic crosslinker, but no differences between dark 

and light state could be observed for this construct either. Utilizing the solubilizing PEG-group 

in (5)[FAM]-[PEG]3-Baki,i+11-NH2 resulted in much smaller errors and increased specific binding, 

presumably due to the increased solubility. Sadly, attachment of 33 obviated this 

improvement and no binding was observed, again possibly due to the limited solubility of the 

stapled construct.  

Binding events were further investigated using NMR, where peptide was added to a sample of 

15N-labelled anti-apoptotic protein Bcl-xL. The extent and specificity of the binding could then 

be estimated by comparison of the chemical shifts before and after addition. No binding could 

be seen for any of the 33-stapled constructs, possibly due to the formation of aggregates 

leading to a diminished resolution. Interestingly, the protein seemed to possess a solubilizing 

effect for 33-Baki,i+11-NH2. Fluorophore-labelling appeared to severely compromise binding of 

non-crosslinked peptides that otherwise produced clear shifts, but the non-labelled and non-
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stapled peptides all showed full binding, except the very hydrophobic Bimi,i+4-NH2. Interactions 

between the fluorophore with the protein-might have lead to incomplete binding or the 

formation of aggregates. Precipitations frequently caused reduced signal to noise levels, and 

was likely the result of protein-peptide interactions.   

Unfortunately, 33-stapled peptides showed only a limited degree of specific binding, 

presumably due to non-specific interactions of the aromatic crosslinker with the protein. The 

diminished solubility of the constructs caused major problems during characterisation and was 

not counteracted by the addition of a solubilizing tag. The addition of N-terminal fluorophores 

seemed to alter the binding properties of the peptides under NMR conditions, other label-free 

assays, such as ITC, might be a better in choice in future experiments.  
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5. Delivery of the Constructs and Light-Induced Activation of Cell Death in Mammalian 

Cells 

a. Aims and Objectives  

Using light as a stimulus to activate cell death through the natural apoptotic pathway offers 

the potential for non-invasive, spatiotemporal control of cell fate. Although azobenzene 

crosslinkers can enable the photo-control of peptides by influencing their secondary structure, 

the cellular uptake of larger molecules is often inefficient, limiting in vivo and therapeutic 

applications. Cell-penetrating peptide (CPP) sequences aid cellular uptake of covalently 

attached cargo molecules by enhancing either direct translocation across the outer membrane 

or endocytosis. CPPs with both cationic and amphipathic character have been demonstrated to 

transport peptides and proteins into cells, with the size and properties of the cargo molecule 

dictating the mechanism of uptake. Endosomal uptake typically occurs with larger cargo 

molecules, as direct translocation is energetically disfavoured due to the greater free energy 

penalty of desolvation and limitations in the size of the pores within the outer membrane 

created by CPPs. However, for therapeutic agents endosomal uptake is less desirable than 

direct translocation, as the cargo becomes entrapped within endosomes that are acidified over 

time leading to the degradation of the cargo even before they can reach the cytosol. Thus, a 

mechanism for endosomal escape is crucial for cytosolic delivery systems to effectively 

transport large functional molecules into mammalian cells. The synthesised apoptotic peptides 

GL-Bidi,i+4-NH2 and Ant-Bidi,i+4-NH2 crosslinked with azobenzene photoswitch 33 were tested to 

establish whether CPPs could allow cellular uptake and enable the control of cell fate using 

light. Studies were carried out on HeLa cells, derived from cervical cancer cells, to examine 

uptake by fluorescence-activated cell-sorting (FACS) experiments. Co-incubation experiments 

with a peptide consisting of an endosome escape sequence, E5-TAT, were carried out to 

identify endosomal entrapment of the administered peptides and enable release to the 

cytosol. The effect of peptides on cell viability using Celltiter Blue assays, with experiments 

employing 33-stapled constructs, was carried out with peptides in dark and light-states to 

explore if cell death can be triggered selectively.  

 

b. Uptake Studies of the Non-Stapled Peptides  

A wide range of natural and synthetic CPPs have been used to allow the uptake of peptides, 

proteins, nucleotides and small drug molecules into cells.242 CPP sequences are typically 

cationic, enabling direct interaction with negatively charged phospholipid bilayers. Addition of 
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a hydrophobic tag or a short hydrophobic peptide sequence, such as the penetration 

accelerating sequence (Pas), was reported to increase the uptake and intracellular delivery of 

arginine-rich sequences by improving membrane insertion.243 Previous studies showed that 

adding Pas (FFLIPKG) to the C-terminus of CPP-Ant afforded little improvement, but adding it 

to the N-terminus of Ant led to a 15-fold increase in internalization.244 However, even after 

attachment of a CPP-sequence, peptide and protein conjugates can display poor cytosolic 

delivery due to endosomal entrapment. As the endosomes mature, their lumen becomes more 

acidic, activating latent proteases that degrade the endosomal contents. One strategy to 

encourage endosomal escape is to use peptides that show membrane lytic activity under acidic 

conditions. This enables specific lysis of the lipid bilayer of the endosomes whilst preventing 

the disruption of other cellular membranes. HA2 is an endosomolytic peptide derived from the 

N-terminus of the HA2 subunit of influenza hemagglutinin (HA) that lyses membranes in a pH-

dependent manner.245 The mechanism involves the protonation of glutamate residue 

sidechains allowing insertion into membranes and formation of pores.246 The chimeric peptide 

HA2-TAT consists of the endosomolytic peptide sequence fused to the CPP TAT 

(GRKKRRQRRR), which is derived from the HIV Trans-Activator of Transcription protein. Co-

incubation experiments have demonstrated improved delivery of proteins into live cells when 

HA2-TAT was added to the media.247 E5 (GLFEAIAEFIENGWEGLIEGWYG) is a HA2 analogue that 

displays higher solubility and endosomolytic activity compared to the wild type HA2. When 

combined with TAT as E5-TAT, this construct showed improved endosomal release of FITC-

dextran and the fluorescent protein mCherry.248  

To investigate whether CPPs enabled efficient uptake of the apoptotic peptides, peptides were 

N-terminally labelled with (5)carboxyfluorescein. Cell uptake experiments were carried out 

using HeLa cells seeded into a 24-well plate (250,000 cells/well) and incubated overnight at 

37 °C. The media was then removed and the cells incubated with the peptide sample for a 

given time. Following incubations, the cells were washed with heparin, a negatively charged 

glycosaminoglycan to ensure that the positively charged CPPs were removed from the 

negatively charged surface of the outer cell membrane. Excess heparin was washed off using 

phosphate-buffered saline (PBS) and cells detached with trypsin prior to assaying with a S3e 

Cell Sorter (Bio-Rad). For each experiment, a minimum of 10,000 events were collected in 

triplicates. 

HeLa cells were first incubated with (5)[FAM]-Ant-Bidi,i+4-NH2 and (5)[FAM]-Pas-Ant-Bidi,i+4-NH2 

(10 µM) for times ranging from 30 minutes to 8 hours, then cellular fluorescence measured by 

FACS to establish suitable experimental conditions to compare peptide uptake. A clear 
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increase fluorescence was observed for the peptide (5)[FAM]-Ant-Bidi,i+4-NH2 over time 

(Figure II.55a). The sigmoidal shape of the curve obtained indicating saturation at longer 

incubation times. The fluorescence measured for (5)[FAM]-Ant-Bidi,i+4-NH2 after 4 hours was 

83% of the signal recorded at 8 hours, so the shorter time point was deemed a viable 

compromise between uptake and time expended for future incubation/cell-viability 

experiments.  

 

 

 

Figure II.55 Time dependent uptake studies with (5)[FAM]-Ant-Bidi,i+4-NH2 (red) and (5)[FAM]-
Pas-Ant-Bidi,i+4-NH2 (blue) by flow-cytometry. a,b) Incubation of the peptides between 0.5-
8 hours. c) Comparison of the two peptides at 2, 4 and 6 hours showed higher uptake of the 
peptide containing the N-terminal Pas-sequence. d) Co-incubation with E5-TAT as an 
endosomolytic peptide sequence did not indicate enhanced cytosolic delivery of the peptides. 

 

In contrast, the peptide containing the Pas-sequence, (5)[FAM]-Pas-Ant-Bidi,i+4-NH2 (10 µM) 

displayed a bell-shaped uptake-curve over the time course (Figure II.55b). Maximum uptake 

was achieved at 4 hours and fluorescence decreased after 6 hours. It is possible that the 
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fluorophore was either degraded or endosomally entrapped during the experiment, as 

carboxyfluorescein displays a much lower emission when at pH <7.  The cellular delivery of the 

two peptides was then directly compared, with cells incubated with 10 µM concentrations of 

both peptides measuring fluorescence at 2, 4 and 6 hours (Figure II.55c). (5)[FAM]-Pas-Ant-

Bidi,i+4-NH2 displayed a higher uptake at all times, with 2.7-fold greater uptake at 2 hours, 

which decreased to 1.3-fold more uptake at 6 hours as the uptake for (5)[FAM]-Ant-Bidi,i+4-NH2 

slowly increased. Despite the decrease of the overall fluorescence over time, the addition of an 

N-terminal Pas-sequence to the apoptotic peptide significantly improved the cellular uptake.  

To test the possibility that the peptides were stuck in endosomes, co-incubation experiments 

were performed with the endosomal escape sequence E5-TAT (Figure II.55d). E5-TAT (GLFEA 

IAEFI ENGWE GLIEG WYGGR KKRRQ RRR-NH2) was synthesised on a rink-amide resin using 

SPPS techniques and added to the incubation media at a concentration of 2.5 µM, as previous 

literature had shown that this is the highest concentration without detrimental effects on cell 

viability.248 No significant differences were observed for the cell-uptake in the co-incubation 

studies suggesting that the observed decrease in cytosolic delivery of (5)[FAM]-Pas-Ant-

Bidi,i+4-NH2 was not related to endosomal entrapment. However, no other endosomolytic 

compounds or peptides that were known not to escape the endosomes were tested. To 

confirm that the CPP and PAS peptide sequences increased uptake, cells were treated with 

10 µM of (5)[FAM]-GL-Bidi,i+4-NH2, (5)[FAM]-Ant-NGLG-NH2, (5)[FAM]-Ant-Bidi,i+4-NH2 or 

(5)[FAM]-Pas-Ant-Bidi,i+4-NH2 for 4 hours and their fluorescence was compared (Figure II.56).  

 

 

Figure II.56 Uptake-studies of the peptide (5)[FAM]-GL-Bidi,i+4-NH2, (5)[FAM]-Ant-NGLG-NH2, 
(5)[FAM]-Ant-Bidi,i+4-NH2 and (5)[FAM]-Pas-Ant-Bidi,i+4-NH2 by flow-cytometry. The obtained 
relative fluorescence values are displayed over the corresponding bars.   
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The pro-apoptotic peptide lacking the CPP-sequence showed little uptake compared to either 

the CPP alone (5)[FAM]-Ant-NGLG-NH2, or the full-length apoptotic construct (5)[FAM]-Ant-

Bidi,i+4-NH2. As previously described, uptake was further improved by addition of the Pas-

sequence to the N-terminus. These results confirmed that the Ant CPP sequence confers the 

ability to enter cells, which is crucial for therapeutic applications. The lack of effect of the 

endosomal release peptide suggests that release from the endosomes is not limiting for the 

constructs tested, so cell viability experiments were carried out using 4 hours incubation 

periods to assess the functionality of peptide constructs after uptake. 

 

c. Cell-Viability Assays of the Peptides and Stapled-Constructs 

i. Non-Stapled Peptides 

Cytotoxicity assays were carried out with the non-stapled construct over a panel of 

concentrations to determine the EC50 value. Assays were performed using 96-well plates 

(20,000 cells/well) in which cells were incubated with peptides for 4 hours, then washed with 

heparin and PBS and left in media overnight at 37 °C. To measure the cell viability, cells were 

treated with Celltiter® Blue (Promega) for 4 h. Intact cells will convert this redox dye into a 

fluorescent product, whereas cells that have lost their metabolic capacity will be unable to 

perform this reaction. Fluorescence measured at 585 nm on a plate reader therefore indicated 

cell viability. Untreated cells were used as a positive metabolic control and considered 100% 

viable whereas cells that were incubated with 0.01% Trition X-100 to compromise the cells 

outer and mitochondrial membranes were used as control non-viable cells.   

As expected from the lack of uptake in FACS assays, GL-Bidi,i+4-NH2 did not show any significant 

effect on cell viability (Figure II.57a). Similar results were obtained for the Bimi,i+4-NH2 peptide, 

which had no effect on the cells up to a concentration of 300 µM (Appendix 11), but the CPP-

BH3-peptides: Ant-Bidi,i+4-NH2 and Pas-Ant-Bidi,i+4-NH2 exhibited significant toxicity at 

concentrations from 10-100 µM. The presence of the Pas sequence led to no significant 

difference in cell-viability values (Figure II.57b), despite the higher uptake observed for the 

peptide containing a Pas-sequence by FACS-analysis. The Pas sequence was therefore omitted 

from later studies. To ensure the observed cytotoxicity was derived from the BH3 sequence, 

cells were incubated with Ant-NGLG-NH2 over the same concentration range (1 nM-100 µM, 

Appendix 12). No cytotoxic effect was observed for the CPP alone, proving that the lethal 

effect was due to BH3 sequence.   
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Figure II.57 Cytotoxicity of the non-stapled peptides GL-Bidi,i+4-NH2 (a) and Ant-Bidi,i+4-NH2 and 
Pas-Ant-Bidi,i+4-NH2 (b). The CPP-sequence facilitates the cellular uptake and leads to an 
increased cytotoxicity. Triton-X (0.01%) was used as a positive control of cell death.  

 

ii. Stapled-Peptides 

With the CPP-fused pro-apoptotic peptides shown to be able to direct cell fate in vivo, the 

crosslinked constructs were next investigated to determine if photo-control could also be 

established in vivo. Insolubility made the testing of the 33-stapled constructs 33-Ant-

Bidi,i+4-NH2 and 33-GL-Bidi,i+4-NH2 significantly more difficult than the non-crosslinked peptides. 

Whilst 33-Ant-Bidi,i+4-NH2 was soluble in water, neither of the stapled constructs were soluble 

in common buffer systems or cell culture medium (DMEM), so stock solutions were made up in 

DMSO. The stock-solution was either incubated at 60 °C for 16 hours to obtain a maximum 

trans dark state or illuminated under red-light to reach the PSS635 nm to achieve the maximum 

cis isomer population, then diluted into the cell culture media to reach the desired 

concentrations. 

When the constructs were diluted from DMSO stocks into the cell culture media, precipitate 

was observed to form over a time span of ~20 min. Precipitated samples of the stapled peptide 

33-Ant-Bidi,i+4-NH2 that were treated to isomerize into cis and trans overnight, did not show 

any cytotoxic effects, suggesting that either addition of the crosslinker completely obviated 

cytotoxic activity, or precipitation occurred quantitatively and only negligible amounts of 

monomeric construct remained in solution (Appendix 12). As a consequence, samples were 

diluted in DMEM from their stock solution and immediately (<1 minute) incubated with the 

cells in the 96-well plates for 4 hours. The final concentration of DMSO in the samples was 
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maintained below 1% to avoid any cytotoxic effects from the vehicle. The construct 33-Ant-

Bidi,i+4-NH2 was incubated with the HeLa cells in this fashion in both its dark and PSS635 nm states 

alongside the non-crosslinked parent peptide and cell-viabilities were measured on a plate 

reader (Figure II.58).  

 

Figure II.58 Cytotoxicity of the 33-stapled and non-stapled peptide Ant-Bidi,i+4-NH2 for its dark 
trans- and cis-rich light states over a concentration gradient. The observable cytotoxic effect of 
the stapled peptide is significant weaker than the cytotoxicity of the non-stapled peptide. 

 

Cell death was observed for both the light and dark states, although the overall toxicity was 

reduced in both cases compared to the non-stapled peptide control. Complete cell-death was 

not observed for either isomer, even when the concentration was increased to 200 µM, 

approximately 10 fold higher than the EC50 of the non-crosslinked control peptide. The light 

and dark states appeared to show similar toxicity profiles, with only small differences between 

40-70 µM. Within this concentration range the trans-isomer unexpectedly displayed a stronger 

cytotoxic effect than the cis-species. As the isomers have a similar profile overall, it is unclear 

whether the observed effect is due to genuine differences in toxicity or errors in 

concentrations arising from solubility of stapled peptides. Insolubility is likely responsible for 

the reduced lethality of the stapled peptide compared to the unstapled parent either due to 

reduced cellular uptake or compromised activity in the intra-cellular space hindering the 

activation of cell-death. When precipitated samples and their supernatants were applied to 

the cells no significant cytotoxic effect could be observed, implying rapid and quantitative 

precipitation that reduces the effective concentration of monomeric construct in solution 

creating a limited window of time for cellular uptake to be achieved.  
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The 33-crosslinked peptide GL-Bidi,i+4-NH2 was tested to investigate if the azobenzene staple on 

the peptide leads to an increased cytotoxic effect. As this construct lacks the CPP-sequence, 

uptake would be expected to be poor and non-stapled parent peptide showed no cytotoxic 

effects up to a concentration of 500 µM (Figure II.57a). However, Bim BH3 peptides have been 

reported to be cell permeable when stapled with an all-hydrocarbon linker, possibly due to an 

increased hydrophobic surface and constrained size of the α-helical conformation.249 When the 

dark and light state samples of 33-GL-Bidi,i+4-NH2 were tested, no effect was observed up to a 

concentration of 50 µM (Figure II.59). Lower cell viability was evident for both states of the 

construct at 100 µM and 150 µM, with the dark state again showing a greater cytotoxic effect 

than the light state. This result suggested uptake was significantly improved for the stapled 

construct compared to its non-stapled analogue.  

 

 

Figure II.59 Cytotoxicity of the 33-stapled GL-Bidi,i+4-NH2 for its dark (cyan) and light (red) states 
over a concentration gradient. A cytotoxic effect can be observed at higher concentrations 
although no CPP sequence is present in the sequence. 

 

The light (cis-enriched) state of the constructs not displaying higher cytotoxicities than the dark 

states for GL-Bidi,i+4 was contrary to the initial assumption of the project. However, the results 

were supported by the previously analysed CD- and FP-data, where no increased α-helical 

formation or selective binding could be observed for the 33-stapled peptide of Bid. The 

differences between the dark and light state could therefore be a direct result of the different 

physical properties of the isomeric forms of the linker. The trans-form of the 33 exhibits a 

stronger hydrophobic character compared to the cis-isomer, and might as a result interact 

more strongly with membranes accelerating its uptake; a concept familiar from certain CPP 

sequences or the Pas sequence.243,250 In an attempt to test the two isomeric forms of the 
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crosslinker 33 for their cytotoxic properties, the linker was reacted with the thiol-groups of 

two cysteines to mimic the chemical environment when it is bound to a peptide (chapter 

II.1.c.iii). However, the final product showed only very limited solubility even in organic 

solvents and thus, was not tested on mammalian cells.  

 

d. Conclusion 

In this chapter, the effect of a selection of non-stapled and 33-stapled constructs on the 

viability of mammalian cancer cells were tested. Uptake of the constructs and induction of cell 

death by non-stapled CPP peptides were proven using FACS and cytotoxicity assays. Cytosolic 

delivery was greatly improved by the inclusion of a CPP-sequence over the peptides lacking a 

membrane-penetrating sequence (12.8-fold). Control experiments showed that the cell uptake 

ability was solely derived from the CPP and toxicity from the BH3 sequence. The addition of an 

N-terminal Pas sequence further increased the amount of cytosolic peptide, but time-

dependent uptake studies revealed a bell-shaped curve for the Pas-sequence peptides, 

indicating that the amount of delivered peptide reached a maximum more rapidly but was 

degraded at a faster rate. Although this could be due to endosomal acidification leading to 

lower fluorescence, time-dependant experiments adding the endosomal release peptide E5-

TAT showed no differences, suggesting that the peptide is instead cleared from the cells by a 

different mechanism. Cell viability tests revealed that the increased uptake of the peptide 

containing the Pas sequence did not lead to higher cytotoxicity. Peptides lacking a CPP-

sequence showed little effect on cell viability until very high concentrations, underlining the 

importance of a cell-penetrating sequence for effective cytosolic delivery.  

The stapled constructs were tested in their light (cis-enriched) and dark (trans) states, but their 

low solubility reduced activity and compromised the interpretation of the results. Precipitation 

of the constructs occurred in all common buffer systems used for cell culture. Re-suspended 

precipitates and their supernatants showed no cytotoxic activity, implying that precipitation 

occurred quantitatively and left only negligible amounts of monomeric construct in solution. In 

contrast, samples that were applied to the cells quickly after thorough mixing and before 

formation of precipitate was observed did show a cytotoxic effect on the HeLa cells. However, 

the observed cell viability for the 33-stapled construct 33-Ant-Bidi,i+4-NH2 was consistently 

higher than for the non-stapled constructs. It was hypothesised this could be a result of the 

lower solubility reducing the effective concentration of monomeric construct in solution rather 

than a reduced affinity for the target proteins. Cytotoxicity was observed for the stapled 
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peptide 33-GL-Bidi,i+4-NH2 lacking a CPP sequence, indicating that cytosolic delivery was 

achieved when the linker was attached to the peptide. However, zero cell viability could not be 

achieved, possibly due to solubility issues of the construct leading to a less effective 

concentration of monomeric species in solution. No additional cell death was observed for the 

light states of either 33-stapled construct, contradicting the initial hypothesis of the project 

that suggested a higher cytotoxicity of the constructs in their light-states due to an increased 

α-helical content and subsequent improved binding to the target-proteins. However, the 

results were in alignment with the previously obtained CD- and FP-data (chapter II.4.c-d). The 

higher cytotoxic activity observed for the dark (trans) state, may well be linked to the physical 

properties of the trans-crosslinker as increased hydrophobicity could lead to a stronger 

interactions with cellular membranes.  
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 Conclusion and Future Work III.

1. Overview and Context of the Work 

The aim of the project was to develop and characterise a system that is able to induce 

apoptosis upon a stimulus of light. Peptides have shown to be highly specific therapeutics with 

relatively few adverse effects. However, peptides also have to adopt certain secondary 

structural motifs to engage with their target proteins, thus, enabling spatiotemporal control of 

peptide activity by control of their conformations is highly desirable. Stapling peptides with an 

azobenzene photo-linker is one strategy to gain structural control, as the staple can influence 

adoption of the biologically active conformation, triggering an effect inside the cell. Light of a 

long (red-shifted) wavelength displays a higher tissue penetration depth and is non-toxic, 

which makes it the preferred choice for these systems. An ideal application for a system like 

this would be the interruption of the Bcl-2 family network in cancer-cells where certain family 

members are overexpressed, resulting in the cells being essentially immortal and immune to 

common apoptotic-stimuli. To date, no system has been described that targets the anti-

apoptotic proteins of the Bcl-2 family inside cells with stapled peptides using harmless and 

deep-penetrating red light.  

The synthesis of a novel photo-controllable peptide-construct was divided into four main steps 

that, ideally, should be addressed in a sequential manner (Figure III.1). The first step involved 

the synthesis of an appropriate photo-element that resembles the desired properties for the 

system. Next, peptides were to be synthesised that could address the biological target protein, 

with an appropriate cysteine spacing to attach the synthesised linker onto the peptides. Bio-

physical characterisation of the constructs was necessary to validate binding properties in a 

simplified environment in in vitro assays, where little side-reaction or off-target effects can 

occur. Once specific target-binding was ensured, the constructs could be tested on cells to test 

their biological effect on more complex systems. However, as difficulties emerged, a 

sequential workflow was difficult to maintain; solubility related problems required sequences 

to be redesigned and limited training opportunities led to an altered order of the steps, so that 

bio-physical characterisation was carried out after the mammalian cell-testing.  
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Figure III.1 Main steps towards the development of photo-controllable peptides. Each of these 
steps is described in a separate chapter of this work.  

 

2. Photo-Responsive Linker 

As the system was intended to be used in an intracellular environment, the photo-crosslinker 

should exhibit stability towards reduction, a long excited-state half-life and be addressable 

using red-light. Photo-responsive elements based on azobenzene benefit from the symmetry 

of the parent molecule, relatively good synthetic accessibility, documented stability trends and 

predictable geometric changes upon isomerisation. Different substituents on the aromatic 

rings can modulate the energy needed for the trans-cis isomerization and regulate the thermal 

stability of the cis-isomer. The tetra-ortho-chloro azobenzene linker 33, developed by Woolley 

and co-workers, embodies many of these desirable properties, including stability against 

glutathione and bidirectional switching with visible light.206 In their work, the crosslinker 33 

was attached to a fluorescein-labelled test-peptide and the photoisomerization tested via 

fluorescence-quenching of this FRET-system in zebrafish embryos in vivo. The construct was 

microinjected into the zebrafish embryos and was reported to be soluble in PBS buffer to a 

concentration of 1.0 M. The reported properties and promising results from their in vivo 

studies made this linker the preferred choice for the targeted application. However, despite 

the advantageous properties of this linker, many of the encountered problems in this project 

seemed rooted in the limited solubility of 33. Precipitation of the linker was observed at 

several stages of this product, even when attached to peptide-sequences that should have 

improved its solubility. This was possibly caused by aromatic (π-stacking) interactions leading 
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to aggregation and subsequent precipitation. As the linker dictates most of the photo-physical 

properties of the system, extra effort should go into designing a system that still exhibits the 

properties described but displays an increased solubility. Different functional groups on the 

azobenzene-scaffold might be used to disrupt any potential linker-aggregation caused by 

stacking-interactions. However, this is not any easy task as a change in the pattern of 

substituents can affect one of the other key-properties, such as stability against reductive 

environment or being addressable with red-light.   

 

3. Peptide Synthesis and Peptide Stapling 

The synthesis of pro-apoptotic BH3-peptides was carried out using SPPS techniques. Peptides 

derived from secondary structure motifs from apoptosis-inducing proteins lose their structural 

integrity when taken out of their protein context. The introduction of a chemical staple helps 

to regain the secondary structure that is required to engage with the target-proteins. In this 

work, a number of different BH3-peptides were synthesised and stapled over introduced 

cysteine residues. Three different azobenzenes were used: the non-substituted linker 38, 

which was predominantly used for screening reactions to evaluate crosslinking conditions or 

novel stapling protocols, the water-soluble staple 37, which was utilized so synthesise 

constructs used as reference compounds and the previously synthesised crosslinker 33 to 

obtain the desired target-constructs that can be addressed using red-light.  

The synthesis of these stapled constructs remained difficult due to low yields and the 

formation of side-products. Shorter cysteine spacings seemed to be a major cause of side-

product formation, with wider spacings giving significantly higher yields and fewer side-

products. Crosslinking conditions were optimised in order to reduce the amount of side-

products and on-resin stapling was explored as a strategy to reduce the number of purification 

steps necessary. Different cysteine-protecting groups that could be selectively removed 

orthogonally to the protecting groups of other residues were explored for this purpose. This 

strategy seemed very promising but has been carried out only on an analytical scale so far. 

Further refinements and optimisation of the conditions are necessary to apply this system on a 

preparative scale in the future.  

However, successfully stapling the peptides with the linker 33 was accompanied by serious 

solubility issues in various aqueous buffer systems. The addition of a CPP or a solubilizing 

sequence onto different peptides did not overcome these problems and organic co-solvents 

were necessary to solubilize the final compounds. Future work should involve the 
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identification of an amino acid composition that improves the solubility of the linker and 

incorporate this into a bioactive sequence to address an in cell target using the linker. 

 

4. Bio-Physical Characterisation 

The synthesised constructs were subjected to UV-visible spectroscopy and LC-MS analysis. 

Both isomeric states of 33 could be separately addressed using red and blue-light. The thermal 

half-life of the cis-state for the construct stapled with 33 was long enough to cover any cellular 

events, whereas constructs stapled with 37 displayed half-life times that were significantly 

lower. Analysis of the peptide conjugates by CD-spectroscopy was complicated by the limited 

solubility of the constructs in appropriate buffers. Compound 33-stapled Ant-Bidi,i+4-NH2 could 

be analysed in deionised water, but did not show any increase in helical structure upon 

irradiation. Similar results had previously been reported for a Bidi,i+4 peptide stapled with the 

water-soluble azobenzene linker 37.211 It was previously argued that a helix-inducing motif in 

the solution is needed to obtain an increased α-helical content as observed for the 37-stapled 

Baki,i+11 peptide in previous work.  

Binding studies were carried out using fluorescence polarisation assays. The anti-apoptotic 

protein Bcl-xL was titrated into solutions of non-stapled and stapled N-terminally 

(5)carboxyfluorescein labelled peptides and the change in anisotropy measured. Non-specific 

binding was observed for most peptides at higher concentrations, with 33-stapled constructs 

showing a strong contribution of non-specific binding possibly due to aggregation or 

precipitation in the applied buffer. Furthermore, no difference in binding selectivity was 

observed between the dark and light state of the 33-stapled construct. The Bidi,i+4 peptide was 

stapled with the water-soluble linker 37, but in stark contrast to previous publications that 

reported a 23-fold difference, no difference between the dark and light states could be 

observed with 37. This result concurs with observed and previously reported CD-data.211 As the 

Baki,i+11 peptide showed a change in helicity via CD-spectroscopy, this peptide was synthesised 

with a N-terminally attached PEG-tag to increase the overall-solubility when stapled with 33. 

Predominant specific binding was observed using this non-stapled peptide, however when 

stapled only random scattering was obtained, indicating that attachment of the linker leads to 

precipitation.  

Binding experiments were also conducted by NMR using samples of 15N-labelled Bcl-xL into 

which peptides were titrated. Chemical shift perturbances for a bound BH3-peptide-protein 

complex have been reported previously and were used to assess the amount of specific 
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binding through the integration of significant aromatic peaks. Generally, samples of the 

peptides that displayed full binding suffered from precipitation and a loss of resolution. 

Addition of excess fluorophore-labelled peptide did not result in protein precipitation or 

complete binding as determined by the still observable peaks of the unbound protein. A linker 

between fluorophore and pro-apoptotic peptide lead to an improvement in the ratio of bound-

to-unbound signal, suggesting that the N-terminal fluorophore might disfavour binding to the 

target protein. Only unbound complex was observed for the 33-stapled constructs as they did 

not seem to bind to the protein in a specific fashion. 

Future binding assays should consider techniques that do not require peptide modifications to 

better mimic cellular conditions and to avoid non-specific binding effects caused by the N-

terminal modifications. For example, isothermal titration calorimetry (ITC) could be used to 

obtain a binding curve without the need to introduce further modifications to the peptide. The 

previously recorded CD-data suggested that a change in α-helicity can be observed for the 37-

stapled Baki,i+11 and that this peptide sequence could display a different target-specificity for 

their dark and light states. However, 33-stapled pegylated Baki,i+11 did only show a random 

scattering in the fluorescence polarization assay, possibly due to solubility issues. Future work 

should involve this promising peptide sequence with a different linker system to target anti-

apoptotic proteins.   

 

5. Mammalian Cell-Testing 

Peptides were tested on HeLa cells to determine their cellular uptake using FACS-techniques 

and cytotoxicity by Celltiter® Blue (Promega) viability assays. The ability to cross cellular 

membranes was only conserved in peptides containing an N-terminal CPP-sequence. The 

addition of a Pas-sequence to the CPP was explored, which led to further increase of cellular 

uptake as indicated by the increase of the fluorescent signal. However, cell-viability assays did 

not indicate an increased cytotoxicity of this peptide despite its enhanced uptake. The 33-

stapled constructs suffered from a low solubility in the buffer systems and showed no 

cytotoxic effects a short while after being mixed with cell culture buffers. It was assumed that 

this was caused by the formation of aggregates preventing its uptake or target binding. As a 

consequence, the cellular uptake of the constructs seemed impeded and a lower effective 

construct-concentration in solution was likely. 33-stapled peptides lacking a CPP-sequence 

showed an increased cytotoxic response over their non-stapled analogues, indicating that 

cytosolic delivery was enhanced by the attachment of 33. The dark (trans) state of the 
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constructs showed a higher cytotoxicity than the cis-enriched light state, which was attributed 

to the physical properties of the linker that displays an increased hydrophobicity and therefore 

stronger interaction with the cellular membrane in trans. To test this assumption, the linker 33 

was reacted with two cysteines to mimic the chemical environment of a peptide sequence to 

be used in cytotoxicity assays. However, the limited solubility prevented further testing.  

Future work of the cell-testing is highly dependent on the solubility of the constructs. Once a 

soluble linker has been synthesised, future testing should involve cytotoxicity assays using 

caspase-markers to validate if the observed cytotoxic effect is a result of apoptosis or non-

regulated cell death. The stapled constructs could then be further characterised using 

established small molecule inhibitors for anti-apoptotic proteins, such as ABT-263 (Navitoclax), 

to see if a drug combination could enhance the anti-tumour activity of the synthesised 

constructs.  
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 Materials and Methods IV.

1. Organic Synthesis Methods 

a. Materials 

All chemicals and solvents were purchased from Sigma-Aldrich UK (Poole, United Kingdom), 

Apollo Scientific UK (Cheshire, United Kingdom) or Fisher Scientific Ltd (Loughborough, United 

Kingdom) and used without further purification or distillation unless otherwise stated. 15 MΩ 

H2O was used throughout. 

 

b. NMR-Spectroscopy 

1H and 13C NMR spectra were recorded on a Bruker Fourier 300 MHz, a Bruker Avance 

500 MHz and a Bruker DPX 400 MHz spectrometer. Chemical shifts (δ) are quoted in parts per 

million (ppm) and referenced to tetramethyl silane, using residual protonated solvents as 

internal standards (D2O at 4.79 ppm, CDCl3 at 7.26 ppm, DMSO-d6 at 2.50 ppm and acetone-d6 

at 2.05 ppm). Abbreviations used in the description of resonances are: s (singlet), d (doublet), t 

(triplet), q (quartet), m (multiplet), br (broad).  

 

c. Mass-Spectrometry 

Both, high and low resolution mass spectra of the small molecules were submitted to the 

analytical department of Cardiff University for analysis. Samples were dissolved in methanol 

and masses recorded on a Waters LCT premier XE with an electrospray ionisation source using 

a time-of-flight mass detector.  

 

d. Thin Layer Chromatography  

TLCs were run on pre-coated G/UV254 silica plates on an aluminium support and compounds 

visualised using UV-light (UVGL-58 handheld UV lamp) and/or using a cerium molybdate (CAM) 

or permanganate solution. For the CAM-solution, 12 g of ammonium molybdate were mixed 

with 0.5 g of ceric ammonium molybdate, 15 mL of conc. sulphuric acid and 235 mL of 

deionised water. The permanganate solution was made up using 7.5 g of potassium 

permanganate and 50 g of potassium carbonate that was dissolved in deionised water, 

6.25 mL of a 10 wt.% sodium hydroxide solution was added and the solution further diluted to 

1 L using deionised water.  
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e. Synthetic Procedures  

i. Synthesis of the Unsubstitued Azobenzene Linker (38) and 

Derivatives 

 

(1) Synthesis of the Linker (E)-N,N'-(diazene-1,2-diylbis(4,1-phenylene))bis(2-

chloroacetamide) (38) 

 

 

To a solution of 39 (0.15 g, 0.71 mmol, 1.0 eq.) in acetonitrile (40 mL) was added dropwise 

triethylamine (0.21 g, 2.12 mmol, 3.0 eq.) and it was allowed to stir for 30 min. Chloroacetyl 

chloride (0.24 g, 2.12 mmol, 3.0 eq.) was added dropwise and the reaction was allowed to stir 

for 24 h. The solvent was removed under reduced pressure and the solid obtained was washed 

with hydrochloric acid (1 M, 40 mL) and filtered off. The solid was washed with acetonitrile 

(30 mL) and dried in air to yield 0.22 g (87% yield) of 38 as an orange/red solid.  

Rf: 0.2 (methanol/dichloromethane) (10:90 (v/v)). 1H NMR (300 MHz, DMSO-d6) δ (ppm):  

10.65 (s, 2H), 7.87 (d, J = 8.9 Hz, 4H), 7.82 (d, J = 9.0 Hz, 4H), 4.31 (s, 4H). 13C NMR (500 MHz, 

DMSO-d6) δ (ppm):  165.1, 148.0, 141.2, 123.6, 119.7, 43.7. HR-MS (ESI) C16H15Cl2N4O2 [M+H]+ 

Calculated: 365.0572, [M+H]+ found: 365.0554. 
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(2) Synthesis of (E)-N,N'-(diazene-1,2-diylbis(4,1-phenylene))bis(2-iodoacetamide)) 

(36) 

 

Compound 38 (10 mg, 0.027 mmol, 1 eq.) was dissolved in 1 mL of DMSO and 50 mg 

(0.30 mmol, 11.2 eq.) of KI was added to the solution. It was shaken until all precipitate was 

dissolved. The yellow solution was reacted at 45 °C for 16 h under shaking to give a cloudy 

solution. The reaction mixture was poured into 15 mL of 0.1 M HCl to yield a yellow precipitate 

of 36. It was centrifuged and the pale yellow solution decanted. The obtained precipitate was 

carefully washed with ice-cold acetonitrile (5 mL) and diethyl ether (5 mL) and dried on air to 

give 6 mg of 36 (0.011mmol, 41% yield).  

1H NMR (500 MHz, DMSO-d6) δ (ppm): 10.65 (s, 1H), 7.87 (d, J = 9.0 Hz, 2H), 7.78 (d, J = 9.0 Hz, 

3H), 3.87 (s, 2H). 13C NMR (500 MHz, DMSO-d6) δ (ppm): 167.1 (s), 147.9 (s), 141.5 (s), 123.5 

(s), 119.3 (s). HR-MS (ESI) C16H15I2N4O2 [M+H]+ Calculated: 548.9284, [M+H]+ found: 548.9286. 

 

ii. Synthesis of the Tetra-Ortho-Chloro Azobenzene Linker (33) and 

Derivatives 

 

The synthesis of 33 widely followed a previously published procedure [206]. However, certain 

steps had to be modified in order to be successful.  
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(1) Synthesis of sodium (E)-((3,5-dichloro-4-((2,6-dichloro-4-

nitrophenyl)diazenyl)phenyl)amino)methanesulfonate (41): 

 

 

To a solution of sodium hydrogen sulfite (9.63 g, 92.59 mmol, 1 eq.) in water (20 mL) was 

added 37% formaldehyde-solution (6.89 ml, 27.80 g, 92.59  mmol, 1 eq.) and it was stirred for 

1 h at room temperature. The reaction mixture was diluted with 80 mL water and a solution of 

40 (15.0 g, 92.59 mmol, 1 eq.) in EtOH (100 mL) was slowly added. The reaction was stirred at 

70 °C for 24 h, cooled down to room temperature and the EtOH removed under reduced 

pressure. The reaction mixture was cooled in an ice bath, the formed precipitate filtered off 

and washed with cold DCM and dried in vacuo to give 22.740 g of pure product (88% yield).  

Rf: 0.5 (methanol/dichloromethane) (20:80 (v/v)). 1H NMR (300 MHz, DMSO-d6) δ (ppm): 6.87 

(t, J = 6.9 Hz, 1H), 6.71 (d, J = 1.8 Hz, 2H), 6.56 (t, J = 1.8 Hz, 1H), 3.86 (d, J = 6.9 Hz, 2H). 

13C NMR (500 MHz, DMSO-d6) δ (ppm): 150.5, 133.9, 114.1, 110.8, 59.8. LR-MS (ESI) 

C7H6Cl2NO3S [M-Na]- Calculated: 253.95, [M-Na]- found: 253.93. 

 

(2) Synthesis of sodium (E)-((3,5-dichloro-4-((2,6-dichloro-4-

nitrophenyl)diazenyl)phenyl)amino)methanesulfonate (43): 

 

 

Sodium nitrite (0.20 g, 2.88 mmol, 2 eq.) was added to 2 mL of concentrated sulphuric acid and 

the reaction mixture was heated to 70 °C and then cooled to 0 °C in an ice-bath whilst stirring. 

A solution containing 0.60 g (2.88 mmol, 2 eq.) of 42 in acetic acid/DMF (3.5 mL: 9 mL) was 
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added to this. It was stirred for 2 h at 0 °C and a solution of 41 (0.40 g, 1.44 mmol, 1 eq.) in 

DMF (6 mL) was added drop-wise. The temperature was kept at 0 °C for 1 h and allowed to 

warm up to room temperature whilst stirring for 72 h. The mixture was poured on ice, the 

precipitate let to aggregate for 2 h and filtered off, washed with ice-cold water (5x 20 mL), 1 M 

LiCl (2x20 mL) and dried on air. The precipitate was dissolved in acetone and magnesium 

sulfate added. The solvent was removed in vacuo and the solid transferred onto a cellulose-

filter. It was washed with ice-cold DCM until only clear solvent passed through the filter. The 

precipitate was then washed with ice-cold acetone until it was colourless and the organic 

fraction collected separately. The organic solvent of the acetone fraction was removed under 

reduced pressure and the remaining solid dried in vacuo.  

1H NMR (300 MHz, DMSO-d6) δ (ppm): 8.39 (s, 1H), 6.99 (s, 1H), 4.37 (s, 1H). LR-MS (ESI) 

C13H7Cl4N4O5S [M-Na]- Calculated: 473.08, [M-Na]- found: 472.89. 

 

(3) Synthesis of 3,5-dichloro-4-[(2,6-dichloro-4-nitrophenyl)diazenyl]aniline (44) 

 

 

The isolated intermediate 43 was further basified with 20% aqueous sodium hydroxide (20 mL) 

and heated to 70 °C for 2 h. The reaction mixture was cooled down to room temperature and 

extracted with EtOAc. The combined organic layers were dried over magnesium sulfate and 

the organic solvent removed under reduced pressure. The crude product was purified with a 

silica gel column chromatography over a gradient of 0-80% EtOAc in hexane (v/v) to yield 44 

(159 mg, 29% yield over two steps) as a red-brown solid.  

Rf: 0.14 (ethyl acetate/hexane) (20:80 (v/v)). 1H NMR (300 MHz, DMSO-d6) δ (ppm):  8.45 (s, 

2H), 7.02 (s, 2H), 6.80 (s, 2H). 13C NMR (500 MHz, DMSO-d6) δ (ppm): 153.6, 152.6, 145.8, 

133.0, 126.2, 124.7, 113.9. HR-MS (ESI) C12H9Cl4N4O2 [M+H]+ Calculated: 380.9294, [M+H]+ 

found: 380.9288.  
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(4) Synthesis of 3,5-dichloro-4-[(2,6-dichloro-4-aminophenyl)diazenyl]aniline (45) 

  

44 (312 mg, 0.82 mmol, 1 eq.) was dissolved in a mixture of dioxane/EtOH/water 

(16 mL:4 mL:1 mL) and 200 mg (2.56 mmol, 3 eq.) of Na2S was added. The reaction mixture 

was heated to 90 °C for 24 h. The reaction was cooled down to room temperature and 

concentrated under reduced pressure and extracted with ethyl acetate. The combined organic 

fractions were washed with brine, dried over magnesium sulfate and concentrated under 

reduced pressure. The crude product was purified using silica gel chromatography with a 

gradient of 0-100% EtOAc in hexane (v/v) to give 45 (146 mg, 0.42 mmol, 51% yield) as a red 

solid.  

Rf: 0.56 (ethyl acetate/hexane) (40:60 (v/v)). 1H NMR (300 MHz, DMSO-d6) δ (ppm):  6.71 (s, 

4H), 6.27 (s, 4H). 13C NMR (500 MHz, DMSO-d6) δ (ppm): 150.6, 135.1, 129.5, 113.6. HR-MS 

(ESI) C12H9Cl4N4 [M+H]+ Calculated: 350.9552, [M+H]+ found: 350.9567.  

 

 

(5) Synthesis of of diazene-1,2-diylbis(3,5-dichloro-4,1-phenylene)bis(2-

chloroacetamide) (33) 

 

To a solution of 45 (140 mg, 0.37 mmol, 1 eq.) in acetonitrile (45 mL) was added drop-wise 

triethylamine (155 µL, 113 mg, 1.11 mmol, 3 eq.) and allowed to stir for 30 min. Then, 

chloroacetyl chloride (88 µL, 125 mg, 1.11 mmol, 3 eq.) dissolved in acetonitrile (20 mL) was 

added drop-wise and the reaction was allowed to stir for 24 h. The reaction mixture was 

heated up to 50 °C for 3 h, cooled down to 0 °C using a water-ice bath and the precipitate 
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filtered off. The obtained solid was washed with ice-cold acetonitrile and dried in air to yield 

144 mg (0.29 mmol, 78% yield) of 33 as a dark red solid.  

Rf: 0.25 (methanol/dichloromethane) (10:90, (v/v)). 1H NMR (300 MHz, DMSO-d6) δ (ppm):  

10.91 (s, 1H), 7.91 (s, 2H), 4.36 (s, 2H). 13C NMR (500 MHz, DMSO-d6) δ (ppm): 166.2 (s), 142.2 

(s), 140.9 (s), 128.0 (s), 120.1 (s), 44.0 (s). HR-MS (ESI) C16H11Cl6N4O2 [M+H]+ Calculated: 

502.8984 [M+H]+ found: 502.8981. 

 

(6) Synthesis of (E)-N,N'-(diazene-1,2-diylbis(3,5-dichloro-4,1-phenylene))bis(2-

iodoacetamide) (49) 

 

The reaction was carried out as described for the compound 49. 10 mg (0.02 mmol, 1 eq) of 33 

was dissolved in 1 mL of DMSO with 33 mg (0.20 mmol, 10 eq.) of KI was added to the solution 

and it was shaken until all precipitate was dissolved. It was processes as described and gave 

5 mg of 49 (0.011 mmol, 53% yield).  

1H NMR (400 MHz, DMSO-d6) δ (ppm): 10.90 (s, 1H), 7.87 (s, 2H), 3.88 (s, 2H). 13C NMR 

(400 MHz, DMSO-d6) δ (ppm): 167.8, 141.5, 140.8, 127.6, 119.2, 43.3. HR-MS (ESI) 

C16H11Cl4I2N4O2 [M+H]+ Calculated: 686.7696, [M+H]+ found: 686.7690. 
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(7) Synthesis of (E)-3,3'-((((diazene-1,2-diylbis(3,5-dichloro-4,1-

phenylene))bis(azanediyl))bis(2-oxoethane-2,1-diyl))bis(sulfanediyl))bis(2-

aminopropanoic acid) (48) 

 

L-cysteine (48 mg, 0.4 mmol, 20 eq.) was dissolved in 1 mL Tris-buffer (pH 8.3, 50 mM) 

containing 0.5 mM TCEP. To this 10 mg (0.02 mmol, 1.0 eq) of 33 in 0.5 mL DMF was added 

and the reaction mixture left in a shaker at 45 °C for 16 h to observe the formation of 

precipitate. The reaction mixture was diluted in 20 mL of 0.1 M HCl and centrifuged. The 

obtained precipitate was insoluble in most organic solvents and subsequently only analysed 

using mass spectrometry.   

LR-MS (ESI) C22H22Cl4N6O6S2 [M+H]+ Calculated: 672.98, [M+H]+  found: 672.98. 

 

iii. Synthesis of the Dimethyl-Amine Azobenzene Derivative (47) 

(1) Synthesis of (E)-5-chloro-6-((2,6-dichloro-4-nitrophenyl)diazenyl)-N1,N1-

dimethylbenzene-1,3-diamine (46) 

 

 

 

The reaction was carried out as described for the compound 44 with the exception that the 

isolated intermediate 43 was further basified by addition of with 20% aqueous sodium 

hydroxide and 510 mg (6.25 mmol, 2 eq.) of dimethylamine hydrochloride. The stirred reaction 

mixture was heated to 70 °C for 3 h, cooled down to room temperature and left stirring for 
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72 h. The crude product was purified as described for the compound 44 to give 74 mg 

(0.19 mmol, 7% yield) of 46 as red solid. 

Rf: 0.33 (ethyl acetate/hexane) (30:70 (v/v)). 1H NMR (500 MHz, DMSO-d6) δ (ppm):  8.34 (s, 

1H), 6.78 (s, 1H), 6.48 (d, J = 2.3 Hz, 1H), 6.13 (d, J = 2.3 Hz, 1H), 2.79 (s, 3H). 13C NMR 

(500 MHz, DMSO-d6) δ (ppm): 154.7, 153.8, 149.9, 144.2, 140.2, 129.0, 126.70, 124.5, 108.7, 

98.1, 43.9. LR-MS (ESI) C14H13Cl3N5O2 [M+H]+ Calculated: 388.01 [M+H]+ found: 388.01. 

 

(2) Synthesis of (E)-6-((4-amino-2,6-dichlorophenyl)diazenyl)-5-chloro-N1,N1-

dimethylbenzene-1,3-diamine (47) 

 

 

The reaction was carried out as described for the compound 45. 100 mg (0.26 mmol, 1 eq.) 

were dissolved in a mixture of dioxane/EtOH/water (8 mL:2 mL:0.5 mL) and 60 mg (0.77 mmol, 

3 eq.) of Na2S was added. The reaction mixture was heated to 90 °C for 24 h. The reaction was 

cooled down to room temperature and concentrated under reduced pressure and extracted 

with ethyl acetate. The combined organic fractions were washed with brine, dried over 

magnesium sulfate and concentrated under reduced pressure. The crude product was purified 

using silica gel chromatography with a gradient of 0-100% EtOAc in hexane (v/v) to give 47 

(16 mg, 0.04 mmol, 17% yield) as a red solid.  

Rf: 0.15 (ethyl acetate/hexane) (30:70 (v/v)). 1H NMR (500 MHz, Acetone-d6) δ (ppm):6.78 (s, 

1H), 6.47 (d, J = 8.8 Hz, 1H), 6.32 (s, J = 12.5 Hz, 1H), 5.47 (s, 1H), 5.39 (s, 1H), 2.74 (s, 3H). 

13C NMR (500 MHz, Acetone-d6) δ (ppm): 151.2, 149.9, 148.6, 138.6, 133.1, 132.3, 128.6, 

114.1, 108.4, 101.1, 43.9. HR-MS (ESI) C14H15Cl3N5 [M+H]+ Calculated: 358.0393, [M+H]+ found: 

358.0408. 
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iv. Synthesis of the STmp-protected Fmoc-L-cysteine (55) 

 

The synthesis of the protected cysteine 55 was carried out following the literature 

procedure from reference [234]. 

 

(1) Synthesis of sodium (((9H-fluoren-9-yl)methoxy)carbonyl)-L-cysteine (52): 

 

 

 

Fmoc-Cys(Trt)-OH (51) (10 g, 17.1 mmol) was suspended in 50 mL of a solution containing TFA, 

TIPS and water (8:1:1, v/v/v), 500 mL of DCM was added. The reaction mixture was stirred for 

10 min at room temperature until the orange solution turned colourless. The reaction mixture 

was concentrated under reduced pressure. The residue was suspended in hexanes, centrifuged 

and the supernatant discarded, which was repeated for five times. The pellet was dried under 

reduced pressure to yield 5.58 g of 52 as a white solid (16.2 mmol, 95% yield).   

 

1H NMR (400 MHz, DMSO-d6) δ (ppm):  12.90 (s, 1H), 7.91 (d, J = 7.5 Hz, 2H), 7.74 (d, J = 7.6 Hz, 

2H), 7.71 (s, 1H), 7.43 (td, J = 7.3, 1.0 Hz, 2H), 7.34 (td, J = 7.4, 1.0 Hz, 2H), 4.34 – 4.30 (m, 2H), 

4.25 (t, J = 8.0 Hz, 1H), 4.13 (td, J = 8.4, 4.3 Hz, 1H), 2.94 – 2.86 (m, 1H), 2.79 – 2.69 (m, 1H). 

13C NMR (400 MHz, DMSO-d6) δ (ppm): 171.9, 156.1, 143.8, 140.8, 127.7, 127.1, 125.3, 120.2, 

65.7, 56.6, 46.6, 25.5. LCMS C18H18NO4S [M+H]+ Calculated: 344.4, [M+H]+ found: 344.4. 
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(2) Synthesis of sodium 2,4,6-trimethoxybenzenethiol (54): 

 

 

 

13.5 g (80.0 mmol, 1 eq.) of 1,3,5-trimethoxybenzene (53) were dissolved in 100 mL of 

tetrahydrofuran and 80.0 mmol (32 mL, 2.5 M, 1 eq.) of n-butyl lithium in hexane was added to 

the solution at 0 °C followed by the addition of a catalytic amount of N,N,N',N'-

tetramethylethylenediamine (1 mL). The reaction mixture was let to warm up to room 

temperature and stirred for 1 h. 2.3 g (72.0 mmol, 0.9 eq.) of elemental sulphur were dissolved 

in 60 mL of toluene at 55 °C and added drop-wise to the reaction mixture. It was stirred for 6 h 

and the reaction mixture quenched by addition of 100 mL of water. The aqueous layer was 

acidified with 1 M aqueous hydrochloric acid (80 mL), extracted with CH2Cl2 (3 × 50 mL), 

washed with water (3 × 50 mL), brine (50 mL) dried (MgSO4) and concentrated under reduced 

pressure. The yellow oil was crystalized at -80 °C and recrystallized from hexanes containing a 

few drops of CH2Cl2 to yield 54 as a crystalline pale yellow solid (9.6 g, 48 mmol, 61%). 

1H NMR (300 MHz, CDCl3) δ (ppm):  6.17 (s, 1H), 3.86 (s, 3H), 3.79 (s, 1H), 3.77 (s, 1H). 13C NMR 

(300 MHz, CDCl3) δ (ppm): 158.7 (s), 156.2 (s), 99.7 (s), 91.2 (s), 56.1 (s), 55.5 (s).  

 

(3) Synthesis of sodium N-(((9H-fluoren-9-yl)methoxy)carbonyl)-S-((2,4,6-

trimethoxyphenyl)thio)-L-cysteine (55): 
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N-chlorosuccinimide was freshly recrystallized from hot water and 2.8 g (20.9 mmol, 1 eq.) of 

the dried crystals suspended in 30 mL of DCM at -78 °C under a nitrogen atmosphere. To this 

4.01 g (20.0 mmol, 1 eq.) of 54 and 6.87 g (20.0 mmol, 1 eq.) of 52 in 40 mL of THF was added 

drop-wise under the exclusion of light. The reaction mixture was stirred at -78 °C for 2 h and 

allowed to warm to room temperature (3-4 h). It was diluted with DCM (200 mL), washed with 

2 M HCl (3x 200 mL), water (200 mL), brine (200 mL), dried using magnesium sulphate and 

concentrated under reduced pressure to give a pale yellow foam. The residue was purified 

using a preparative HPLC system using a gradient of 0-40% MeCN in water. The fractions 

containing product were combined and the solvent removed under reduced pressure to yield 

55 as white powder (5.1 g, 9.4 mmol, 45% yield).  

 

1H NMR (400 MHz, CDCl3) δ (ppm):  7.78 (d, J = 7.5 Hz, 2H), 7.63 (t, J = 7.2 Hz, 2H), 7.41 (t, J = 

7.5 Hz, 2H), 7.32 (t, J = 7.5 Hz, 2H), 6.15 (s, 1H), 6.13 (s, 2H), 4.92 – 4.81 (m, 1H), 4.43 (d, J = 

7.1 Hz, 2H), 4.26 (t, J = 7.1 Hz, 1H), 3.87 (s, 6H), 3.80 (s, 3H), 3.37 (dd, J = 14.1, 3.4 Hz, 1H), 3.09 

(dd, J = 14.3, 8.7 Hz, 1H). 13C NMR (400 MHz, CDCl3) δ (ppm):  163.5, 162.5, 143.8, 141.4, 127.9, 

127.3, 125.2, 120.1, 103.5, 91.2, 67.5, 56.3, 55.6, 54.5, 47.2, 38.0. HR-MS (ESI) C27H28NO7S2 

[M+H]+ Calculated: 542.1307, [M+H]+ found: 542.1308. 

 

2. Peptide Synthesis 

a. Materials 

Low loading rink-amide resin (0.19 mmol/g, ProTide, CEM) was used for the solid phase 

peptide synthesis. Reagents were obtained from commercial suppliers without further 

purification. Fmoc-amino acids (PG)-COOH, N, N, N′, N′-tetramethyl-O-(1H-benzotriazol-1-yl) 

uronium hexafluorophosphate (HBTU), hydroxybenzotriazole (HOBT), triisopropylsilane (TIS), 

3,6-dioxa-1,8-octane-dithiol (DODT), N,N’-diisopropylethylamine (DIPEA), N,N’-

diisopropylcarbodiimide (DIC)  and N,N-dimethylformamide (DMF) were purchased from 

Cambridge Reagents. The spacer Fmoc-NH-(PEG)-COOH (9 atoms) was purchased from 

Novabiochem. Ethyl cyanohydroyiminoacetate (oxyma) was obtained from CEM. For the HPLC-

purification, HPLC grade acetonitrile was obtained from Fisher Scientific and trifluoroacetic 

acid (TFA) from Fluorochem.  
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b. Solid-Phase Peptide Synthesis 

A number of different peptides were synthesised using either manual or microwave assisted 

solid-phase peptide synthesis techniques (Table IV.1). The successful synthesis of the peptides 

was then confirmed by LC-MS analysis (Table IV.2).  

 

Table IV.1 Synthesised, purified and characterised peptides 

Peptide Sequence 

(5mer) GL- Bidi,i+4-NH2 GL-DIIRN-NH2 

Bidi,i+4-NH2 DIIRNIARHLACVGDCIDRSI-NH2 

GL- Bidi,i+4-NH2 GL-DIIRNIARHLACVGDCIDRSI-NH2 

(5)[FAM]-GL-Bidi,i+4-NH2 (5)[FAM]-GL-DIIRNIARHLACVGDCIDRSI-NH2 

Bidi,i+7-NH2  (Cys(STmp)) DIIRNIASCLASVGDCIDRSI-NH2   

Ant-NH2 RQIKIWFQNRRMKWKK-NH2   

(5mer) Ant-NGLG-NH2 MKWKK-NGL-G-NH2 

Ant-NGLG-NH2 RQIKIWFQNRRMKWKK-NGL-G-NH2 

Ant-NCLG-NH2 RQIKIWFQNRRMKWKK-NCL-G-NH2 

Ant-Bidi,i+4-NH2 RQIKIWFQNRRMKWKKDIIRNIARHLACVGDCIDRSI-NH2 

(5)[FAM]-Ant- Bidi,i+4-NH2 (5)[FAM]-RQIKIWFQNRRMKWKKDIIRNIARHLACVGDCIDRSI-NH2 

Pas-Ant-Bidi,i+4-NH2 FFLIPKG RQIKIWFQNRRMKWKKDIIRNIARHLACVGDCIDRSI-NH2 

(5)[FAM]-Pas-Ant- Bidi,i+4-NH2 (5)[FAM]-

FFLIPKGRQIKIWFQNRRMKWKKDIIRNIARHLACVGDCIDRSI–NH2 

Bimi,i+4-NH2 IWIAQELRCIGDCFNAYYARR-NH2 

Baki,i+11-NH2 GCVGRALAAIGDCINR-NH2 

(Peg9)3-Baki,i+11-NH2 (Peg9)3-GCVGRALAAIGDCINR-NH2 

(5)[FAM]-(Peg9)3-Baki,i+11-NH2 (5)[FAM]-(Peg9)3-GCVGRALAAIGDCINR-NH2 

E5-TAT-NH2 GLFEAIAEFIENGWEGLIEGWYGGRKKRRQRRR-NH2 
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Table IV.2 Calculated and observed masses of the synthesised peptides 

Peptide Mass (calc.) / Da. Mass (obsv.) / Da. 

(5mer) GL- Bidi,i+4-NH2 798.92 798.50 

Bidi,i+4-NH2 2352.75 2352.53 

GL- Bidi,i+4-NH2 2522.96 2521.03 

(5)[FAM]-GL-Bidi,i+4-NH2 2881.28 2881.33 

Bidi,i+7-NH2 (Cys(STmp)) 2630.04 2630.80 

Ant-NH2 2245.75 2245.43 

(5mer) Ant-NGLG-NH2 1060.31 1059.55 

Ant-NGLG-NH2 2587.12 2585.17 

(5)[FAM]-Ant-NGLG-NH2 2945.44 2946.00 

Ant-NCLG-NH2 2633.51 2632.60 

Ant-Bidi,i+4-NH2 4581.48 4581.85 

(5)[FAM]-Ant- Bidi,i+4-NH2 4939.80 4941.23 

Pas-Ant-Bidi,i+4-NH2 5384.50 5384.13 

(5)[FAM]-Pas-Ant- Bidi,i+4-NH2 5742.82 5743.08 

Bimi,i+4-NH2 2560.96 2561.35 

Baki,i+11-NH2 1587.87 1586.75 

[PEG]3-Baki,i+11-NH2 2023.09 2022.95 

(5)[FAM]-[PEG]3-Baki,i+11-NH2 2381.41 2379.4 

E5-TAT-NH2 3978.51 3978.36 

 

 

i. Manual Peptide Synthesis 

Fmoc-SPPS was carried out on Rink Amide resin (0.19 mmol g-1 loading, CEM Corporation) at 

0.1 mmol scale using standard techniques. Coupling was performed using 5.0 eq. O-

(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate (HBTU), 5.0 eq. 1-

Hydroxybenzotriazole (HOBT), N,N-Diisopropylethylamine (DIPEA) and 4.0 eq. of amino acid. 

2.0 eq. of the amino acid Fmoc-Cys(STmp)-OH was used during peptide synthesis but under 

double coupling conditions and extended reaction times. Single coupling was performed for 

60 min, double coupling was carried out for 45 min per cycle for arginine and valine and their 
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direct successive amino acids. Fmoc-deprotection was achieved by exposing the resin to 3 mL 

of either a 10% (w/v) piperazine in 1-Methyl-2-pyrrolidinone (NMP)/Ethanol (9:1 (v/v)) + 0.1 M 

1-Hydroxybenzotriazole (HOBt) or a 20% Piperidine in DMF (v/v)-solution for 15 min, twice.  

Following the synthesis, the DMF was washed off the resin using DCM and diethyl ether and 

dried on air. The peptide was cleaved off the resin by stirring it in 92.5 % (v/v) TFA 

(Trifluoroacetic acid), 2.5 % (v/v) water, 2.5 % (v/v) DODT (2,2′-(Ethylenedioxy)diethanethiol), 

2.5 % (v/v) TIS (Triisopropylsilane) for 2-3.5 h at room temperature. The TFA was then blown 

off under a stream of nitrogen, the crude peptide precipitated in ice-cold diethyl ether and 

stored at -20 °C overnight. It was then centrifuged (4000 g, 20 min) and the diethylether phase 

decanted. The precipitate was centrifuged and the supernatant carefully discarded. The crude 

peptide was dissolved in an appropriate mixture of water and acetonitrile before being 

purified by HPLC.  

 

ii. Microwave-Assisted Solid-Phase Peptide Synthesis 

Automated microwave-assisted peptide synthesis was carried out on a Liberty-Blue™ (CEM) on 

a 0.1 mmol scale. 5.0 eq. of Fmoc-protected amino acids (0.2 M in DMF) were used together 

with 10.0 eq. of DIC (1.0 M in DMF) and 5.0 eq. of Oxyma (1.0 M in DMF).  Piperazine (4 mL of 

a 10% w/v)  in NMP/EtOH (9:1 v/v)  with 0.1 M HOBt as an additive were used to remove the 

Fmoc-protecting group. The deprotection was carried out for 1 min at 90 °C. The amino acids 

Val, Leu and Ile were double coupled for 4 min at 90 °C, His-residues were single coupled at 

50 °C and Arg-residues were double coupled at 50 °C.   

 

iii. HPLC Purification 

The peptides were purified by reverse phase high performance liquid chromatography (RP-

HPLC) either on a Dionex or on an Agilent 1260 Infinity HPLC using a Phenomex Gemini C18 

column, 10 µm particle size, 110 Å pore size, 10.0 mm × 250 mm and a YMC-Triart Prep C18-S, 

250 x 10 mm, 10 µm particle size, 120 Å pore size over a linear gradient of 10 % to 95 % 

acetonitrile-water (+0.1% trifluoroacetic acid) over 60 min. The wavelengths at 215 nm, 

280 nm, 360 nm and 450 nm were monitored and the fractions containing potential product 

analysed by LC-MS. The product-fractions were combined and the acetonitrile removed under 
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reduced pressure before being lyophilized. All constructs and peptides were then stored at -

20 °C and constructs sensitive to light were shielded from light using aluminium foil.  

 

c. Peptide Stapling Protocol 

The peptides (0.5 mM) were incubated in Tris-buffer (pH 8.3, 50 mM) containing 0.5 mM TCEP 

and 16 M guanidine hydrochloride for 1 h to ensure that the cysteine residues were reduced. 

The crosslinker (1.5 eq.) dissolved in DMF was added to the solution drop-wise and the 

reaction vessel thoroughly mixed after each addition to avoid local concentration maxima in 

the solution. Further DMF was added to a total volume of 50% to support solubilisation of the 

crosslinker and peptide-constructs. The reaction was left shaking at 45 °C for 16 h and the 

reaction progress monitored using LC(-MS) techniques. More TCEP and crosslinker were added 

when the reaction wasn’t complete after this time and it was let to react for another 6 h.  The 

reaction mixture was further diluted with water, filtered and purified by reverse phase HPLC.  

For the optimised stapling conditions in solution, the peptide was incubated in the stapling 

buffer without any TCEP for 3 h and compressed air was bubbled through the solution to 

oxidise the cysteine-residues. The solution was then degassed to remove any oxygen from the 

solution following the addition of 1.0 eq. of TCEP. Argon was bubbled through the solution to 

minimise the exposure to oxygen and it was let to react until no oxidised peptide could be 

observed by LC(-MS). The crosslinker was added in DMF under an argon atmosphere and the 

reaction mixture was shaken at 45 °C for 16h and the progress monitored using LC(-MS) 

techniques.   

Approximately one tenth of a 0.1 mmol scale of peptides that were still anchored onto the 

resin was taken and transferred into a separate syringe filter. It was crosslinked by selectively 

deprotecting the STmp-protected cysteine-side chains using 3 mL of 5% DTT in DMF (w/v) 

(3x5 min). The resin was washed three times with 5 mL DMF to remove any remaining DTT. 

0.02 mmol of crosslinker were dissolved in 3 mL of DMF and 0.02 mmol of DIPEA was added to 

it. The reaction mixture was transferred to the resin and it was allowed to react overnight at 

room temperature. The crosslinker solution was washed off the resin using three times 5 mL of 

DMF and the Fmoc-group on the N-terminus of the peptide removed as described. The peptide 

was cleaved off the resin as described and analysed by LC-MS analysis.  

37 and 33 stapled peptides that were purified by HPLC and analysed by LC-MS are listed below. 
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Table IV.3 Calculated and observed masses of the stapled and purified peptides 

Construct Mass (calc.) / Da. Mass (obsv.) / Da. 

37-GL-Bidi,i+4-NH2 2976.00 2974.50 

33-GL-Bidi,i+4-NH2 2953.02 2954.04 

33-(5)[FAM]-GL-Bidi,i+4-NH2 3311.34 3310.75 

37-(5)[FAM]-GL-Bidi,i+4-NH2 3334.32 3333.40 

36-Bidi,i+7-NH2 (Cys(STmp)) 2525.87 2529.90 

33-Ant-Bidi,i+4-NH2 5011.54 5011.80 

33-Bimi,i+4-NH2 2991.02 2990.70 

33-Baki,i+11-NH2 2017.93 2017.75 

33-(5)[FAM]-[PEG]3-Baki,i+11-NH2 2811.47 2812.90 

 

d. Enzymatic Ligation Protocol  

The enzymatic ligation of the peptides was carried out using the enzyme OaAEP1, which was 

expressed, purified and activated by Simon Tang (Cardiff University). The samples were 

reacted in sodium acetate buffer (pH 5.0; NaOAc: 0.205 g, NaCl: 0.146 g, EDTA: 0.015 g, TCEP: 

7.17 x 10-6 g in 50 mL) at 37 °C with an OaAEP1 concentration of 100 nM. Peptides were added 

in different ratios with concentrations ranging from 100 μM to 2 mM (10 mM stock solution) 

and the reaction progress monitored by LC-MS at time points ranging from 1 h to 3 h. The 

reactions were quenched by the addition of 10 vol.% HCl at different time points to evaluate 

the progress of the ligation and compared to samples exposed to the same conditions without 

any enzyme. 

 

e. Trypsin Digest 

1 mg of the stapled peptide was dissolved in 1 mL of 50 mM Tris-HCl (pH 8.0) containing 8 M 

urea, 2 mM DTT. The sample was heated to 37 °C for 60 min before the solution was diluted 

using 9 mL of 50 mM Tris HCl (pH 7.8). 1.11 mg of CaCl2 was added to obtain a final 

concentration of 1 mM CaCl2. An aliquot of MS-grade trypsin (Trypsin Gold, Promega) was 
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added to the solution in a protease : peptide ratio of 1 : 20 (w/w) and the solution incubated 

37 °C overnight. The digestion was quenched by addition of 5% (v/v) of formic acid to the 

sample and subsequently analysed by LC-MS. 

 

f. Liquid-Chromatography-Mass-Spectrometry Analysis (LC-MS) 

Liquid chromatography–mass spectrometry (LC-MS) was performed on a 1260 Infinity II from 

Agilent Technologies employing a C18 column; 4.6 mm × 100 mm. Mass-spectrometric data 

were obtained from an attached Agilent 6120 quadrupole ESI mass spectrometer at positive-

ion mode (Agilent). Samples were eluted over a linear gradient of 5% to 95% acetonitrile:water 

(+0.1% formic acid) over 18-45 min (depending on the peptide sequences) with varying flow 

rates depending on the specifications of the used columns. The peptides Ant-Bidi,i+4-NH2 and 

E5-Tat-NH2 and any of their modifications (fluorophore labeled, crosslinked, Pas-sequence 

added) were run with solvents containing 0.1% TFA in order to obtain a better peak shape. 

Over the entire time of the run, the wavelengths 210/215 nm, 280 nm, 360 nm and 450 nm 

were monitored. In some cases, the run was carried out using the diode-array in order to 

obtain the absorption spectra from 200-800 nm. 

 

g. UV/Visible Absorption Experiments and Photoisomerisation 

Ultraviolet absorbance spectra were obtained using a Shimadzu UV-2401PC UV/Vis 

spectrometer coupled to a temperature controlled cuvette holder. Spectra were recorded at 

20 °C unless otherwise stated. Measurements of thermal relaxation rates were carried out by 

measuring the absorbance of the compound at specific time intervals. Dark adapted states 

were obtained by incubation of the constructs in the dark at 60 °C for 16 h. Light-state 

isomerization was achieved using 365 nm light from a UVP Benchtop 2UV transilluminator, 

450 nm and 625 nm light-emitting diodes (LEDs). Samples were irradiated until a steady state 

was reached as determined by UV–vis spectroscopy. Crosslinker were recorded in DMSO and 

the peptides 33-Ant-Bidi,i+4-NH2 and 33-GL-Bidi,i+4-NH2in water and water/acetonitrile (2:1 v/v), 

respectively.  
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3. Biological Methods 

a. Materials 

All chemicals were obtained from Apollo Scientific UK (Cheshire, United Kingdom), Sigma-

Aldrich UK (Poole, United Kingdom), Melford Laboratories Ltd (Suffolk, United Kingdom) or 

Fisher Scientific Ltd (Loughborough, United Kingdom) and were used without further 

purification. Restriction enzymes, Pfu polymerase and T4 ligase were purchased from New 

England Biolabs UK Ltd (Hitchin, United Kingdom). PrimeSTAR polymerase was purchased from 

Takara Bio Europe (Saint-Germain-en-Laye, France). 

 

b. Media Preparation  

i. Lysogeny Broth (LB) 

10 g Tryptone, 

5 g Yeast extract, 

10 g NaCl, 

H2O to 1 L total volume. 

Autoclaved. 

 

ii. Terrific Broth (TB) 

Flask 1: 

12 g Tryptone, 

24 g Yeast extract, 

4 mL Glycerol, 

H2O to 900 mL total volume. 

 

Flask 2: 

2.31 g Monopotassium phosphate , 

12.54 g Dipotassium phosphate, 

H2O to 100 mL total volume. 

 

Both solutions were autoclaved separately and combined at a sterile bench immediately 

before usage.  
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iii. M9 Minimal Media 

10x M9 minimal salts 

71.6 g Na2HPO4, 

30 g KH2PO4, 

5 g NaCl, 

H2O to 1L total volume, 

Autoclaved. 

 

100x Trace elements solution: 

0.3 mM ZnCl2, 

0.7 mM FeCl3 · 6 H2O, 

0.06 mM CuCl2 · 2 H2O, 

0.05 mM MnCl2 · 4 H2O, 

0.03 mM Na2B4O7 · 10 H2O, 

0.006 mM (NH4)6Mo7O24 · 4 H2O, 

H2O to 1 L total volume. 

 

M9 minimal media: 

100 mL M9 salts, 

10 mL sterile-filtered 5% NH4Cl (or 15NH4Cl), 

20 mL sterile-filtered 15-20% D-glucose, 

10 mL trace elements solution, 

0.1 mL sterile-filtered 1 M CaCl2, 

2 mL sterile-filtered 1 M MgSO4, 

H2O to 1 L total volume. 

 

 

c. Antibiotic Stock Preparation 

Antibiotics were freshly prepared as sterile solutions. Solid antibiotics were weighted out and 

dissolved in deionised water (10 mL). Solutions were then filter-sterilised at the sterile bench 
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and the antibiotics then diluted 1:1000 into the media to yield final concentrations of 

100 μg/ml for ampicillin and 45 μg/ml for kanamycin.  

 

d. Agar Plates Preparation 

5 g Tryptone, 

2.5 g Yeast extract, 

10 g NaCl, 

7.5 g Agar, 

H2O to 500 ml total volume, 

Autoclaved, cooled to approximately 50 °C, antibiotic added, mixed thoroughly and poured 

onto sterile plastic Petri dishes. Plates were stored at 4 °C until required.  

 

e. Bacterial Strains 

XL1 Blue and DH5α cell lines were used for cloning and DNA amplification. Bl21 (DE3) and BL21 

AI cell lines were used for protein expression.  

 
 

f. (Super-)Competent Cells 

Transformation buffers (TFB) were prepared, autoclaved and stored at 4 °C prior their use 

(Table IV.4).   
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Table IV.4 Composition of the transformation buffers (TFB) that were used to produce 
competent cells.  

Components TFB I / mM TFB II / mM 

Rubidium chloride 100 10 

Calcium chloride 10 75 

Potassium acetate 30 - 

Manganese chloride 50 - 

3-Morpholinopropane-1-

sulfonic acid (MOPS) 
- 10 

pH 5.8 6.5 

 

 

50 µM of a cell strain were incubated in 50 mL of LB media at 37 °C overnight. No antibiotic 

was used except for XL1-blue cells where the media was supplemented with tetracycline. 

100 mL of fresh LB-media was inoculated with 1 mL of the overnight culture and grown at 

37 °C until an optical density at 600 nm (OD600) of 0.4-0.5 for XL1-Blue and DH5a or 0.9-1.2 for 

BL21 (DE3) cells was reached. Cells were cooled on ice for 20 min and then poured into two 

sterile falcon tubes. The cells were collected by centrifugation (3,400 g, 10 min) and the 

supernatant discarded. The cells were carefully re-suspended in 5 mL of TFB I and combined in 

a single falcon tube. They were incubated on ice for another 15 min and then harvested by 

centrifugation (3,400 g, 10 min). The supernatant was discareded and the pellets gently re-

suspended in 5 mL TFB II. The cell suspension was quickly distributed into aliquots (50 µL) into 

pre-cooled 1.5 mL Eppendorf tubes and flash-frozen in liquid nitrogen. The cells were stored at 

-80 °C until required.  
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g. Agarose Gel 

Tris-acetate-EDTA (TAE) buffer was prepared as a 1 L 50x stock solution (Table IV.5).  
 
  
 

Table IV.5 Recipe for 1 L of 50x stock solution of TAE-buffer. 

Components Mass / Volume 

Tris base 242 g 

Acetic acid 57.1 mL 

0.5 M EDTA (pH 8.0) 100 

 
 
1x TAE buffer was prepared by diluting 20 mL of 50x TAE-buffer in 1 L of water. The gels were 

prepared by suspending 1 g of agarose in 100 mL of 1x TAE buffer and heating in a microwave 

until boiling. 5 µL of SYBR Safe dye was added and the solution poured into a gel casting tray 

(Bio-Rad Sub Cell GT Mini). It was left to set for 30 min at room temperature. The gel was 

submerged in a gel tank (Bio-Rad) using 1x TAE buffer and FastDigest Green buffer (x10, 

ThermoFisher Scientific) was added to the DNA samples. Samples were loaded into gel and it 

was run at 100 V for 40 min. A ChemiDoc Gel Imaging System (Bio-Rad) was used to visualise 

the gels afterwards.   

 

h. Gel Extraction 

Two different buffers were used to extract and purify the DNA from the agarose gel 

(Table IV.6).   

 

Table IV.6 Buffers used for the DNA purification protocol  

QG buffer PE buffer 

20 mM Tris-HCl 10 mM Tris-HCl 

5.5 M Guanidine 

thiocyanate 
80% Ethanol 

pH 6.6 pH 7.5 
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DNA-bands of interest of the agarose gel were cut out using a scalpel and transferred onto a 

weighted 1.5 mL Eppendorf tube. The gel slices were dissolved in QG buffer (300 µL/100 µg 

gel) and incubated at 50 °C for 10 min. 100 µL/100 µg gel of PE buffer was added and 

thoroughly mixed. The mixture was applied to a Quagen Spin Miniprep Column and spun down 

at 16,000 g for 1 min in a Eppendorf benchtop microcentrifuge. The flow-through was 

discarded and it was washed with 750 µL of PE buffer and spun down for another 1 min. The 

flow-through was discarded and the column spun down again to remove any residual PE 

buffer. The column was placed onto a new Eppendorf tube and 50 µL of water was used 

loaded onto the column and spun down for another minute to elute the purified DNA. The 

final concentration was determined by 260 nm absorbance on a Nanodrop 1000 UV Visible 

spectrophotometer (ThermoFisher Scientific). 

 
i. General PCR Recipes, Programmes and Plasmids 

Polymerase chain reactions (PCR) were carried out on parental plasmids and genes. The 

thermophilic polyermase PrimeSTAR was purchased individually and as a 2x MasterMix. The 

plasmids used were taken from the plasmid library of Prof. Allemann; sense and antisense 

oligonucleotides required for the production of the new plasmids were acquired from Sigma-

Aldrich.  

 

Table IV.7 PCR mixture for the polymerase PrimeSTAR 

Components V / µL 
Master 

Mix V / µL 

DNA template (100 ng/µL) 1 1 

Primer FWDa (10 ng/µL) 5 5 

Primer REVb (10 ng/µL) 5 5 

5x Buffer (incl. Mg2+) 10 - 

dNTPc 1 - 

DMSO 2 2 

PrimeSTAR polymerase 0.5 - 

Master mixd - 25 

H2O 25.5 12 

a 
FWD = forward (5’ to 3’). 

b 
REV = reverse (3’ to 5’). 

c 
dNTP = deoxyribose nucleotide triphosphate. 

d
 Master mix 

contains dNTP and the polymerase in the buffer.   
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The PCR-reactions were performed on one of the three available thermocyclers available in the 

laboratory interchangeably: Biometra Thermocycler T-Gradient Thermoblock, Eppendorf 

Mastercycler EP Gradient S thermocycler and Techne Flexigene Thermal Cycler FFG02FSD.  

  

Table IV.8 PCR conditions used on the thermocycler 

Step Temperature / °C Time / s Number of cycles 

Initial denaturation  98 10 1 

Denaturation 98 10  

Annealing 55-62a 5 33 

Extension 72 60/kbpb - 

Final extension 72 600 1 

a
 Annealing temperature depends on the primers TM to the selected plasmid. 

b
 extension time was set around 60 s 

per 1 kilo base pair of the desired PCR product.  

 
 

Oligonucleotides used to copy the Bidi,i+4 sequence:  

 

FWD: GGTAGAGGGTCTCCAGTCCGATATTATCCGTAACATTGCG 

REV: GGTAGAGGGTCTCCATCAAATAGAACGATCGATACAGTCG 

 

The sequence of the plasmid containing His6-GB1-TEV-Bidi,i+4 was confirmed by sequencing 

from the T7 termination site. Sequencing data for the final acceptor-plasmid containing His6-

GB1-TEV-Bidi,i+4 sites: 

 

AAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGGCAGCAGCCATCATCATCAT 

CATCACACTTACAAATTAATCCTTAATGGTAAAACATTGAAAGGCGAAACAACTACTGAA 

GCTGTTGATGCTGCTACTGCAGAAAAAGTCTTCAAACAATACGCTAACGACAACGGTGTT 

GACGGTGAATGGACTTACGACGATGCGACTAAGACCTTTACAGTTACTGAACATATGGAA 

AACCTGTATTTTCAGTCCGATATTATCCGTAACATTGCGCGCCATCTGGCCTGCGTGGGC 

GACTGTATCGATCGTTCTATTTGATAACTCGAGCACCACCACCACCACCACTGAGATCCG 

GCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTA 

GCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACT 

ATATCCGGATTGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGG 

TGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTT 
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TCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGC 

TCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGG 

GTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGG 

AGTCCACGTTCTTTAATACTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCT 

CGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATG 

AGCTGATTTAACAAAAATTTAACGCGAATTTTAACAA 

 

Oligonucleotides used for the introduction of the BsaI-sites in the acceptor plasmid from the 

existing plasmid containing His6-GB1-TEV-Bidi,i+4-tag:  

 

FWD: ATGCCGGATCCGGTCTCCTGATAACtcgagcaccaccacc 

REV: ATGCGGATCCGGTCTCGAATAGAACGATCGATACAGTCGCCCACGC 

 

The sequence of the acceptor plasmid containing His6-GB1-TEV-Bidi,i+4-BSAI-sites was 

confirmed by sequencing from the T7 termination site. Sequencing data for the final acceptor-

plasmid containing His6-GB1-TEV-Bidi,i+4-BSAI-sites: 

 
GAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGGCAGCAGCCATCATCATCATCAT

CACACTTACAAATTAATCCTTAATGGTAAAACATTGAAAGGCGAAACAACTACTGAAGCTGTTG

ATGCTGCTACTGCAGAAAAAGTCTTCAAACAATACGCTAACGACAACGGTGTTGACGGTGAATG

GACTTACGACGATGCGACTAAGACCTTTACAGTTACTGAACATATGGAAAACCTGTATTTTCAG

TCCGATATTATCCGTAACATTGCGCGCCATCTGGCCTGCGTGGGCGACTGTATCGATCGTTCTA

TTCGAGACCGGATCCGGTCTCCTGATAACTCGAGCACCACCACCACCACCACTGAGATCCGGCT

GCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAAC

CCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATT

GGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCG

TGACCGCTACACTTGCCAGC 

 

 

j. Golden Gate Assembly  

During the Golden-Gate assembly, the restriction enzyme BsaI cuts the DNA up-stream from 

the recognition site leading to a 4bp sticky end. Addition of a DNA fragment containing 

complementary sites to this overhang, allows the T4 ligase to join the segments without any 

BsaI recognition sites in the final sequence driving the equilibrium towards the product. The 

reaction mixture was incubated at 37 °C for 1h. The enzymes were deactivated for 5 min at 

50 °C, followed by 80 °C before the mixture was transformed in XL1-Blue cells.  
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Table IV.9 Reaction mixture for the Golden Gate ligation 

Reaction components V / µL 

DNA segment 1 (100 ng/µL) 1 

DNA segment 2 (100 ng/µL) 1 

BsaI 0.5 

BsaI 10x Buffer (incl. Mg2+) 1 

T4 ligase 0.5 

BSAa (x100) 0.5 

H2O Up to 10b 

a 
BSA = Bovine serum albumin. 

b
 Final volume was 10 µL. Volume of water to be added depended on the 

concentration of the DNA segments.  

 

k. Transformation Protocol 

Competent XL1-Blue or DH5α cells were thawed on ice from -80 °C. The plasmid (1 µL for 

plasmids of 100 ng/µL DNA concentration) was mixed with the cells and incubated on ice for 

30 min before being heat-shocked in a 42 °C water bath for 45 s before returned on ice. 1 mL 

of LB-media was added to the cells and the culture shaken at 37 °C for 1 h. The cell-suspension 

was then centrifuged at 3,300 g for 60 s and the supernatant discarded. It was re-suspended in 

100 µL of fresh LB-media and the spread onto agar-plates with the appropriate antibiotic. The 

places were incubated at 37 °C overnight.  

 

l. Protein Expression 

Using a sterile pipette tip, a single colony was picked from the agar plate and used to inoculate 

100 mL of fresh LB media containing the corresponding antibiotic. The suspension was left 

shaking in an incubator at 37 °C overnight and used to inoculate fresh media of choice (5 mL of 

culture per 500 mL of media). The culture was grown to an OD600 of 0.6 and gene transcription 

induced by the addition of isopropyl-β-D-1-thiogalactopyranoside (IPTG, 60 mg per 500 ml 

culture). Expression was carried out at 20 °C overnight and the cells harvested by 

centrifugation (3,400 g, 15 min). The supernatant was discarded and the cell pellets stored at -

20 °C.  

Bacterial expression was carried out in LB/TB medium for the binding studies and in M9 

medium supplemented with 15NH4Cl as sole sources of nitrogen for NMR sample preparation. 
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m. Protein Purification Protocol 

i. Buffers 

The purification of the proteins required different buffer systems (Table IV.10). The pH of the 

buffers was adjusted to the appropriate value using NaOH or HCl solutions.  

 

Table IV.10 Different buffers used for the purification of the proteins 

Lysis buffer I Lysis buffer II 
Ni-NTA elution 

buffer 
Dialysis buffer  

100 mM 
Sodium phosphate 

50 mM Potassium 
phosphate 

100 mM 
Sodium phosphate 

5 mM 
Sodium Phosphate 

500 mM NaCl 300 mM NaCl 500 mM NaCl - 

5 mM β-mercapto-
ethanol 

- 5 mM β-mercapto-
ethanol 

5 mM β-mercapto-
ethanol 

- - Imidazole (5-
500 mM) 

- 

pH 7.5 pH 7.0 pH 7.5 pH 7.3 

 

 

ii. Cell Lysis 

Following one freeze-thaw cycle, the bacterial pellet was re-suspended in lysis buffer I. The 

suspension was supplemented with phenylmethylsulphonyl fluoride (PMSF, 1 mM) and 

lysozyme (0.1 mg/mL) to prevent the degradation of the protein. The cell suspension was kept 

on ice and was lysed by sonication with pulses of 5 s (40% amplitude) and 10 s off for a total 

time of 15 min. The resulting lysate was centrifuged at 38,000 g for 45 min and the 

supernatant containing the protein subjected to Ni-NTA affinity chromatography.  

Proteins fused to a KSI-tag are predominantly located in inclusion bodies. For them, the cells 

were suspended in lysis buffer II and lysed using the same programme. The supernatant was 

discarded and it was stirred in lysis buffer II with 1 M NaCl for 2 h. It was centrifuged (20 min, 

12,000 g) and the resulting pellet dissolved in guanidine hydrochloride (6 M) and stirred over 

night at 4 °C. After centrifugation (30,000 g, 30 min), the supernatant was dialyzed against 5 L 

of H2O twice using a 10 kDa cut off dialysis membrane.  
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iii. Ni-NTA Affinity Chromatography 

A Ni-NTA column was equilibrated with the lysis buffer I before the supernatant of the 

centrifuged lysate was applied. The protein was eluted using a step gradient of increasing 

concentration of imidazole (5, 20, 50, 100, 150, 200, 500 mM) in the Ni-NTA elution buffer. The 

column was washed with 5 CV of each solution and the fractions collected separately. All 

fractions were analysed by SDS-PAGE and the ones containing the protein combined for 

dialysis. The expressed protein Bcl-xL contained a double His6-tag and typically eluted in the 

fractions of 200mM and 500 mM imidazole.  

 

iv. Dialysis 

Combined fractions containing the protein of interest were dialysed twice in 5 L of dialysis 

buffer to remove imidazole from the sample. For the protein Bcl-xL, this was followed by a 

third dialysis to buffer-exchange the protein into buffers appropriate for CD- or NMR-

spectroscopy. Protein samples were dialysed at 4 °C for 8-16 h using a 12-14 kDa membrane. 

Protein samples were then concentrated using either an Amicon® system with a 5.0 kDa cut-

off membrane at 4 °C connected to a nitrogen gas cylinder or a VivaSpin centrifugal 

concentrator (10 kDa).  

 

v. TEV-Cleavage 

The Bidi,i+4-peptide was expressed with a Tobacco Etch Virus (TEV) cleaving site after a His6- 

and GB1-tag. Protein solutions were supplemented with 1,4-dithiothreitol (DTT, 5 mM) and 

TEV-protease (1 mg protease per 100 mg protein) was added to the protein sample. The 

reaction was carried out overnight at 4 °C. The TEV protease contained a His6-tag itself and was 

removed by Ni-NTA chromatography. The cleaved peptide did not contain any His6-tag and 

therefore eluted from the Ni-NTA column in the flow-through.  

 

 

vi. Cyanogen Bromide Cleaving 

Following the dialysis of the KSI-fusion protein against water, the content of the dialysis-

membrane was centrifuged (10,000 g, 10 min) and the precipitate collected. It was solubilized 

using 50 mL of 70% formic acid and transferred into a 500 mL round bottom flask wrapped in 

aluminium foil. 2 g of cyanogen bromide was added and the mixture stirred for 16 h at room 
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temperature under nitrogen atmosphere. It was basified 0.2 M NaOH to open the lactone ring 

and the solvent removed under reduced pressure. The resulting residue was re-suspended in 

an acetonitrile/water mixture (40/60, v/v) containing 0.1% TFA. The suspension was 

centrifuged at 10,000 g for 10 min, the supernatant filtered and subjected to reverse phase 

HPLC purification using a C18 column.  

 

n. SDS-PAGE 

Protein samples were subjected to sodium dodecylsulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) and analysed by comparison against prestained molecular weight markers. The 

gels were cast run using the Mini-PROTEAN system (Bio-Rad). 

 

i. Gel Casting 

Proteins were analysed using resolving and stacking gels (Table IV.11). For the analysis of the 

peptide Bidi,i+4, a 20% acrylamide/bis-acrylamide resolving gel was used. Apart from 10% (w/v) 

APS, all solutions were prepared in advance and stored at room temperature. 

 

Table IV.11 Compositions of the SDS-gels. 

Components Resolving Gel (12%) Resolving Gel (20%) Stacking Gel (5%) 

H2O 3.4 mL 0.65 mL 2.85 mL 

1.5 M Tris-HCl (pH 8.0) 2.5 mL 2.5 mL - 

0.5 M Tris-HCl (pH 6.8) - - 1.25 mL 

Acrylamide/bis-acrylamide 

30% (8% w/v) 
4 mL 6.75 mL 0.85 mL 

SDSa 10% (w/v) 100 µL 100 µL 50 µL 

APSb 10% (w/v) 100 µL 100 µL 50 µL 

TEMEDc 20 µL 20 µL 10 µL 

a 
SDS = sodium dodecylsulfate. 

b
 APS = ammonium persulfate. 

c
 tetramethylene ethylenediamine.   

 

APS was added last to the gel mixtures when prepared as it initiates the gel-polymerisation 

process. Gels were prepared in a Sterelin tube and poured between the gel plates held 

together in a casting gate. Isopropanol was added on top of the resolving gel and any air-

bubbles removed until it had set. The isopropanol layer was removed and the stacking gel 
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mixture (5%) was prepared and poured over the resolving gel. A comb was added into the still 

liquid stacking gel to create the sample wells. The comb was removed when the gel had set 

and fully polymerised (~20 min).  

 

ii. Sample Preparation 

SDS-PAGE loading dye (4x) was prepared in a Sterelin tube, divided into 1 mL aliquots and 

stored at -20 °C until required (Table IV.9). Protein samples were mixed with the loading dye 

(4x) in a 3:1 ratio to a final concentration of 40 µL. The samples were heated to 95 °C for 5 min, 

centrifuged when necessary on a benchtop centrifuge and allowed to cool down to room 

temperature before loading them into the gel wells.  

 

Table IV.12 Recipe for the SDS-PAGE loading dye (4x).  

Reaction components Volume / Mass 

1 M Tris-HCl (pH 6.8) 2 mL 

SDSa 0.8 g 

Glycerol 4 mL 

Bromophenol blue 

(10% w/v) 
10 µL 

β-mercapto-ethanol 4 mL 

a 
SDS = sodium dodecylsulfate 

 

 

iii. Running Protocol and Visualisation 

The gels were fitted in the running chambers, which were filled with 1x running buffer 

(Table IV.13). Samples were loaded into the well and the gels were run at 150 V for 1 h. Gels 

were washed and soaked in warm water three times for 3 min to remove any SDS.  
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Table IV.13 Running buffer (10x) recipe dissolved in 1 L of H2O  

Reaction components Mass per 1 L 

Tris-base 30.3 g 

SDSa 10 g 

Glycine 144 g 

a 
SDS = sodium dodecylsulfate 

 

SDS gel stain was used to visualise the protein-bands following the electrophoresis 

(TableIV.14). Coomassie Brilliant Blue R-250 was dissolved in ethanol and concentrated 

hydrochlorid acid before being diluted in water. Gels were stained for 15 min at room. Water 

was used to de-stain the gels to remove the background of blue stain until the protein-bands 

become clear and visible. The protein bands were imaged on a ChemiDocTM XRS+ gel imager 

(Bio-Rad).  

 

Table IV.14 SDS-gel stain in 1 L of H2O 

Reaction components 
Mass/Volume 

per 1 L 

Coomassie Brilliant Blue 

R-250 
60 mg 

Ethanol 20 mL 

Conc. HCl 2 mL 

 

 

4. Bio-Physical Methods 

a. Circular Dichroism Spectroscopy 

The backbone of each amino acid in a peptide- or protein-structure possesses a degree of 

rotational freedom. Different structural motifs lead to specific rotations of the backbone bonds 

resulting in the distinct absorption of elliptically polarized light. α-helical motifs show negative 

mean ellipticity-values at wavelengths of 208 nm and 222 nm. Circular dichroism spectra were 

recorded in 5 mM potassium phosphate buffer (pH 8.0) and deionised water for the construct 

33-Ant-Bidi,i+4-NH2 in a 1 mm path length cuvette on a Chirascan (Applied Photophysics) 
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spectrometer at 20 °C. The peptide concentration was typically around 100 pM. Mean residual 

ellipticities (in deg cm-2 dmol-1) were auto-zeroed at 300 nm to remove any background noise 

and calculated in according to following equation. 

      
 

     
 

Θ = measured ellipticity [mdeg], n = number of backbone amide bonds, c = concentration in M, l = path length in cm.   

 

The percentage of the α-helical structure was calculated using the mean residual ellipticity [Θ]r 

at the wavelength of 222 nm.  

           
            

           
 

[Θ]r,222 = mean residual ellipticity at 222 nm, n = number of backbone amide bonds. 

 

b. Fluorescence Polarisation Binding Assays 

Fluorophores that are excited by polarised light will emit light with a retained polarisation. 

Tumbling or moving of the fluorophore during this process, however, causes the emitted light 

to be depolarised. The tumbling speed of the molecule depends on the size of the molecule 

with macromolecule moving slower than smaller molecules. Binding of two molecules can be 

monitored by the change in polarised light due to the slower tumbling of the bigger, bound 

complex. This technique is most sensitive when the fluorophore-labelled molecule is small 

compared to the binding partner. FP measures the emitted light in the horizontal and vertical 

plane after excitation with plane-polarized light. The intensities of the light in their respective 

planes are then related to the polarisation. However, anisotropy is often used instead of 

polarisation values and both can be used interchangeably.  

   
     
     

         
     
      

 

P = Polarizaiton, A = Anisotropy, I‖ = Parallel light intensity, I⟂ = Perpendicular light intensity.     

 

The measured anisotropy is the sum of the free fluorescent ligand and the fraction of the 

fluorescent ligand bound to a receptor. 
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AM = Measured Anisotropy, FF = Fraction of free ligand, AL* = Anisotropy fluorescent ligand, FB = Fraction bound 

ligand, AL*P = Anisotropy fluorescent ligand bound to receptor. 

 

The dissociation constant of the binding reaction is defined as the following and the equation 

can be used to describe the concentration of the receptor-ligand complex:  

   
       

      
        

       

  
 

 [PLn] = Concentration of receptor-ligand complex, [P] = Concentration of unbound receptor, n = Number of binding 

sites. 

 

The ratio of the occupied to total receptor concentration is defined in the following equation. 

The concentration of the receptor-ligand complex was described using the dissociation 

constant.  

  
     

          
   

    

        
  

Θ = Ratio of occupied to total receptor, [PLn] = Concentration of receptor-ligand complex, [P] = Concentration of 

unbound receptor, [L] = Concentration of ligand, KD = Dissociation constant, n = Number of binding sites. 

 

Assuming that the receptor was completely unbound before the binding experiment, Θ can be 

described using following equation:  

                 
     

     
 

Θ = Ratio of occupied to total receptor, [PLn] = Concentration of receptor-ligand complex, [P] = Concentration of 

unbound receptor, [P0] = Concentration of receptor (total), n = Number of binding sites. 

 

Subsequently, the Hill-Langmuir equation can be written as following equation: 

 



 

197 
 

 

           
    

        
 

 [PLn] = Concentration of receptor-ligand complex, [P] = Concentration of unbound receptor, [L] = Concentration of 

ligand, [P0] = Concentration of receptor (total), KD = Dissociation constant, n = Number of binding sites. 

 

The total concentration of available receptor [P0] is equal to the maximum specific binding, 

which is often expressed as Bmax. Assuming that only one binding site exists (n =1) to describe 

the receptor-ligand relationship and that non-specific binding interactions are directly 

proportional to the concentration of the added ligand, the observed total binding can be 

described using following function:  

          
 

     
        

Bmax = Maximum specific binding, NS = Factor for non-specific (NS) binding, C = Background signal, KD = Dissociation 

constant. 

 

The fluorescence polarisation (FP) measurements were carried out in 100 mM sodium 

phosphate buffer (pH 7.5) containing 10 mM NaCl. Stock solutions of the peptides were 

prepared and the concentration of the peptides determined by their extinction coefficient of 

the carboxyfluorescein group in 0.1 M NaOH at 492 nm. The peptide-stock solution (typically 

~100 mM) was diluted in the buffer to a total concentration of 10 nM. TCEP was added as a 

reducing agent to the stock solution for non-crosslinked peptides in order to avoid disulfide-

formation. Stapled peptides were thermally relaxed into their thermodynamically preferred 

state by incubating them at 60 °C for 16 h prior the experiment. Light states of the constructs 

were maintained by irradiating the sample every 5 min with an appropriate light source 

for 2 min during the experiment. The protein Bcl-xL was expressed in BL21 (DE3) strain of E. coli 

as described, concentrated using a spin-column and the concentration determined by its 

extinction coefficient at 280 nm. The measurements were carried out on a Perkin-Elmer LS-55 

fluorescence spectrometer at 20 °C where the sample was excited at 495 nm and the 

fluorescence emitted detected at 525 nm. During the experiment, the protein was titrated to 

the fluorophore-labelled peptide in concentrations from 10 nM to 2 µM resulting in a total 

increase in volume of <2.5 vol.% and the changes in fluorescence anisotropy recorded. All 

measurements were recorded in triplicate unless otherwise stated. The background signal of 
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the measurement was removed by subtracting the anisotropy-value of the (5)FAM-labelled 

peptide without any protein (0 nM) from the remaining values. The results were fitted using 

the Hill-Langmuir equation for the specific- and total-binding model on the software GraphPad 

Prism 8.4.3. KD, Bmax and 95% CI-values were obtained from the fit of the software. The 

standard deviation (SD) was calculated using the sample size and t-distribution:  

 

    
√                           

         
 

N = Sample size/number of data points, upper limit – lower limit = values from the 95% CI, tv = t-value as a function 

of the sample size. 

 

c. 15N-Protein NMR  

The protein Bcl-xL was expressed in M9 minimal media supplemented with 15NH4Cl (99 %) and 

purified as described. It was dialysed three times against 5 L of 5 mM NaH2PO4/Na2HPO4 buffer 

(pH 7.3) and concentrated by ultrafiltration to a total concentration of ~ 400 µM. Peptides 

were added in varying concentration depending on the obtained signal but at least to a ratio of 

1:1 (protein:peptide). All NMR samples were supplemented with 5% D2O and recorded at 

298.15 K using a DPX-600MHz spectrometer (Bruker) equipped with QCI-P cryoprobe and 

preamplifiers using a 1H-15N-HSQC pulse sequence. 15N-HSQC peaks for the bound protein-

peptide complexes were evaluated by comparison with the unbound protein and the 

published assignments for the Bcl-xL/37-Ac-Baki,i+11-NH2 complex.212,213 

 

5. Cell Culture Methods 

a. Cell Culture 

Human epithelial carcinoma cell line HeLa (ATCC) was used in cell culture experiments. The 

cells were cultured in Dubecco’s Modified Eagle Medium (DMEM containing phenol red, Fisher 

Scientific) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Fisher Scientific) 

at 37 °C in a 5% CO2 atmosphere.  Cells were passaged at ~80% confluency by detaching them 

from the flask using trypsin (0.25% EDTA, Dulbecco, Fisher Scientific). 10 µL of trypsin was 

applied per 1.0 cm2 of growth area. Cells were washed with phosphate-buffered saline (PBS) 

buffer (10 mM sodium phosphate pH 7.4, 2 mM monopotassium phosphate, 140 mM sodium 
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chloride, 3 mM potassium chloride) to remove any media. It incubated for 5 min at 37 °C in a 

5% CO2 atmosphere and the cells re-suspended in fresh media. The cell suspension was 

centrifuged (1000 rpm, 5 min) on a table top centrifuge, the supernatant discarded and the cell 

pellet re-suspended in fresh media and counted using a hemocytometer. An aliquot of the cell 

suspension was then transferred into a new flask and mixed with fresh media before being 

incubated at 37 °C in a 5% CO2 atmosphere. 

 
 

b. Peptide Delivery Procedure 

Cells were split into 24-well plates (250,000 cells/well) for uptake-experiments and 96-well 

plates (20,000 cells/well) for cell-viability experiments to reach 70-80% confluency. The cells 

were incubated overnight at 37 °C in 5% CO2 atmosphere. The media was removed and the 

cells were washed with PBS buffer. The cells were incubated with the peptide-samples for the 

stated time and concentration in triplicates (in serum free DMEM) to a total volume of 200 µL 

per well for the 24-well plates and 50 µL per well for the 96-well plate. The media was 

removed and the cells were washed three times with 200 µL of a heparin sulfate solution 

(0.5 mg/mL). Excess heparin was washed off using 200 µL PBS buffer before being processed 

for FACS or cell-viability assays.  

Constructs were dissolved in either DMSO or water depending on their solubility properties 

and diluted out into serum free DMEM to a total concentration of 1% DMSO or water, 

respectively. The diluted samples were applied to the cells instantly to minimize precipitation 

of the constructs before administration.   

 

 
c. Fluorescence-Assisted Cell Sorting (FACS) 

The cells were detached from their 24-well plate with 50 µL per well of trypsin for 5 min at 

37 °C and suspended in 450 µL of PBS buffer. The suspension was transferred into a test tube 

to be analysed on a S3e Cell Sorter (Bio-Rad) equipped with a 488 nm, 526 nm and 586 nm 

laser. Fluorescence was collected at 586/48 nm and 526/25 nm, respectively. For each 

experiment, a minimum of 10,000 events were collected in triplicates. Dead cells and debris 

were excluded from the data using gating on a side scatter (SSC) vs forward scatter (FSC) 

graph. The data was analysed on the ProSortTM software (Bio-Rad) and the data plotted using 

Microsoft Excel as geometric mean of fluorescence ± SD.  
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d. Cell Viability Assays 

Cells were incubated with 100 µL of media (DMEM supplemented with serum) lacking phenol 

red overnight at 37 °C in 5% CO2 atmosphere. To measure the cell viability, cells were treated 

with Celltiter® Blue (Promega) for 4 h. The fluorescence was measured at 585 nm on a VICTOR 

X5 Multilabel Plate Reader (PerkinElmer) to determine the cell viability. Untreated cells were 

used as a control and considered 100% viable whereas cells that were incubated with 0.01% 

Trition X-100 were used as positive controls. The data was plotted using Microsoft Excel as 

mean of cell viability ± SD.  
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 Appendix VI.

1. Analysis of Cysteine-Crosslinker by Mass Spectrometry 

48:  

 

 

672.37 g mol
-1

 



 

II 
 

 

2. Proton-NMR Comparison of the Linkers after the Halide Exchange 

36 vs. 38 

 

Calculated 

Observe
d 

DMSO 

Water 

Aliphatic protons: 

36 

38 



 

III 
 

33 vs. 49 

 

3. Analysis of the Produced Peptide by Recombinant Expression  

 

DMSO Water 

Aliphatic protons: 

49 

33 

Diethlyether 

NH
2
-SDIIRNIARHLACVGDCIDRSI-COOH 

Mass: Calc.: 2439.24 Da. 
           Obsv.: 2438.99 Da. 

[M+2H]
2+

 

[M+3H]
3+

 

[M+4H]
4+

 



 

IV 
 

4. Stapling Screening Reaction using the 12-mer Peptide 

Peptide 

(eq.) 

Peptide 

(mL) 

Linker 38 (eq.) Linker 38 ( (μL) Buffer (mL) 

1 0.25 1 5 0.745 

1 0.25 2 10 0.740 

1 0.25 3 15 0.735 

1 0.25 4 20 0.730 

 

Precipitate-sample: Peptide:Crosslinker (1:1) 
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Filtrate-sample: Peptide:Crosslinker (1:1) 

 

 

Precipitate-sample: Peptide:Crosslinker (1:2) 
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Filtrate-sample: Peptide:Crosslinker (1:2) 

 

 

Precipitate-sample: Peptide:Crosslinker (1:3) 
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Filtrate-sample: Peptide:Crosslinker (1:3) 

 

 

Precipitate-sample: Peptide:Crosslinker (1:4) 
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Filtrate-sample: Peptide:Crosslinker (1:4) 

 

 

5. Analysis of the Stapled Bid-Peptide  

37-stapled GL-Bidi,i+4-NH2:  

Calculated mass: 2976.00 Da. Run carried out without any wavelength detection. 

 

 

 

 

 



 

IX 
 

6. Analysis of the Stapled and Fluorescein-Labelled Bid-Peptides 

33- and 37-stapled (5)[FAM]-GL-Bidi,i+4-NH2 

37-stapled peptide: Calculated mass: 3334.32 Da. 
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33-stapled peptide: Calculated mass: 3311.34 Da. 
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7. Analysis of the Stapled Bim-Peptide 

33-stapled Bimi,i+4-NH: 

Calculated mass: 2991.02 Da. 

 

 

 

 

 

 

 

 



 

XII 
 

8. Analysis of the Stapled and Fluorescein-Labelled [PEG]-Bak-Peptide  

33-stapled (5)[FAM]-[PEG]3-Baki,i+11-NH2: 

Calculated mass: 2811.47 Da. 
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9. Analysis of Fmoc-Cys(STmp)-OH by LC-MS 

Calculated mass: 541.6, Observed mass: 541.2. Sample was eluted over a linear gradient of 5% 

to 95% acetonitrile:water (+0.1% formic acid) over 30 min. Signal at 28 min results from 

contamination of the LC-MS system.  

 

10. Protein-NMR Experiments 

[PEG]3-Baki,i+11-NH2 and Bcl-xL 
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GL-Bidi,i+4-NH2 and Bcl-xL 

 

 

11. Cytotoxicity Assay with non-Stapled Bim-Peptide  

Bimi,i+4-NH2: 
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Concentration Bimi,i+4-NH2 / µM 
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XV 
 

12. Cytotoxicity Assay with the CPP  

Ant-NGLG-NH2: 

 

 

13. Cytotoxicity Assay with Precipitated and Stapled Peptide  

 

33-Ant-Bidi,i+4-NH2: 
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Conc. 33-Ant-Bidi,i+4-NH2 (cis) / µM 
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Conc. 33-Ant-Bidi,i+4-NH2 (trans) / µM 


