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2. Abstract 

Protein-protein interactions (PPIs) are key regulators of cellular signaling and represent 

promising yet complex therapeutic targets. Advances in chemical biology and structural 

computational tools now enable the design of molecules to modulate these interfaces. Inspired 

by natural biopolymer folding, aromatic oligoamide foldamers (AOFs) offer synthetically 

accessible, stable helical frameworks with predictable side-chain orientation, making them 

attractive candidates for functional design and drug discovery. 

This thesis presents the design and synthesis of novel building blocks for AOFs, enhancing 

the chemical diversity of the quinoline (Q) scaffold through targeted substitutions at positions 

4, 5, 6, and 4,6. New methodologies enabled the incorporation of diverse biogenic side chains: 

cationic, anionic, polar, and hydrophobic. These new building blocks broaden the capabilities 

of AOFs for biomolecular recognition. Mechanistic studies of solid phase foldamer synthesis 

(SPFS) led to optimised protocols for automated synthesiser, allowing efficient parallel 

production of up to three AOF sequences.  Making use of the newly established protocols and 

biogenic side chains, an AOF was designed and synthesised to randomly recognise a library 

of protein (affitin and affibody), clones were identified and submicromolar binding was 

observed for the racemic Q12 AOF candidate. We discovered an AOF capable of binding two 

structurally distinct protein scaffolds: β-sheet-based (affitin) and α-helical (affibody) selected 

via mRNA and phage display, respectively. Solution studies enabled truncation of the AOF to 

its minimal binding epitope. Notably, the AOF exhibits enantioselective recognition of both 

targets, driven by its intrinsic P-handedness. In an attempt to target the bio-relevant interaction 

between linear di-ubiquitin and the coiled-coil domain of NEMO, AOFs candidates were 

designed to mimic the interaction of the coiled-coil on the surface of the ubiquitin. Each AOF 

incorporated covalent linkers via triphosgene activation and an activated disulphide for site-

specific ligation. Solution-state NMR confirmed local environmental perturbations upon 

ligation, although initial crystallisation attempts were unsuccessful. Modifications to linker 

length and side-chain composition enabled reproducible crystal formation, yet structural 

resolution remained limited due to poor diffraction and asymmetric unit complexity. 

In conclusion, this work highlights the synthetic versatility and functional potential of aromatic 

oligoamide foldamers (AOFs). The integration of diverse biogenic side chains and streamlined 

automated protocols enabled the generation of AOFs with submicromolar affinities for distinct 

protein targets. These findings underscore the promise of AOFs as adaptable molecular tools 

for protein recognition and interface mimicry in biologically relevant contexts.
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3. Introduction 
3.1. Targeting protein surfaces through molecular recognition 

3.1.1. Targeting protein surfaces: a key strategy for modulating 
protein-protein and protein-nucleic acid interactions 

Protein-protein interactions referred as PPIs play a central role in regulating cellular signalling 

pathways, making them highly attractive targets for therapeutic applications. PPIs were often 

considered as challenging or “undruggable”, but recent advances in chemical biology, 

structural analysis, or screening technologies have improved the ability to design molecules 

which can target these interactions. The increasing number of validated PPI modulators has 

shown that targeting protein interfaces is not only feasible but now also showing significant 

attention. Some compounds are even progressing beyond discovery into clinical trials.[1-3] With 

these developments, PPIs have emerged as a promising option for innovative drug design, 

offering new strategies to modulate complex biological processes. 

PPIs take place on the protein surface, known as interface domains. These interfaces can 

form either stable complexes or more transient, dynamic associations, depending on the 

biological context and function.[4] Although hydrogen bonds and electronic interactions are 

important, PPIs are mostly driven by hydrophobic effects.[5] Unlike enzymes, PPIs often lack 

well-defined structural features such as deep binding pockets or clefts that typically guide drug 

design. Because of this, enzyme active sites, though they involve protein interactions, are 

generally not classified as PPIs when it comes to drug discovery efforts. Studies have shown 

that large hydrophobic or uncharged polar residues are more often involved in the interface of 

interaction between proteins. These residues are usually qualified as “hot spots”, whereas 

charged residues are more frequently exposed to the solvent.[6] 

The interfaces are the results of clusters of hot spots residues in close proximity either 

exposed at the surface of the proteins or isolated in pockets. Although tools for prediction have 

become extremely reliable, notably with the recent application of computational protein design 

which got awarded by the Nobel Prize of Chemistry in 2024[7-9], numerous proteins possess 

disordered regions or are completely disordered in solution. It is only upon binding to their 

partner that these proteins are stabilised enough so that they can be studied.[10] More than 

half of the eukaryotic proteome is estimated to consist of natively unfolded proteins, with many 

containing significant intrinsically disordered regions under normal physiological conditions.[11]  

In order to understand PPIs, a range of structural and biophysical techniques can be used. X-

ray crystallography[12] and cryo-electron microscopy (cryo-EM)[13] offer high-resolution 

snapshots of protein complexes, while NMR spectroscopy can reveal binding sites in solution 
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via chemical shift perturbation.[14] To measure binding affinities, isothermal titration calorimetry 

(ITC)[15] and surface plasmon resonance (SPR)[16] are commonly applied. ITC quantifies heat 

changes during binding, making it suitable for soluble, natural proteins, but less reliable for 

hydrophobic ligands or interactions with low enthalpy changes. SPR as well as biolayer 

interferometry (BLI)[17] usually involve immobilised proteins on sensor chips or tips and provide 

reproducible measurements across a wide concentration range. 

3.1.2. Occurrence of PPIs and PNIs in natural systems 

3.1.2.1. Protein-protein interactions 

More than 30% of protein secondary structures are α-helices, making them the most common 

structural motif. Given their abundance, many PPIs involve α-helices, making them a broadly 

relevant and useful scaffold for designing inhibitors.[18] Consequently, if a α-helix is present at 

a PPI interface, a synthetic mimetic that reproduces its key recognition features could serve 

as a competitive inhibitor. A well-known example to illustrate this strategy is the binary complex 

between p53 and hDM2 proteins. The essential p53 transcription factor protein is a tumour 

suppressor protein that is often referred as the guardian of the genome. Under normal 

conditions, the p53 protein levels are evaluated in cell by hDM2/X proteins, which together 

ubiquitinate p53 to trigger its proteasome degradation.[19] Developing molecules that can 

inhibit the p53-hDM2 binary complex formation is therefore a promising strategy for new 

treatments in cancer therapy. Structural studies revealed that the recognition of p5317-29 by 

MDM225-109 involves three helix turns equivalent to twelve residues. The three hot spots 

residues are all located on the same helix face and are hydrophobic in nature: Phe19, Trp23 

and Leu26 (Figure 1). 

 

Figure 1. Crystal structure of MDM2 represented in orange and p53 fragment in blue with the three key residues 
for the binding labelled (PDB#1YCR).[20] 

3.1.2.2. Antibodies and Nanobodies 

Antibodies, also known as immunoglobulins, are secreted by plasma cells in response to 

invading pathogens. Their role is to bind to specific antigens on bacteria or viruses, blocking 
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the infection, tagging them for immune destruction, and promoting their clearance from the 

body.[21] Structurally, an antibody is a large Y-shaped protein (~150 kDa) and consists of two 

identical heavy and light chains. Disulphide bonds are bridging the heavy chains together while 

also linking the light chains to the heavy ones. Both the light and heavy chains possess 

variable regions (VL and VH), which are essential for antigen binding, as well as constant region 

(CL and CH). Antibodies can also be classified into two main parts: the antigen-binding 

fragments (Fab) as well as the crystallisable fragment (Fc). In the Fab region lies the variable 

domain (Fv) which interacts with an antigen. This is the most variable part of an antibody. 

Upon folding, three β-sheets are exposed on the tip of the Y-shaped antibody. These β-sheets 

are the complementarity-determining regions (CDRs) (Figure 2a). These CDRs are in direct 

interaction with antigens, from large surface antigens to smaller ones.[22]  

 

Figure 2. a) Schematic representation of an antibody with its different sections. b) Schematic representation of a 
camelid antibody and X-ray structure of a nanobody (PDB#2XV6). Schematics adapted from Paul. S et al. (2024) 
[22] 

Another class of antibodies, smaller, was discovered 30 years ago in camelids (Figure 2b). 

They consist of heavy-chain only antibodies or hcAbs. They lack light chains and CH1 domains, 

but function through their heavy chains only, leaving these biomolecular architectures with a 
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significant lower molecular weight (~90 kDa).[23] While being smaller, they can bind through a 

single variable domain called VHH or nanobody.[24] Natural nanobodies usually contain one or 

two disulphide bonds, which can enhance stability and binding in some cases. However, these 

bonds are often not essential for proper folding, allowing nanobodies to stay stable and soluble 

even in reducing environments like the cytosol.[25] This makes them ideal for use in intracellular 

targeting or modulation of protein function. 

3.1.2.3. Protein-nucleic acid interactions 

Interactions between DNA and proteins are crucial to numerous cellular processes. This very 

specific class of proteins is referred as DNA-binding proteins (DBPs); known examples are 

transcription factors, histones or DNA polymerases.[26] DBPs can be classified into three main 

categories: 

• Binding via α-helices: leucine zippers or helix-turn-helix motifs 

• Binding via β-sheets: beta-ribbons or immunoglobulin fold 

• Binding via a combination of both: zinc fingers 

A common example of DBPs via α-helices are basic leucine zipper or bZIP. This structural 

motif is composed of two α-helices which interact with each other through hydrophobic 

contacts between leucine residues. Thanks to their stabilising repeating pattern of leucine or 

isoleucine every seventh position, or heptad repeat, the α-helices form a coiled-coil domain, 

and because of this arrangement, the bZIPs function as dimers. The N-terminal region of 

bZIPs are rich in basic amino-acids residues, responsible for DNA recognition and binding. 

When unbound, the basic region of bZIPs is mostly disordered, it is only upon binding DNA 

that one of the helices interacts with DNA base pairs while the other interacts with the 

phosphate backbone and thus folds into an helical arrangement.[27] The transcriptional factor 

GCN4 is a well-studied example of bZIPs; its structure is composed of a leucine zipper 

directing the coiled-coil formation followed by a basic-residues region interacting specifically 

with the major groove of a DNA (Figure 3).[28] 
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Figure 3. a) Basic leucine zipper motif of GCN4 bound to DNA segment (PDB#1YSA). b) Basic region of zipper 
with pink arginine residues highlighted in contact with the phosphodiester backbone. c) Top view of the coiled-coil 
domain with leucine, valine and methionine residues highlighted in purple. d) Side view of the coiled-coil domain. 

While many proteins bind DNA through α-helices, some rely on β-ribbon. It is a common 

feature found in bacteriophage and prokaryotes. A classic example is the TATA-binding 

protein (TBP), which uses β-ribbons to bind the TATA box in DNA. To do this, it bends the 

DNA by 80 degrees, which helps to expose the sequence and makes the binding more 

effective.[29] The HU protein is a small, DNA-binding protein found in prokaryotes which helps 

organise and compact the bacterial chromosome. It binds non-specifically to DNA through β-

ribbons (Figure 4).[30] 

 

Figure 4. a) X-ray structure of Anabena HU-DNA complex (PDB#1P71). b) Top view of the complex exposing the 
DNA sequence. 
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Zinc finger motifs represent about 3% of the human genome. It is a small motif composed of, 

on average thirty amino acid residues. Usually, a zinc cation is coordinating to two cysteines 

and two histidines which stabilises the fold. This motif provides the protein with a specific 

shape that allows it to fit into the major groove of DNA and bind to it.  

One of the first zinc finger discovered was in the transcription factor IIIA of TFIIIA from 

Xenopus leavis oocytes. It was shown that nine tandem zinc fingers motifs recognise 

specifically DNA sequences of the 5S RNA gene (Figure 5).[31-33] Structural data revealed a 

complex between TFIIIA10-188 with six zinc fingers. Fingers 1-3 bind to the major groove of a 

31 bp duplex DNA, fingers 4 and 6 play the role of spacers while finger 5 makes contact with 

bases in the major groove.[34] 

 

Figure 5. X-ray structure of TFIIIA with 6 zinc fingers, in brown are highlighted the residues in contact with the zinc 
cations (PDB#1TF6). 

3.2. Protein-mediated surface recognition 
Identifying protein binders for a specific target remains a central objective in research, but 

achieving this is often challenging and complex. Various technologies and methods have been 

developed and used extensively to achieve this goal. Phage display selection is a well-

established technique first described by George Smith in 1985 and was recognised in 2018 

with the Nobel Prize in Chemistry.[35] 

Phage display selection is a cyclic in vitro process used to identify peptides or proteins (e.g. 

antibodies) that specifically bind to a target molecule (Figure 6). The process starts with the 

expression of a very diverse library by bacteriophages (~1010 individuals) displaying various 

peptides or antibody fragments. These phages convey the genetic material of the unique 

peptides. The library is then incubated with the immobilised target, allowing specific binders 
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to attach. Unbound or weakly bound phages are removed through washing, and the tightly 

bound phages are eluted. These selected phages are amplified in E. coli, and the process is 

repeated for multiple rounds to enrich high-affinity binders. Finally, individual clones are 

screened, sequenced, and characterised for binding specificity and affinity, enabling the 

discovery of target-specific molecules.[36] Among the high-affinity antibody fragments 

discovered using this technique is adalimumab, known for being the first humanised antibody 

approved for clinical use.[37] 

 

Figure 6. Schematic representation of the phage display selection technique. The immobilised target is incubated 
with the phage library, unbound phages are washed away. Phages carrying binders are eluted and can be amplified 
in E.Coli. They are then re-utilised in the next round of selection. 

3.2.1. Mini immunoglobulin-based scaffolds 
Despite their broad usefulness, whole antibodies possess numerous limitations. Their 

structure, which relies on disulphide bonds, renders them unsuitable for expression within the 

reducing environment of the cytoplasm, thereby limiting intracellular applications. 

Furthermore, their relatively large binding sites are not able to access certain hidden epitopes, 

such as enzyme active sites.[38] Only a few kinase inhibitors such as imatinib and the EGFR 

inhibitor lapatinib, exhibit high selectivity. In contrast, most approved kinase inhibitors interact 

with 10 to 100 off-targets, which may include other kinases, enzymes, and even proteins from 

unrelated families.[39] Antibodies are also typically monospecific, which may reduce 

therapeutic versatility. Additionally, they are difficult to produce in microbial systems, often 

requiring costly mammalian cell lines for expression.[40]  

Even if immunoglobulins possess some drawbacks, they are still a natural scaffold for protein 

recognition. Studies demonstrated that out of the twelve CDRs displayed on an antibody, only 

the third CDR of the heavy chain in the variable domain makes large contact surface.[41] These 

findings indicate that it is possible to design antibody-like binding proteins using scaffolds 

smaller than the traditional VH-VL domains (~25 kDa). Smaller scaffolds not only retain binding 
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potential but also fall within the size range compatible with current NMR techniques, making 

structural characterisation more feasible. 

In this sense, several scaffolds derived from the essential part for recognition of antibodies 

were studied. The following scaffolds are all accessible via phage-display selection. The 

fragment antigen-binding region or Fab (Figure 7a) is composed of both constant and variable 

regions of an antibody. While they are still heavy scaffolds (~50 kDa), several therapeutics are 

derived from these scaffolds. For example, abciximab is a FDA-approved drug which acts as 

an antiplatelet.[42] The single-chain variable fragment or scFv (Figure 7b) is an engineered 

fusion between the variable regions VH and VL of an antibody. They are linked with a short 

peptide chain which allows for more flexibility and solubility. The scFv size range is around 25 

kDa. They have shown promising results in cancer gene therapy by improving the specificity 

of gene delivery vectors.[43-44] A smaller category, which was introduced earlier in section 

3.1.2.2, are the nanobodies (Figure 7c). Many researches are currently focusing on 

nanobodies and their potential therapeutic applications.[45] 

 

Figure 7. a) Schematic representation of a Fab with X-ray structure (PDB#8FAB). b) Schematic representation of 
a scFv with X-ray structure (PDB#6J9O). c) Schematic representation of a Nanobody with X-ray structure 
(PDB#2XV6). Notably, the scale of the structures was kept consistent to better illustrate the relative sizes of the 
scaffolds. Schematics adapted from Paul. S et al. (2024) [22] 
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3.2.2. Non-immunoglobulin scaffolds 
Although monoclonal antibodies (mAbs) offer high potency and greater specificity compared 

to small-molecule drugs and can be engineered to bind almost any protein epitope, their large 

size and hydrophilic nature prevent them from accessing intracellular targets. Furthermore, 

their ability to penetrate solid tumour tissue is often limited, which can reduce therapeutic 

efficacy. Several engineered non-antibody scaffolds, on which high-affinity binders can be 

selected are being explored as promising alternatives in cancer therapy. The aim is to 

overcome some of the limitations of antibody-based scaffolds. 

 

Figure 8. a) Structure of an affibody (PDB#3MZW). b) Structure of a monobody (PDB#1TTG). c) Structure of a 
nanofitin (PDB#4CJ2). α-helices are represented in blue and β-sheets in dark red. 

The affibody scaffold is derived from the B domain of Staphylococcal protein A, a small (~6.5 

kDa) three α-helix structure originally involved in binding the Fc region of immunoglobulin G 

(Figure 8a).[46] Researchers engineered a version called the Z domain by synthesising the B 

domain and randomising 13 surface residues in the first two helices to create a library for 

target-specific binder selection via phage display.[47] Recently, researchers have made 

significant progress in developing affibodies that specifically target the Human Epidermal 

Growth Factor Receptor 2 (HER2) for personalised cancer treatment.[48] 

Monobodies are small engineered scaffold based on the fibronectin type III domain, FN3 (~10 

kDa).[49] Fibronectin is a central structural protein made of repeating I, II, and III domains. The 

human FN3 domain possess 15 repeating units. Monobodies are based on the tenth unit of 

human FN3. It is a small, monomeric unit that folds into a β-sheet (Figure 8b) similar to 

antibody VH domains but with seven β-strands instead of nine.[41] Monobodies have been 

developed to target SH2 domains, which mediate central phosphorylated-tyrosine-dependent 

interactions in cell growth and immune signalling. They have shown specificity against SH2 

domains in BCR-ABL, SHP2, and the Src kinase family.[39] 
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The nanofitin scaffold (~7 kDa), also called affitin, is composed of a β-sheet and a short α-

helix (Figure 8c). It originated from the DNA binding protein Sac7d family and was first 

commercialised by the ‘‘Affilogic’’ company.[50] Obtained from a thermophile organism they are 

usually heat resistant proteins. Studies showed the application of a nanofitin combined to a 

dye as a non-invasive imaging agent for HER2-positive tumours. In both in vitro and in vivo 

models, it demonstrated strong binding specificity and affinity for HER2, along with effective 

internalisation into HER2-expressing cancer cells.[51] 

These engineered scaffolds present several advantages compared to mAbs. They are much 

smaller, usually around a tenth of the size of regular mAbs, they do not contain any disulphide 

bridges, which ensures a better recombinant expression yield as well as stability in the 

reducing environment of cells. They also have been designed so that their stability will not 

suffer from mutations. In this sense, they can all be used in phage display selection (even 

ribosome- or yeast- display selections) against targets to find potential strong binders. 

3.3. Synthetic molecules to recognise protein surfaces 
While nature fabricates with defined shape and finely tuned surfaces for molecular recognition, 

synthetic molecules are increasingly being designed to replicate or even surpass these 

bimolecular interactions. Over the past two decades, nucleic acids, α-helix mimics, 

macrocyclic peptides, or molecular glues have emerged as powerful tools to target protein 

surfaces. Each of these synthetic strategies offers a distinct way to mimic natural recognition 

elements or introduce new binding modes. This chapter explores how these molecules are 

engineered to achieve specificity, stability, and functional activity in complex biological 

environments. 

3.3.1. Nucleic acids 
The central role of protein-DNA interactions in the regulation of cell mechanisms has made 

them interesting targets in drug development, gene therapy and biotechnology. By carefully 

adjusting how these molecules interact, it can be possible to regulate gene expression or 

develop innovative treatments. 

A major breakthrough in this field was the discovery of the Systematic Evolution of Ligands by 

Exponential Enrichment or SELEX technique in 1990.[52] This selection method allows for the 

identification of short single-stranded DNA or RNA sequences (usually <100mer) called 

aptamers, which can bind with high specificity and affinity to a particular target (Figure 9). Just 

like other selection methods, the first step consists in the creation of a large, randomised 

library (>1010 sequences), in the case of oligonucleotides, presenting a constant region used 

for amplification afterwards. The entire library is then incubated in the presence of the 

immobilised target of interest. After a first selection cycle, the unbound sequences are washed 
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away while the aptamer-target remains bound. These bound aptamers are, in a second phase, 

detached from the target by elution processes, often by changing salt concentration, pH or 

temperature. They then go through an amplification step either by PCR for DNA or by reverse 

transcription and then PCR for RNA. This step allows for an enrichment of the selected 

aptamers before starting the selection process over multiple times. After each round, the pool 

of selected aptamers is enriched with the highest affinity binders. Once the enrichment is 

sufficient enough, the selected aptamers are sequenced and characterised to quantify their 

binding affinity with the target.[53-54] 

 

Figure 9. Schematic representation of the SELEX technique. The immobilised target is incubated with a diverse 
oligonucleotide library. Bound sequences are separated, amplified by PCR, and reintroduced in repeated cycles to 
enrich for high-affinity binders. 

An early example of a variant of the SELEX technique called the toggle SELEX was introduced 

in 2001.[55] It was developed to generate aptamers, which could recognise homologous 

species of the same protein. The human thrombin is a key enzyme in the blood coagulation 

pathway, making the research of antithrombin therapeutics of great interest to prevent or to 

treat thrombosis. Using the toggle SELEX technique, scientists were able, by alternating 

rounds of selection between human and porcine thrombin, to find aptamers exhibiting high 

affinity for both proteins. One of them showed binding affinity in low nanomolar range for both 

proteins and effectively inhibited clot formation. A truncated derivative of this aptamer 

exhibited tight binding in addition to improved pharmacological properties, supporting its 

therapeutic utility.[55] 

3.3.2. α-Helices 

3.3.2.1. Stabilisation of α-helices 

As mentioned before, α-helices are the most common type of secondary structure in proteins. 

Interestingly, these α-helices regions are often quite short, typically just two to three helical 

turns long, or about eight to twelve amino acids.[56] This structural observation has inspired the 

idea that short helical peptides could be engineered to selectively interact with biological 
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targets. However, when extracted from their native protein context, peptides often lose their 

defined conformation and exhibit high degree of conformational flexibility. Additionally, small 

peptides are typically unstable in biological environments, as they are rapidly degraded by 

proteases. Stabilising peptides in their α-helical conformation could help to address both of 

these challenges by promoting a defined secondary structure and rendering them less prone 

to enzymatic degradation.[57] 

An approach to stabilise peptides consists in using olefin metathesis chemistry to covalently 

bind two side chains.[58] Verdine and his team developed a hydrocarbon-stapled version of the 

p53 transactivation domain using non-natural α-methyl,α-vinyl-disubstituted amino-acid[59] 

with the aim to restore its function in cancer cells. The chemical staple and the methyl groups 

lock the peptide into its native α-helical conformation, enhancing its stability and improving its 

affinity for hDM2. One stapled peptide demonstrated a higher α-helical conformation, stronger 

binding for hDM2 (410 nM for p53 compared to 55 nM for the stapled peptide) and was able 

to efficiently enter cells. In cancer cell models overexpressing hDM2, treatment with the 

stapled peptide reactivated p53-dependent transcriptional pathways and induced apoptosis. 

This work illustrates how α-helix stabilisation can improve both the structural integrity and 

intracellular activity of peptides, offering a promising strategy for targeting intracellular protein-

protein interactions.[59]  

More recently, Arora and his team developed a new approach to stabilise α-helices, the 

Hydrogen Bond Surrogate strategy or HBS. Unlike the stabilisation method presented before, 

which can obscure solvent-exposed recognition surfaces or even eliminate key side-chain 

functionalities, in this strategy the faces of the helix remain accessible. It uses the key 

stabilising intramolecular hydrogen bond network between the carbonyl oxygen of an amino 

acid at the i position and the hydrogen amide of the amino acid residue at the position i+4 in 

a peptide by replacing the hydrogen bond with a carbon-carbon bond synthesised via ring 

closing metathesis (RCM) chemistry.[60] The authors have further demonstrated the power of 

this strategy by targeting the gp41 fusion protein of HIV-1, which is a critical mediator of viral 

entry into host cells. They started by synthesising a peptide version of gp41 containing the 

known hot spot residues described before[61], Trp628, Trp631 and Ile635, for the formation of 

the six-helix bundle of gp41 which drives membrane fusion between the virus and the cell. 

They observed that the 14-residues long peptide did bind weakly with a KD around 37 μM but 

Circular Dichroism (CD) measurement demonstrated that the peptide was only 10% helical in 

nature. By using the HBS strategy and creating a covalent bond between the N-terminus and 

the Trp at i+4, they could not only enhance the helicity of their peptide but also reach similar 

affinity, around 47 μM and by designing and modifying more their peptide, they could obtain 

KD values below 5 μM, proving the strength of their strategy.[62] 



 
INTRODUCTION 

21 
 

3.3.2.2. Mimicry of α-helices 

While the stabilisation of α-helices relies predominantly on natural, biotic amino acids, 

branched or non-natural residues are introduced at defined positions to achieve optimal 

stapling and helix stabilisation. Many α-helix mimicry strategies employ extensive abiotic or 

non-peptide scaffold. The main advantage of these abiotic scaffolds is their inherent biological 

and conformation stability compared to peptides and the possibility to conceive large libraries 

of building blocks since chemistry could be applied easier on abiotic molecules compared to 

natural amino acids. The mimicry of α-helices with abiotic scaffolds does not aim to resemble 

an α-helix but to mimic the projection in space of the natural residues on an abiotic backbone. 

Pioneer in this field, Hamilton used terphenyl scaffolds as non-peptide α-helix mimetics. This 

scaffold was designed to expose side chains on one helical face in i, i+3 or i+4 and i+7 (Figure 
10a). They used these mimics in several PPIs cases and successfully showed the disruption 

of the interaction for example in the case of p53 with hDM2 with the compound 1 (Figure 10b). 

The binding affinity of this compound with hDM2 was determined by fluorescence polarisation 

assay at 0.182 μM.15N-HSQC NMR spectroscopy showed that the aryl compound was strongly 

affecting the residues of hDM2 involved in the binding demonstrating that 1 was indeed 

recognising the surface of the protein in a similar manner as p53. The stronger binding of 1 
can be explained by the addition of a hydrophobic contact in the pocket where normally Trp23 

of p53 lies. [63][64] 

 

Figure 10. a) Terphenyl scaffold introduced by Hamilton with b) Compound 1 exhibiting a binding of 0.182 μM to 
the target protein hDM2. 

These examples highlight how modifying the side chains on the terphenyl scaffold allows to 

selectively target various PPIs, much like natural α-helices, which share a common backbone 

but achieve specificity through diverse side-chain compositions. While terphenyl scaffolds 

have proven to be valuable for mimicking α-helices, it is not without drawbacks. Their 
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hydrophobic character makes it difficult to dissolve in water, and their aromatic structure can 

be challenging to synthesise. To work around these issues, Hamilton mutated some of the aryl 

rings for pyridines, thus creating a terpyridine version which is easier to synthesise and also 

more water soluble, all while still effectively providing the right orientation for the exposition of 

the side chains.[65] 

Later, the group of Wilson developed solid-phase synthesis (SPS) of an amide-based aromatic 

backbone by adapting the conditions developed for solid phase peptide synthesis (SPPS). 

They first synthesised N-alkylated aromatic oligoamides based on N-alkylated Fmoc benzoic 

acid units. Each unit was synthesised to bear hydrophobic, aromatic, and protected cationic 

side chains. The units were pre-activated into acyl chloride using Ghosez’s reagent and 

coupled overnight. Using this method, they were able to synthesise candidates and tested 

their inhibition via fluorescence anisotropy competition titration (FAC) and found for compound 

2 a half maximal inhibitory concentrating value (IC50) of 2.8 μM for p5315-31/hDM2 complex 

compared to 1.2 μM for the native truncated p5315-31 (Figure 11a).[66] Similarly, they also 

worked on 3-O-alkylated oligoamides, using the same benzamide rigid backbone. A new 

series of compounds were synthesised on solid support and assessed for their inhibitory 

properties on hDM2. The authors discovered a promising candidate 3 (Figure 11b) with a IC50 

around 1 μM.[67] However, due to its inherent chemical structure, this candidate was poorly 

water-soluble which led them to design a more water-soluble substitute bearing a “wet-edge”, 

mainly a hydrophilic triethylene glycol chain. This new candidate 4 showed similar value of 

IC50 compared to the previously discovered compound but with a much higher solubility in 

aqueous media (Figure 11b). 

 

Figure 11. a) Structure of compound 2 used as α-helix mimic for the interaction between p5315-31 and hDM2. b) 
Structure of compound 3 and its hydrophilic version 4. c) Structural representation of the segment p53 (on the left) 
from Glu17 to Asn29. Highlighted are hot-spots residues Phe19, Trp23 and Leu26 (shown in Figure 1). On the 
right, model of compound 3 displaying its side chains for α-helix mimicry. Highlighted in dashed green lines on both 
representations are the distances from Cα of Phe19 to Cα of Leu26 and from exo-cyclic oxygen atoms on 3. 
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3.3.3. Macrocyclic peptides 
Linear peptides of middle size are often disordered in water due to their backbone flexibility, 

leading to higher entropic cost upon binding to their biological target. Constraining their 

structure makes binding more efficient and selective. In this context, peptide macrocycles have 

been extensively studied. They offer more rigidity to the backbone which can enhance binding 

affinity[68], resistance to proteolytic degradation[69] and could also lead to a better cell-

permeability.[70] Cyclic peptides can adapt their shape based on the environment. In water, 

they expose polar groups, but in hydrophobic settings like membranes, they change 

conformation to hide these groups. This conformational switch enhances membrane 

permeability and makes them useful for drug delivery.[71] Beyond cyclisation, several chemical 

strategies improve cyclic peptide permeability, such as N-or Cα-methylation, introducing D-

amino acids, or using amide bond isosteres.[72] These modifications enhance stability and help 

peptides to adopt conformations better suited for crossing cell membranes. 

3.3.3.1. Use of peptide macrocycles with non-canonical 
amino acids 

Peptide macrocycles face challenges like poor stability or limited oral bioavailability. To 

address these, non-natural building blocks such as aromatic heterocycles can be incorporated 

to enhance structure and function. Inspired by nature’s own chemical diversity, synthetic 

moieties like triazoles, pyrimidines, and furans have been successfully used to fine-tune the 

properties of macrocycles, expanding their therapeutic potential beyond natural limitations.[73] 

Replacing certain amino acids in peptides with flat, rigid aromatic groups helps lock the 

macrocycle into stable conformations, enabling secondary structures not accessible to short 

linear peptides. These stabilised shapes can mimic natural binding motifs, making them 

effective at targeting PPIs. Such modifications enhance binding affinity, specificity, enzymatic 

stability, and lipophilicity aspects that collectively improve biological performance and cell 

permeability.[74] 

Recently, the group of Heinis has reported that bicyclic peptides can be stabilised by small 

hydrophilic molecules.[75] They explored their previously described method[76], where a small 

C3 symmetrical organic molecule, tris(bromomethyl)benzene (TBMB), was implemented to 

react with selected peptide libraries against a relevant target containing three cysteine 

residues. The cysteine residues are positioned at the N-terminus, the C-terminus and in the 

middle of the peptide sequence. In a later study, they reported new hydrophilic and hydrogen 

bonding small stabilising molecules 1,3,5-triacryolyl-1,3,5-triazinane (TATA) and N,N’,N’’-

(benzene-1,3,5-triyl)-tris(2-bromoacetamide) (TBAB), which can be also tethered to peptide 

sequences bearing three cysteine residues to form bicycles. A cysteine-rich peptide library 
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was developed against human uPa, a protein linked to cancer progression and tissue invasion, 

and the three scaffolds were used to cyclise the selected peptides. Each scaffold yielded 

unique high-affinity binders with distinct sequences, showing that the core unit influences 

peptide structure through specific interactions. X-ray crystal structures confirmed scaffold-

peptide contacts at atomic resolution (Figure 12). 

 

Figure 12. Chemical structure of bicycle UK903 cyclised through three cysteine residues and X-ray crystal structure 
of UK903 interacting with the protein uPa (PDB#4MNY). 

3.3.3.2. m-RNA display selection 

First described in 1997 by Roberts and Szostak[77], mRNA display technique is a very powerful 

in vitro selection technique which links each peptide or protein to its own mRNA, allowing the 

direct identification of high affinity binders for a special target. This technique enables the 

formation of a physical, covalent linkage between each peptide and the mRNA that encodes 

its sequence, allowing for a direct identification of the best binders from massive combinatorial 

libraries often exceeding 1012 variants.  

The process begins by designing and synthesising a DNA library that encodes a diverse set 

of peptide or protein sequences. This library is transcribed in vitro into mRNA, and a special 

chemical linker is added at the 3’ end of each mRNA. This linker includes a puromycin moiety, 

a structural mimic of the 3’ end of tRNA. During in vitro translation, the ribosome moves along 

the mRNA and synthesises the corresponding peptide. When the ribosome reaches the 

puromycin at the end of the mRNA, it incorporates the puromycin into the peptide chain, 

forming a stable covalent bond. This stops the translation and physically links the newly 

synthesised peptide to its mRNA. 

Once the pool of mRNA-peptide fusions is formed, the library is subjected to a selection step. 

The entire pool is exposed to a target molecule such as a protein, a receptor, or a small 

molecule immobilised on a solid support. Only the peptides that bind specifically and strongly 
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to the target remain attached during a series of washing steps, while weaker binders and non-

binders are discarded from the selection. After the first round of selection, the mRNA of the 

bound peptide-mRNA conjugates is recovered and amplified, usually via reverse transcription 

followed by PCR. This enriched library serves as input for the next round of transcription, 

translation, selection, and amplification. Multiple iterative rounds allow for the enrichment of 

the best binders, with increasing strictness applied over successive rounds to favour high-

affinity and highly selective peptides. 

The first use of mRNA display technique was against ATP, the selection used a large library 

of more than 1012 proteins with a length of 80 randomised amino acids. Through iterative 

rounds of binding selections, they enriched for proteins that could bind ATP with high affinity. 

Ultimately, four distinct protein binders were isolated, none bearing resemblance to any known 

proteins demonstrating that folded, functional protein domains can emerge from completely 

random sequences. One particularly successful clone exhibited ATP binding with KD 

~100 nM.[78] 

3.3.3.3. Flexible in vitro translation and RaPID selection 

Flexizymes are engineered flexible acylation RNA enzymes, discovered by Suga in 2003[79], 

they enable the attachment of a wide variety of amino acids including non-canonical ones to 

specific tRNAs. Combined with the FIT (Flexible In vitro Translation) system, they allow the 

precise incorporation of these amino acids into peptides during in vitro protein synthesis.[80] 

Using the mRNA display technique, acylated tRNAs with non-canonical amino acids can be 

incorporated into the translation system by removing specific natural components and 

replacing them with custom ones. The system creates “blank” codons that can be reassigned 

to new amino acids. These tRNAs recognise specific codons on the mRNA through base 

pairing, allowing the ribosome to insert the new amino acid into the growing peptide chain. 

This setup makes it possible to reassign standard genetic codons to custom amino acids, 

expanding the chemical diversity of the resulting peptides with for example D-amino acids[81], 

N-alkylated amino acids[82] or even β-amino acids.[83] Suga and his team developed a method 

to induce spontaneous peptide cyclisation by incorporating a chloroacetamide group at the N-

terminus of the peptide. This electrophilic moiety selectively reacts with the thiol side chain of 

the first downstream cysteine, forming a covalent thioether bond and generating a stable 

macrocyclic structure.[84] 

The RaPID (Random non-standard Peptide Integrated Discovery) system generates vast 

libraries of mRNA-encoded peptide macrocycles by integrating mRNA display with the FIT 

system (Figure 13). This system allows for the creation of a library of peptide macrocycles of 

more than 1012 individuals.[85] An example of this system is its application to the 
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transmembrane receptor plexin B1 (PlxnB1), which regulates bone cell (osteoblast) 

differentiation by interacting with semaphorin 4D (Sema4D). Through this selection, 

Mastunaga et al. identified the macrocyclic peptide PB1m6 which binds PlxnB1 with high 

affinity (KD = 3.5 nM) and inhibited the interaction with Sema4D. Structural studies 

demonstrated that PB1m6 binds a site distinct from where Sema4D normally attaches, 

indicating that the macrocycle acts through an allosteric mechanism to inhibit the receptor.[86] 

 

Figure 13. Schematic representation of the RaPID selection. The RaPID selection begins with a semi-randomised 
DNA library transcribed into a 3’-puromycin mRNA library. Puromycin links the peptide to its encoding mRNA during 
translation in a FIT reaction, producing peptide-mRNA macrocycle fusions. These are reverse transcribed to cDNA 
and screened against an immobilised target. High-affinity peptides bound are eluted, then their encoding DNA is 
recovered by PCR to enrich the library. Repeating this cycle enriches consensus sequences, which are identified 
by next-generation sequencing. 

3.3.4. Molecular glues 
Modulating PPIs initially focused on inhibition, a relatively direct strategy. As mentioned 

before, stabilising PPIs has attracted growing interest due to its unique benefits. Unlike 

inhibitors, stabilisers enhance naturally occurring interactions rather than competing with 

existing binding partners, often requiring lower potency. They also tend to bind to specific, 

transient interfaces formed only when two proteins come together, which can improve 

selectivity and reduce off-target effects.[87] In this sense, using molecular glues to target PPIs 

could make accessible the so-called “undruggable” proteins like transcription factors for 

example. 

Immunomodulatory imide drugs (IMiDs) are small molecule acting like molecular glues and 

protein degraders. Thalidomide, lenalidomide or pomalidomide bind to cereblon (CRBN), 

which serves as the substrate receptor within the CRL4CRBN-E3-ubiquitin ligase complex. 

Petzold et al. showed that lenalidomide redirects this complex to specifically target and 

degrade CK1α, a process that is crucial to its therapeutic action in certain blood cancers. 
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Structural studies showed that the drug creates a neosurface which forces the binding to a β-

hairpin loop of CK1α.[88] This study emphasises the role of a small drug, which acts as a 

molecular glue for the degradation of another protein. Another similar example where IMiDs 

act as molecular glue for the redirection of the ligase to target a new protein is in the presence 

of the Ikaros zinc-finger transcription factors 1 and 3 (IKZF1 and IKZF3). Lenalidomide 

redirects the ligase towards IKZF1 and IKZF3 so that the ubiquitination and degradation take 

place. It is only by the loss of these two proteins that the tumour cell growth can be stopped.[89]  

3.4. Aromatic oligoamides foldamers for protein surface 
recognition 

Protein folding has inspired research to design and build synthetic molecules, which could 

have well-predictable folding features. Seebach introduced β-amino acid oligomers, known as 

β-peptides in 1996, in which each residue contains an additional α-methylene group compared 

to α-amino acids. Although this modification might be expected to increase backbone 

flexibility, β-peptides adopt remarkably well-defined and stable secondary structures, including 

turns, β-sheet-like arrangement, or helices.[90] Gellman in 1998 was the first to introduce the 

term of foldamer.[91] Foldamers can go beyond the limitation of the 20 canonical amino-acids 

that are found in nature. This feature can help providing greater structural diversity and 

versatility. The building-blocks, to synthesise foldamers, can be assembled via a variety of 

chemical strategies allowing for the creation of diverse sequences with predictable folding. 

Foldamer design to mimic natural architectures achieving better predictability while enhancing 

customisability is currently an expanding field in supramolecular chemistry. The field of 

foldamers can be divided into two large categories: biotic and abiotic foldamers. Biotic 

foldamers such as peptoids[92], β-[93], γ-peptides or oligoureas[94] are based on aliphatic 

backbones derived from α-amino acids while abiotic foldamers are often aromatic backbones 

such as pyridine[95], benzene[96] or quinoline[97] and offer higher stability. 

The following chapter will focus on aromatic oligoamide foldamers (AOFs) and mainly those 

based on 8-amino-2-quinolinecarboxylic acid units (Q). 

3.4.1. Generalities on AOFs 
Huc and co-workers first described oligomers based on Q units for the formation of helical, 

stable and with high curvature AOFs.[98] Synthetic strategies for AOFs conception generally 

fall into two categories: solution and solid phase syntheses. While solid-phase synthesis is 

well-established for peptides, it relies on α-amino acids with reactive amine groups, making 

its direct application to less reactive aromatic amines more difficult. In this context, early 

syntheses of AOFs were performed exclusively in solution. Among available methods, acid 
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chloride activation is typically favoured over classical peptide coupling reagents or reactive 

esters, as it better accommodates the low nucleophilicity and hindrance of aromatic amines. 

However, the formation of helical structures during chain elongation significantly reduces 

reactivity after the first helical turn.  

The synthesis of an AOF typically involves repeated deprotection, activation, and coupling 

cycles (Figure 14), often requiring purification after each step, which makes solution-phase 

synthesis labour-intensive and limits its applicability. In contrast, solid-phase synthesis is well-

suited for these targets and has been optimised by the Huc group.[99] For aromatic amines, 

Fmoc-protected Q units are converted to acid chlorides in situ, while standard peptide coupling 

reagents are used for aliphatic amines. Interestingly, the folding of AOFs during synthesis 

becomes advantageous on solid support, as their helical structure protrudes from the resin 

and prevents aggregation, which is a common issue in peptide synthesis. 

 

Figure 14. Synthetic route for the synthesis of AOFs on solid support. First step is to add a monomer to a resin; 
after Fmoc deprotection, the pre-activated monomer can be coupled on the resin-bound amine. Finally, after 
desired synthesis performed, the AOF is cleaved from the resin. 

The helical folding of AOFs is stabilised through the hydrogen bonds connecting each 

monomer unit between each amide bond and the neighbouring endocyclic nitrogen atom 

(Figure 15). The hydrogen bonding along the inner rim of the helix causes a slight contraction 

of the helix, resulting in 2.5 units per turn.[98] That is why a dimer remains planar while a trimer 

bents out of plane due to electrostatic repulsions and adopts a helical structure. Upon 

elongations of the helix, the stability of AOFs is strengthened by hydrogen bonds as mentioned 

before but also via π-π stacking between each quinoline units. AOFs are chiral and are 

necessarily a racemic mixture of right-handed (P) or left-handed (M) conformations. In 

solution, they interconvert between these P- or M- through partially unfolded states. The rate 

of this inversion is influenced by both oligomer length and solvent polarity, with longer 

sequences and more polar solvents generally slowing down the process.[100] 
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Figure 15. Schematic representation of AOF-helix folding upon elongation. Hydrogen bonds are drawn as dashed 
lines, nitrogen atoms are depicted in blue and oxygen atoms in red. The helix above represents a M-helix trimer 
while the bottom one shows a P-helix trimer. 

Q-monomers can be combined with other building blocks, such as 5-methylaminopyridine-2-

carboxylic acid unit (P) or 2-(2-aminophenoxy)-acetic acid unit (B) (Figure 16). The P and B 

units differ from Q monomers by the absence of one aromatic ring but share similar features. 

They are both aromatic δ-amino acids analogues capable of forming the same hydrogen 

bonding pattern and imposing comparable helical curvature. Thus, not altering the overall fold 

of the oligomer. However, the presence of an extra methylene group in P increases backbone 

flexibility which reduces the aromatic stacking area. Incorporating a few P or B units can be 

strategically advantageous, for instance, to minimise steric hindrance when designing 

sequences that interact with protein surfaces. On the other hand, B units have been introduced 

for another purpose, which is helix handedness bias. The aromatic units used to build AOFs 

are achiral meaning, as mentioned before, that each AOF is necessarily obtained as a racemic 

of P- and M- helix. It was previously demonstrated that helix handedness could be biased by 

adding chiral moieties on each termini of an AOF.[101-103] Recently, it was discovered that by 

using a chiral derivative from the B unit (BR/SMe), it was possible to bias the handedness of 

AOFs.[104] This chiral unit possess a stereogenic centre on the carbon atom carrying a methyl 

group with either the (S) or (R) configuration. When this unit is incorporated in the middle of a 

Q-oligomer sequence, the bias towards one handedness is quantitative on an NMR-time 

scale. The (R) configuration bias the handedness towards the M-helix while the (S) 

configuration towards the P-helix. Being able to synthesise chiral AOFs is important especially 

when helices are designed to interact with a desired target. 
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Figure 16. Structure of the different units used to build AOFs. Q is the usual quinoline unit, B lacks the pyridine 
ring while P lacks an aromatic ring. Hydrogen bonds are represented by dashed lines. 

3.4.2.  Peptide-foldamers macrocycle hybrids 
In a previous section, the FIT technique was introduced (section 3.3.3.3). This unique 

technique, enabling the incorporation of non-canonical tRNAs for translation, was introduced 

to AOFs. Rogers et al. demonstrated that the ribosome can initiate translation using AOFs by 

charging them onto tRNAs thanks to flexizymes.[105] In this study, in vitro syntheses of both 

linear and cyclic foldamer-peptide hybrids were performed. It was demonstrated that, for the 

cyclic hybrids, the AOFs, when short and flexible enough, could unfold to fit the exit tunnel of 

the ribosome but refold very fast afterwards while affecting the shape of the peptide. In this 

study, the peptide segment is forced into a stretched and constrained conformation, but it also 

biases the AOF handedness. Spectroscopic analyses such as CD, NMR and X-ray 

crystallography confirmed this mutual conformational influence of the peptide segment and 

the AOF when cyclised and exhibiting a complementary length. Just like regular peptide 

macrocycles, it was demonstrated that these hybrid macrocycles have a significant resistance 

to proteolytic degradation compared to their linear forms.[106]  

Thanks to these foundational works, Dengler et al. sought to adapt mRNA display selection to 

find macrocyclic peptide-AOF binders to target the C-lobe segment of the E6AP HECT 

domain.[107] Using an optimised foldamer-tRNA initiator compatible with ribosomal translation 

and flexizyme, they incorporated foldamers into peptide libraries within the RaPID system. 

Different-length peptide libraries were screened and from these high-affinity binders were 

selected, with one macrocycle showing binding affinity of 28.7 nM to C-lobe domain. X-ray 

crystallography revealed that the foldamer and peptide helices stabilise each other in a stapled 

conformation, enabling precise and strong interactions with the protein surface (Figure 17). 
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Figure 17. X-ray structure of the complex between foldamer-peptide macrocycle and C-lobe (PDB#7QPB). Peptide 
segment is highlighted in brown while the foldamer is coloured in cyan. 

3.4.3.  AOFs as DNA mimics 
Despite advances in drug development, transcription factors, as mentioned before, remain 

hard to target due to their flexible, often disordered structures in absence of their binding 

partner. Traditional small molecules approaches struggle with the dynamicity of these proteins 

as their disordered structures lack defined ligand binding pockets.[108-109] A promising 

alternative is to mimic the structural surfaces of DNA or proteins involved in binding.  

Huc and co-workers have explored how AOFs can be utilised as scaffolds for DNA mimics.[110] 

The starting point was the similarity of some geometric parameters between a single-stranded 

AOF helix and a double stranded B-DNA. The inner aromatic core of an AOF helix spans 

around 9.4 Å (between C4 atoms of contiguous Q rings) which is very close to the B-DNA 

base pair core of around 9 Å (between the purine and pyrimidine N1 atoms).  

However, in poly-Q sequences, two Q units encode for 0.8 turns, resulting in a side-chain 

geometry that does not match the spatial arrangement of phosphate groups in B-DNA. To 

increase curvature, a Q derivative unit with an additional methylene group was introduced: 8-

aminomethyl-2-quinoline carboxylic acid mQ unit (Figure 18). Combined with Q units, the 

resulting (mQQ)n AOF folds with a curvature that resembles B-DNAs rotation per base pair. 

This causes the negatively charged side chains to align in a double helical pattern mimicking 

the phosphate arrangement of B-DNA, including their characteristic groove shapes, albeit with 

a narrower major and wider minor groove than idealised B-DNA. However, each mQQ dimer 

spans 0.9 of a helix turn, which means that each successive dimer in the sequence is rotated 

backward by one-tenth of a helical turn. Due to this backward shift, the surface double helix 
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has opposite handedness to the main chain, meaning that an M-helix AOF displays a P-helical 

array of its side chains, closely resembling the B-DNA topology. 

Overall, the (mQQ)n AOF closely mimics the shape and charge distribution of B-DNA and 

offers increased degree of freedom to form electronic interactions with their exposed 

phosphonate side chains, which can in turn be deprotonated twice, increasing charge density. 

Studies have shown that (mQQ)n AOFs, as DNA mimics, exhibit strong inhibition of HIV-1 

integrase and human Topoisomerase I, with sub-micromolar IC50 values, comparable to or 

better than standard drugs like raltegravir and camptothecin. Their activity depends on 

foldamer length (32 units) and side-chain positioning. Their flexible, modular design enables 

selective interference with protein-DNA interactions without relying on sequence recognition. 

 

Figure 18. a) X-ray crystal structure of (mQQ)8 with appropriate colour code for each monomer unit and its top 
view. b) X-ray crystal structure of a double-stranded B-DNA with its top view. On both structures, the spheres 
represent the phosphorus atoms. c) Chemical structures of phosphonate-bearing Q and mQ monomers. 

Recently, these AOF were used to bind to the chromosomal DNA-binding protein Sac7d.[111] 

Remarkably, the AOF exhibited stronger binding affinity than natural DNA, with clear 

diastereoselectivity favouring one helical enantiomer. X-ray crystallography revealed that, 

unlike DNA which bends upon binding, the AOF retains its own rigid conformation within the 

binding site of the protein (Figure 19a). Loos et al. went further in the mimicry by synthesising 

a chimeric structure where B-DNA and DNA mimic AOF are merged.[112] They developed a 
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novel linker that functions as a hairpin turn in the DNA while anchoring an AOF dimer (Figure 
19b). Importantly, BLI experiments showed that these artificial hairpin duplexes still bind DBPs 

just as well as natural DNA. 

 

Figure 19. a) X-ray structure of DNA mimic AOF (18mer) interacting with two proteins of Sac7D (PDB#8CMN). b) 
X-ray structure of chimera B-DNA with AOF dimer represented in cyan (PDB#8Q60) with linker chemical structure 
highlighted on the right. 

3.4.4. AOFs as α-helix mimics 
As already explained in the previous paragraphs, AOFs are well-behaved, predictable, and 

robust scaffolds. In this context, Huc and co-workers tried to make use of these features for 

α-helix mimicry.  

AOFs composed of Q units naturally adopt a stable helical conformation with approximately 

2.5 residues per turn. Previously, these AOF helices have been sparsely functionalised, with 

side chains mostly introduced at position 4, occasionally at position 5[113-114], but not in position 

6. Upon detailed structural analysis, it was observed that a specific pattern of substitution at 

both the 4- and 6- position of the quinoline rings could reproduce the spatial side-chain 

arrangement found on one face of a α-helix. The curvature of natural α-helices typically ranges 

between the idealised 3.6613 helix (three turns per 11 residues) and the more commonly 

referenced 3.613 helix (five turns per 18 residues).[115] 

By aligning these geometries, it was demonstrated that four side chains from a 3.613 α-helix 

(positions i, i+3, i+4, and i+7) can be closely overlaid to four residues on a Q-AOF, achieving 

a root-mean-square deviation (RMSD) of just 0.70–0.95 Å.[116] Notably, the match can be 

extended to eight side chains, essentially the full interactive face of an 18-residues α-helix. 



 
INTRODUCTION 

34 
 

Interestingly, whereas the peptide presents consecutive side chains, the quinoline helix aligns 

them using residues spaced two units apart, due to its larger helical pitch. 

Even in the idealised 3.6613 helix model, a match with eight α-helical side chains is still feasible 

(to i+8, i+11, i+12, and i+15 for the last four). Although, the match is less precise with an RMSD 

~1.5 Å (Figure 20). Nonetheless, this imperfection remains acceptable given the natural 

variability of both foldamer and peptide geometries, especially under induced fit during binding. 

Further optimisation is also possible by functionalising quinoline units at position 5, offering 

finer control over side-chain projection. While AOFs are bulkier than α-helices and might not 

fit into narrow protein grooves, they are well-suited for mimicking PPIs that involve a single α-

helical interface. 

 

Figure 20. a) Model of a 18mer AOF, side view and top view, green and blue spheres represent Q unit substituted 
in position 4 and 6 respectively. b) Model of a 18mer AOF overlaid with a 3.6613 α-helix, side view and top view, 
green and blue spheres represent Q unit substituted in position 4 and 6 respectively while red spheres show β-
carbons of residues. c) Same models, this time the golden spheres represent Q unit substituted in position 5. d) 
Structure of Q units substituted in 4 (green), 5 (gold) and 6 (blue). 
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4. Objectives 
This thesis presents the design, synthesis, and characterisation of helical aromatic oligoamide 

foldamers (AOFs) capable of interacting with protein surfaces. A new library of building blocks 

bearing proteinogenic side chains was developed and used to optimise solid-phase synthesis 

protocols on an automated system. With these tools, various AOFs were synthesised and 

applied as candidates for protein recognition. 

The guiding objective of section 6 was to develop new strategies and methodologies to 

expand and simplify the synthesis of AOFs. One of the main motivation was the production of 

new building blocks bearing biogenic side chains for protein recognition. Based on recent 

development in the group, 26 novel Fmoc protected quinoline monomers were synthesised. 

These include both mono- and di-substituted units bearing cationic, anionic polar and 

hydrophobic side chains. The diversity of this new library, along with the ability to increase 

side-chain density, was intended to enhance the capacity of AOFs to interact with protein 

surfaces with greater specificity and affinity. In parallel, this work sought to overcome the 

practical limitation that is the labour-intensive and slow process of synthesising long AOF 

sequences. To address this, in situ activation protocols were adapted and optimised on an 

automated system, enabling the efficient and reproducible solid phase foldamer synthesis 

(SPFS) of long AOFs.  

The aim of section 7 was to explore how AOFs can recognise and distinguish between protein 

surfaces, with a deeper goal of designing them into selective molecular tools. The starting 

point for this investigation was the outcome of different selections experiments with the same 

AOF which was able to bind two structurally distinct protein scaffolds: one based on a β-sheet, 

the other on an α-helix. The first goal was to identify which handedness of the AOF was biased 

for the interaction with the proteins and to figure out the binding mode. High-quality crystals of 

both complexes were obtained allowing direct comparisons between binding interfaces and 

revealing recurring features, most notably, the central importance of the hydrophobic aromatic 

cross-section of the AOF. Another key question was how much of the recognition came from 

the side chains of the AOF and how much was simply due to the hydrophobic cross-section. 

Mutations were then introduced on both partners of the interaction. Ala-scan of the protein 

residues randomised during selection confirmed the key amino-acids for the interaction while 

a QGly-scan of the AOF described how individual side chains influenced the interaction. These 

experiments revealed a consistent pattern which is that the cross-section of the AOF played 

the dominant role in the binding, while the side chains acted more like fine-tuners adjusting 

the interaction rather than driving it. With these insights, the next step was to move from 

understanding recognition to actively shaping it. Using the crystallographic data and the 
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mutational analysis, new AOFs variants were designed and synthesised with targeted 

modifications aiming to discriminate the affinity towards one scaffold or the other. This strategy 

led to the identification of mutations that could selectively enhance or weaken binding, 

demonstrating that AOF selectivity can indeed be tuned. 

Section 8 of this thesis focuses on designing AOFs that could mimic the spatial arrangement 

of residues found in biologically relevant complexes, specifically, the linear di-ubiquitin and the 

coiled-coil NEMO. Drawing on recent findings from the group, single-helix AOF candidates 

ranging from 10 to 13 units were modelled to replicate the positioning of α-residues within the 

NEMO coiled-coil. Docking studies explored how different substitution patterns on the 

quinoline core, at positions 4, 5, and 6, could be used to anchor key interacting residues 

between NEMO and the ubiquitin surface. To introduce structural variability, both P- and M-

helices were considered. The stability of each complex was assessed through energy 

minimisation and short molecular dynamics simulations, and only those where the AOF 

candidates maintained stable associations with the protein were selected for synthesis. These 

designs were then translated into actual molecules using the newly developed monomer 

library and optimised protocols for automated SPFS. Chemical ligation of the AOFs to a 

mutated ubiquitin produced stable protein-AOF adducts. NMR studies provided promising 

evidence of interaction with the targeted residues. Significant efforts were devoted to 

crystallisation assays to determine how the AOFs positioned themselves on the protein 

surface. Although initial attempts did not yield diffracting crystals, adjustments to linker length 

and solvent-exposed side chains eventually led to reproducible crystals with diffraction quality 

up to 3.0 Å, though full structural resolution remained out of reach. Returning to the original 

goal, longer AOF candidates were modelled and synthesised for ligation to linear di-ubiquitin. 

Broad crystallisation screening has since been carried out, with the long-term aim of capturing 

the first structural evidence that AOFs can mimic the side-chain arrangement of a coiled-coil. 
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6. Development of a vast library of abiotic aromatic 
building blocks and implementation of automated solid 
phase foldamer synthesis 

 
Thanks to their spatially defined side chain orientation, aromatic oligoamide foldamers, 

composed of 8-amino-2-quinoline carboxylic acid (Q) as monomeric unit, have been recently 

applied to target proteins domains.[111, 117-118] However, the exclusive use of mono-substituted 

monomers in helical AOFs for protein surface recognition or mimicry might find limited 

applications due to low density and dispersed distribution of side chains along the helix axis.  

Due to their structure, the Q units monomers can be considered as δ-amino acids that share 

the same number of backbone atoms as a biotic Gly-Gly dipeptide. Therefore, acquiring the 

ability to install and thus expose two side chains on a single Q unit would allow for an increased 

side chain density on the aromatic helix. This should result into higher biomolecule surface 

contacts and consequently improved binding affinity towards biological targets.  

A novel chemistry, notable relying on palladium-based cross couplings, was recently 

developed, which gave access to novel Q units functionalised in position 4, 5, 6.[113-114, 116] 

Using this methodology, we could successfully expand our building-block library not only with 

Q monomers bearing one side chain but also with di-substituted Q units, resulting in 26 new 

Fmoc-protected monomers including protected cationic, anionic, and polar neutral side chains 

as well as hydrophobic side chains (Figure 1). 

 

Figure 1. Representation of each building block precursor and end position of substitution on the quinoline ring. In 
green, the substitution is in position 4, gold is in 5, blue is in 6 and red is di-substituted monomer in positions 4 and 
6. On the right are represented the side chains introduced on this quinoline derivatives and classified according to 
their common characteristic.  
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Another key synthetic challenge that we turned into a success was the full automation of our 

solid phase foldamer synthesis (SPFS) and the possibility to run several syntheses in parallel. 

Automated solid phase peptide synthesis (SPPS) is nowadays very accessible to any 

laboratory thanks to the variety of instruments available and methods making SPPS a very 

robust and reliable technique.[119-121] The, sometimes, tedious syntheses of long peptides or 

proteins have even proven to be facilitated by using automated flow chemistry.[122-123] Efficient 

solid phase synthesis (SPS) has thus become of an interest for numerous laboratories in 

diverse fields of research. 

Over the years, the Huc group has successfully mastered the concept of SPS to build middle 

to long size AOFs.[99, 124-125] However, the syntheses of long aromatic oligomers have proven 

to be more challenging and time consuming. Moving from the previous use of Ghosez’s 

reagent for acid chloride activation of Fmoc-protected Q-monomers, which required tedious 

dry conditions and short storage, to an in situ pre-activation using the Appel’s reaction 

conditions was already a true improvement in terms of handling and efficiency in SPFS. 

However, for every monomer installation on solid support, a coupling cycle requires a Fmoc 

deprotection step, followed by a coupling step which must be repeated once to guarantee 

quasi quantitative coupling yields and series of resin washings, which makes a coupling cycle 

of about an hour for a well-trained scientist. In the hope of reaching wider surface protein 

target, the foldamer designs had to also get longer, making the synthesis time spent only in 

building the foldamer on solid support not negligible. 

Aiming to make use of the robustness of the in situ SPFS protocols, the Huc group has sought 

a way to automate the production of AOFs by SPS. The Pure-Pep® Chorus peptide 

synthesizer from Gyros Protein Technologies has proven to meet all the requirements for 

SPFS. Not only does this synthesizer offer the possibility of a tandem in situ pre-activation-

reaction vessel but it allows to perform up to three SPS in parallel. 

The different works and results presented in the following publications show the efforts in Q-

monomers synthesis to offer a broader range of biogenic building blocks for AOF synthesis 

with twenty-six new monomers compatible with SPS as well as the development and 

optimisation of the automated SPFS on long aromatic oligoamide foldamers in high purity and 

yield. 
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6.1. Publication: Development of aromatic foldamer 
building blocks bearing multiple biogenic side 
chains 
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6.2.  Supporting information: Development of aromatic 
foldamer building blocks bearing multiple biogenic 
side chains 
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Figure S2. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 2. 
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Figure S4. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 5a. 
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Figure S6. DEPT 13C NMR (125 MHz, DMSO-d6) of compound S1. 
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Figure S8. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 5b. 
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Figure S10. DEPT 13C NMR (125 MHz, DMSO-d6) of compound S2. 
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Figure S12. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 5c. 
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Figure S14. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 5d. 
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Figure S16. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 6a. 
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Figure S18. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 6b. 
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Figure S20. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 6c. 
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Figure S22. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 6d. 
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Figure S26. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 7b. 
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Figure S28. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 7c. 
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Figure S30. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 7d. 
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Figure S36. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 8c. 
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Figure S46. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 9c. 
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Figure S56. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 10c. 
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Figure S62. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 11a. 
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Figure S66. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 11c. 
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Figure S68. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 11d. 
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Figure S70. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 11e. 
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Figure S72. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 12a. 
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Figure S76. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 12c. 
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Figure S78. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 12d. 
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Figure S80. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 12e. 



 
CHAPTER I. DEVELOPMENT OF A VAST LIBRARY OF ABIOTIC AROMATIC BUILDING BLOCKS AND 

IMPLEMENTATION OF AUTOMATED SOLID PHASE FOLDAMER SYNTHESIS 
 

129 
 
 

Figure S82. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 13a. 
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Figure S86. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 13c. 
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Figure S88. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 13d. 
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Figure S90. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 13e. 
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Figure S92. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 13f. 
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Figure S94. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 15b. 
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Figure S96. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 15c. 
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Figure S98. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 16a. 
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Figure S100. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 16b. 



 
CHAPTER I. DEVELOPMENT OF A VAST LIBRARY OF ABIOTIC AROMATIC BUILDING BLOCKS AND 

IMPLEMENTATION OF AUTOMATED SOLID PHASE FOLDAMER SYNTHESIS 
 

139 
 
 

Figure S102. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 16c. 
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Figure S104. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 16d. 
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Figure S106. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 16e. 
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Figure S108. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 17a. 



 
CHAPTER I. DEVELOPMENT OF A VAST LIBRARY OF ABIOTIC AROMATIC BUILDING BLOCKS AND 

IMPLEMENTATION OF AUTOMATED SOLID PHASE FOLDAMER SYNTHESIS 
 

143 
 
 

Figure S110. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 17b. 
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Figure S112. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 17c. 
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Figure S114. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 17d. 
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Figure S116. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 17e. 
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Figure S118. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 19b. 
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Figure S121. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 20a. 
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Figure S124. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 20b. 
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Figure S127. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 20c. 



 
CHAPTER I. DEVELOPMENT OF A VAST LIBRARY OF ABIOTIC AROMATIC BUILDING BLOCKS AND 

IMPLEMENTATION OF AUTOMATED SOLID PHASE FOLDAMER SYNTHESIS 
 

154 
 
 



 
CHAPTER I. DEVELOPMENT OF A VAST LIBRARY OF ABIOTIC AROMATIC BUILDING BLOCKS AND 

IMPLEMENTATION OF AUTOMATED SOLID PHASE FOLDAMER SYNTHESIS 
 

155 
 
 

Figure S130. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 20d. 
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Figure S133. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 20e. 
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Figure S136. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 21a. 
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Figure S138. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 21b. 
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Figure S140. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 21c. 
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Figure S142. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 21d. 
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Figure S144. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 21e. 
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Figure S146. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 22b. 
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Figure S149. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 24a. 
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Figure S151. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 25. 
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Figure S153. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 26. 
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Figure S155. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 27a. 
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Figure S157. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 27c. 
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Figure S159. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 28a. 
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Figure S161. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 28b. 
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Figure S163. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 28c. 
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Figure S165. DEPT 13C NMR (125 MHz, DMSO-d6) of compound 28d. 
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 7.1. Introduction 
 

Proteins are remarkable for their ability to bind other proteins, nucleic acids, or small molecules 

with high specificity. This specificity is the basis of many biological processes and motivates 

efforts in synthetic biology to engineer precise protein assemblies of particular geometry and/or 

function. Artificial assemblies are increasingly generated through engineered protein-protein 

interfaces, de novo design, or the use of synthetic molecules such as molecular glues and 

proteolysis-targeting chimeras (PROTACs).[1-5] However, the precise co-assembly of proteins 

with synthetic molecular objects remains limited by the lack of supramolecular synthons 

capable of providing large, well-defined, and versatile binding interfaces. Here, we present a 

rare case where structurally unrelated proteins, one is a three α-helices bundle, the other is β-

sheet based, converge on the same abiotic target, stereoisomer, and even the same epitope, 

demonstrating a surprising versatility in molecular recognition. 

Recently, our group described a hybrid supramolecular synthon. The complex consists of a 

synthetic aromatic oligoamide foldamer, referred now as AOF (Figure 1c), and a small affitin 

protein (~ 7 kDa and 66 residues). AOFs adopt stable and predictable helical conformations[6] 

and can be synthesised at sizes comparable to small proteins thanks to automated solid-phase 

synthesis.[7] Their surface can be readily functionalised with biogenic side chains resembling 

those of natural amino acids.[8] These features make AOFs promising candidates for engaging 

in extended protein surface recognition. Concurrently, affitins are small engineered proteins 

derived from Sac7d.[9] Their protein scaffold consists of a β-sheet packed against a short α-

helix and is advantageously cysteine-free. They typically exhibit remarkable stability against 

temperature and pH variation.[10] The affitin clone, referred here as C10 (Figure 1a), was 

identified through ribosome display selection against an AOF of similar size, enabling the 

discovery of a foldamer-protein interface that is stable, well-defined yet dynamic, according to 

structural NMR analysis. Thanks to solid state and solution structures, we were able to 

characterise the binding interface between C10 and the AOF, which is essentially due to 

hydrophobic aromatic cross-section of the AOF sitting on the β-sheet of the protein.  

Using this structural information, we sought to use the same dodecaamide AOF candidate to 

discover new protein binders with a different scaffold. We opted for the selection of affibodies, 

which are small, engineered affinity proteins (~ 6.5 kDa and 58 residues) also referred as Z-

proteins derived from the B-domain of Staphylococcus Aureus protein A.[11] They consist of a 

three α-helix bundle and are cysteine-free. Phage display selection was performed against the 

same biotinylated AOF and yielded the identification of an affibody clone, named G02 (Figure 
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1b). Further experiments confirmed the selective binding of G02 for the P-helix of the AOF, 

which was characterised in solution (via CD and BLI) and in the solid state. 

 

Figure 1. (a) Crystal structure of the nanofitin C10 previously selected against AOF 1 with highlighted randomised 
ten residues in pink (PDB#9QDO). (b) Crystal structure of affibody clone selected G02 with randomised thirteen 
residues depicted in purple. (c) Crystal structure of AOF 2 shown from the side, right-handed AOF is represented. 
The crystal contains the left-handed AOF as well. Bond order and hydrogen atoms are omitted for clarity. (d) 
Monomer building-blocks for AOFs synthesised 1-5. Residues are coloured according to the chemical functions of 
their side chains, red for anionic, green for polar neutral, blue for cationic and black for hydrophobic. 

7.2. Results and discussion 

 7.2.1. Phage display selection, characterisation of the selected 
clone and structural comparison with C10 

A dodecaamide biotinylated, AOF 1 (Figure 1d), was synthesised on solid support and 

comprise eight distinct side chains representing anionic, cationic, hydrophobic, and polar 

uncharged functionalities. These side chains were strategically distributed across the different 

faces of the AOF to ensure a chemically diverse environment.[12] AOF 1 was subsequently 

employed as a target in phage display selections against a large affibody clone library. 



 
CHAPTER 2. DECODING AROMATIC HELIX RECOGNITION: α-HELICES VS. β-SHEETS. 

225 
 

Using phage display, a large library of affibody clones was subjected to multiple rounds of 

selection against the immobilised AOF 1 on streptavidin beads. Following the enrichment of 

specific binders, individual clones were screened, sequenced, and characterised, ultimately 

leading to the discovery of the affibody clone G02. It was then recombinantly expressed and 

its thermal stability was assessed via circular dichroism (CD) spectroscopy with a melting 

temperature, Tm of about 60 °C, whereas C10 showed no melting transition between 5 °C and 

95 °C (Figure 2).  

 

Figure 2. Circular Dichroism (CD) spectra of C10 in blue on the left measured at 30 μM in PBS and G02 in orange 
on the right at 5 μM in PBS both measured at 222 nm with heating from 5°C to 95°C. Lines are for guiding the eye 
only, they do not represent a fit. 

The biotinylated AOF 1 exists as a mixture of right-handed (P) and left-handed (M) conformers. 

The stereocenter in the biotin moiety in AOF 1 renders these conformers diastereomers, in 

contrast to enantiomers as in AOF 2. As the initial phage display selection was conducted 

using the racemic AOF 1, determination of the preferential helix-handedness for the interaction 

with G02 was investigated. We recently described the possibility to isolate the P- and M-helices 

of AOF 1 by chiral HPLC in reverse phase.[12] Bio-layer interferometry (BLI) experiments 

revealed that the P-helix of AOF 1 binds to the affibody clone G02 with an apparent dissociation 

constant (KD) of 270 nM (Figure 3a). Concurrently, in the same range of concentration 

screened, no binding could be detected for the M-helix. 

Based on the structural insight in solution obtained by NMR spectroscopy of affitin C10 in 

complex with chiral AOF 3, a C-terminal pentamer variant 4 was synthesised to further 

characterise the interaction with affibody G02. Due to their conformational flexibility, such short 

AOFs can adopt a preferred helical handedness upon binding to their protein target, allowing 

this bias to be detected by CD spectroscopy at wavelengths where the AOF absorbs while the 

protein does not. At 40 μM, pentamer 4 showed a positive CD band induction upon interaction 

with G02 after 1 hour (Figure 3b), consistent with observations made for the C10-AOF 
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complex, which led us to assume a similar binding epitope for both protein scaffold and 

presumably the same mode of interaction via the AOF aromatic cross-section. A biotinylated 

version of this pentamer (5) was then synthesised and showed a KD value comparable to that 

of biotinylated P-Q12 1 in BLI binding assays with G02. 

 

Figure 3. a) BLI sensorgrams of AOF P-1 used as ligand against affibody clone G02 (analyte) in a serial dilution 
from 1000 nM to 15.6 nM recorded in PBS+0.05% Tween 20 + 0.5% BSA buffer at 25 °C. b) CD spectra of affibody 
G02 alone in blue recorded at 40 µM in TBS buffer from 190 nm to 550 nm. In purple is the CD spectra of G02 with 
AOF 4 (1:1) after 1 hour of incubation at room temperature in the same buffer. Positive bands can be seen in a 
region where the protein is CD silent (300 – 450 nm), confirming the bias of 4 towards the P-helix upon interaction 
with affibody clone G02. 

  7.2.2. X-ray crystal structure and characterisation of the binding 

Initial crystallisation trials with G02 and AOF 1 did not produce crystals of sufficient quality, 

likely due to solubility differences between the highly soluble affibody and the AOF. 

Crystallisation attempts were then conducted using an antiparallel coiled-coil construct of G02. 

Incorporating a coiled-coil based on the talin dimerisation domain[13] (PDB#2QDQ), was 

intended to enhance symmetry and facilitate crystal packing. Unlike with C10 coiled-coil dimer, 

co-crystallisation attempts with pentamer 4 remained unsuccessful. To improve aqueous 

solubility, AOF 4 was extended by one QPho unit at the N-terminus, which led to the solid phase 

synthesis of hexamer 6. Using 6, high-quality crystals were obtained, enabling the 

determination of the complex structure between G02CCDi and the AOF (Figure 4). The 

structure revealed that the randomised aromatic residues (W17, W18 and F13) of the affibody 

interact with the C-terminal cross-section of the foldamer. Moreover, several salt bridges were 

observed, notably involving residues E14, R27, and R35. 
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Figure 4. (a) X-ray structure of affibody coiled-coil dimer fusion G02CCDi in complex with foldamer 6. Residues 
randomised are shown in purple. (b) Different views of the interaction of the foldamer with the protein. Contacts are 
marked with dashed green lines while residues of the protein are labelled in purple. 

  7.2.3. Structural comparison with affitin C10 

An interesting aspect of this study is that the AOF candidate, when used as a selection target 

in another campaign with a very different protein scaffold, yielded a β-sheet protein binder that 

engages the foldamer in a binding mode strikingly similar to that of the identified α-helix-based 

affibody clone G02, illustrated in Figure 5. Despite relying on distinct structural scaffolds, both 

proteins recognise the same molecular features of the foldamer, highlighting a potential 

convergence in binding interface architecture across unrelated protein folds.  
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Figure 5. (a). Representation of Q6Pho and Q5Dol units of 6 in contact with residues of G02CCDi above and Q4Orn 
and Q2Asp units below. Interactions are shown as green dashed lines with distances in Å. (b). Representation of 
different views of Q5Pho and Q4Dol of 4 in interaction with residues of C10CCDi (PDB#9QDO). Residues marked with 
* are conserved residues of Sac7d. (c) Overlay of both foldamers-proteins structures. G02 is coloured in orange 
and C10 in blue, similar colour code is used for the two foldamers. (d) Highlight of the flat surface of both proteins 
in interaction with the foldamer binder. 
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  7.2.4. Ala-scan mutagenesis of affibody clone G02 
 

An Ala-scan mutagenesis was conducted on the thirteen randomised residues of the selected 

affibody clone G02. Thirteen individual mutants were expressed and evaluated via BLI using 

biotinylated 5 as the binding partner (section 7.5.3.5.). The analyses identified four residues 

as critical for interaction, including all aromatic positions (F13, W17, W18), as well as R35. 

Mutations at these positions significantly impaired binding affinity. In contrast, substitutions at 

the remaining positions (G9A, L24A, R28A, Q32A, S25A, E14A, and R27A) had minimal 

impact on binding. Notably, the Y10A mutant could not be expressed and was therefore 

excluded from functional analysis. These findings are consistent with the crystallographic data 

obtained for the G02CCDi-6 complex. 

7.2.5. Foldamer mutagenesis study and binding affinity 
 

In a similar manner to the Ala-scan for proteins, we performed a Q-Glycine-scan of the AOF. 

Each quinoline unit of the pentamer 5 was iteratively replaced by a QGly (no substitution on 

position 4 of the quinoline ring) to assess the contribution of the side chains to the binding with 

the clone G02 and C10 respectively. Five new biotinylated AOF sequences (7-11) were 

synthesised. Overall, scanning the side chains did not result in any complete loss of binding, 

which corroborates with the aromatic cross-section binding of the AOFs 1, 4 and 6 to the two 

protein scaffolds. However, a threefold reduction in affinity was observed for G02 upon removal 

of the propanediol side chain at position Q4 and the aspartate-mimicking side chain at position 

Q1. Similarly, removal of the propanediol side chain resulted in a threefold decrease in binding 

to C10 (Table 1). 

Table 1. Determined KD values (in nM) by BLI of QGly mutant against either C10 (on the right) or G02 (on the left).  

 C10 KD (nM)  G02 KD (nM) 
5 118 ± 15  234 ± 28 
7 231 ± 38  230 ± 22 
8 369 ± 52  630 ± 37 
9 198 ± 26  299 ± 40 
10 221 ± 43  377 ± 33 

11 131 ± 19  608 ± 131 

Based on the observed binding affinities and structural insights, targeted mutations of the 

foldamer side chains were introduced with the aim of either enhancing or diminishing binding 

affinity for each protein. Our design strategy sought to create foldamer variants capable of 

discriminating between the two proteins, ideally resulting in selective binding to one while 

minimising interaction with the other protein. To explore these designs, a small library of 
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biotinylated AOFs were synthesised, and their binding affinities for the two protein scaffolds 

were determined using BLI. 

Initially single mutations were introduced on the AOF, six new sequences were synthesised 

(12-17) and their binding affinity towards both proteins were assessed by BLI. Table 2 

summarises the sequences as well as the KD measured. Although the QGly-scan on the fifth 

position showed that this side chain was not critical for the binding to G02, it resulted in a loss 

of a factor two for C10, presumably due to a contact of the first anionic side chain with a 

neighbouring histidine (Figure 6). Guided by the crystal structures of G02 and C10 in complex 

with their respective AOF, featuring a phosphonate side chain in position 5, the aspartate unit 

was replaced with a phosphonate one, leading to the synthesis of 12. This mutation resulted 

in a twofold improvement in binding affinity for C10. In the case of G02, the binding affinity was 

reduced by approximately fourfold, which is a result that may seem unexpected given the 

crystal structure obtained with the same unit positioned identically. However, it is important to 

consider the significant differences in concentration between crystallisation assays and BLI 

measurements, which can influence observed binding behaviour. In this context, the reduced 

affinity could plausibly be attributed to the presence of Y10 and the adjacent -CH₂ group near 

Q6
Pho, which may introduce steric hindrance or alter local interactions unfavourably. 

 

Figure 6. Comparison of interaction on the last unit Q5Pho for C10 on the left in blue and Q6Pho for G02 on the right 
in orange. Interactions are represented by dashed green lines. 

Similarly, the side chain of Q1 was replaced with a phosphonate group (13). The QGly-scan 

binding affinity data at this position indicated that the loss of the anionic side chain reduces by 

a factor of three the binding to G02, likely due to the charged reinforced hydrogen bond formed 

between the aspartate side chain and the arginine R28 (Figure 7). In contrast, both the QGly-

scan and the crystal structure suggest no significant interaction between the side chain at the 

first position and C10, but the mutation resulted in a slight improved binding affinity for C10. 

Exchanging this side chain for G02 did not alter the binding affinity, suggesting that the 

interaction with R28 is likely unaffected by the chemical nature of the side chain, whether it is 
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a carboxylate or a phosphonate. This observation supports the idea that, in this context, both 

substituents provide sufficiently similar charge and geometry to maintain the interaction. 

 

Figure 7. Comparison of interaction on last unit Q1Pho for C10 on the left in blue and on Q2Asp for G02 on the right 
in orange. Interactions are represented by dashed green lines. 

Mutation of the propanediol side chain at the position 4 of the AOF (14) resulted in the most 

pronounced loss of binding affinity for both proteins. However, the role of this side chain in the 

binding is not immediately apparent from either crystal structure. This long, bulky, hydrophobic, 

and polar moiety appears to occupy a hydrophobic cleft in both proteins in a similar manner 

(Figure 8). To further enhance its hydrophobicity, the side chain was replaced with a leucine-

like side chain, which resulted only in a modest change in C10 binding affinity. A similar modest 

change was observed for G02, though in this case with a slight decrease in binding affinity, 

which could be likely attributable to the loss of interaction with R27. 

 

Figure 8. Comparison of interaction on fourth unit Q4Dol for C10 on the left in blue and on Q5Dol for G02 on the right 
in orange. Interactions are represented by dashed green lines.  

In both cases, the hydroxyl side chain appeared to have no significant impact on binding. 

Neither protein possesses residues in the vicinity capable of interacting with an alternative side 

chain (Figure 9). Accordingly, substitution with an aspartate-like group (15) provided no 

appreciable change in C10 binding affinity. The mutation from a hydroxyl to a carboxylate side 

chain at this position enhanced the binding affinity by nearly twofold. A plausible explanation 
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lies in the proximity of R35, which, although observed in the crystal structure to interact with 

the carboxylate of Q6
Pho, may not always maintain this contact in solution. In such a scenario, 

the presence of the aspartate side chain could help retain partial interaction with R35, thereby 

preventing its complete dissociation from the AOF and contributing to the improved affinity. 

 

Figure 9. Comparison of interaction on third unit Q3OH for C10 on the left in blue and on Q4OH for G02 on the right 
in orange. 

QGly-scan analysis indicated that the QOrn side chain contributes to the binding with G02, a 

result supported by the crystal structure, which reveals a charged reinforced hydrogen bond 

with E14. This trend was not reproduced in the Ala-scan. Structural inspection of the 

surrounding region shows the essential residue W18 for the binding to G02 in proximity of QOrn, 

while in C10, the nearby F25 could also be within reach (Figure 10). To exploit these potential 

aromatic contacts, the cationic side chain was replaced with a tyrosine-like side chain (16). 

However, BLI measurements showed no improvement in C10 binding affinity, the same 

mutation led to an almost fourfold decrease in affinity towards G02. This contrast suggests that 

the mutation may serve as a useful tool for discriminating binding behaviour between the two 

protein targets. 

 

Figure 10. Comparison of interaction on second unit Q2Orn for C10 on the left in blue and on Q3Orn for G02 on the 
right in orange. Interactions are represented by dashed green lines.  

In an effort to identify another diverging mutation, we substituted the anionic side chain at the 

C-terminus, which is engaged in binding with C10 but not with G02. In the context of C10, the 



 
CHAPTER 2. DECODING AROMATIC HELIX RECOGNITION: α-HELICES VS. β-SHEETS. 

233 
 

phosphonate group forms a charge-reinforced hydrogen bond with the adjacent H27 (Figure 
6). This residue was replaced with a positively charged diaminopropionic acid (Dap) moiety 

(17), a change anticipated to introduce electrostatic repulsion and reduce binding affinity. 

Consistent with this prediction, binding to C10 decreased approximately fourfold. Affinity 

towards G02 was also affected, though to a lesser extent, with only a modest decrease 

observed. These results suggest that this mutation may serve as another useful discriminator 

between the two protein targets, offering a potential strategy for selective binding modulation. 

Table 2. Determined KD values (in nM) by BLI of pentamers mutant against either C10 (on the right) or G02 (on the 
left). 

 C10 KD (nM)  G02 KD (nM) 
12 48.2 ± 0.4  922 ± 17 
13 64.9 ± 0.6  286 ± 1.7 

14 87.3 ± 0.8  302 ± 2.9 

15 140 ± 1.1  113 ± 0.7 

16 143 ± 7.0  911 ± 49 

17 426 ± 3.4  352 ± 1.8 

Building on these results, we initiated the design of new pentamers incorporating multiple side 

chain mutations to investigate whether the effects observed with individual substitutions are 

reproducible or potentially additive, which is an outcome not typically seen with peptides. 

Ultimately, our goal is to determine whether, based on our crystal structures and molecular 

design strategies, it is possible to discriminate interactions between these proteins and a 

specific pentamer sequence. Several pentamers have already been synthesised, and 

additional candidates are currently being prepared. Their binding affinities will be 

systematically measured against G02 and C10 in order to assess the selectivity and 

robustness of scaffold-sequence recognition. 

7.3. Conclusion and perspectives 

In conclusion, our study described the discovery of a AOF with the ability to bind two different 

scaffolds based on either β-sheet (C10) or α-helices (G02) coming from different display 

selection methods (mRNA and phage). Thanks to solution study on C10, we were able to 

truncate the AOF to its binding epitope. We discovered that the AOF binds both proteins in an 

enantioselective manner, with its P-handedness, thanks to CD measurements using AOF 4, 

achiral and dynamic pentamer. Crystals of high quality from G02CCDi-6 complex were 

obtained and diffracted up to 2.7 Å. Thorough structural investigations of both protein surfaces 

revealed striking similarities in the binding mode with the AOF. The hydrophobic cross-section 
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of the AOF plays a major role in the interaction towards C10 via the hydrophobic patch made 

of V32 and L45, while G02 possess two aromatic residues F13 and W17 which stacks perfectly 

with the two last Q units of the AOF. Ala-scan of G02 demonstrated the necessity for the 

binding of the presence of the aromatic residues F13, W17 and W18, on the first helix of the 

bundle, but also of R35, located on the second helix.  

In an attempt to potentially find a diverging design, we performed a Gly-scan of the AOF, which 

essentially is the same concept as an Ala-scan but on the AOF, by replacing iteratively each 

side chain by a hydrogen atom and measuring the resulting binding affinity with each protein. 

These experiments confirmed the structural data already obtained, that is the cross-section is 

the hotspot for the interaction while the side chains are moderately important for the binding. 

Still, removal of Dol side chain on Q4 decreased the binding affinity threefold for C10 and G02 

respectively. Interestingly, removal of Orn side chain in Q3 induced the same effect on G02. 

Guided by these findings and the insights from two crystal structures, we synthesised several 

new series of AOF variants, each bearing a single mutation in their sequence. The aim was to 

design AOFs capable of discriminating between C10 and G02 by selectively enhancing or 

reducing binding affinity toward one protein over the other. This approach led to the 

identification of several side chains that bias binding in a protein-specific manner. For instance, 

replacing the C-terminal QAsp with QPho proved highly detrimental for G02, resulting in a fourfold 

decrease in binding affinity, while simultaneously benefiting C10. Similarly, substituting QOrn 

with QTyr had no measurable impact on C10 binding but significantly impaired interaction with 

G02, again with a fourfold reduction in affinity. The only mutation that led to a substantial loss 

of binding for C10 was the replacement of the C-terminal QAsp with a positively charged QDap 

side chain, which had only a modest effect on G02 binding. 

Building on these results, a new series of targeted mutations has been planned, leading to the 

synthesis of additional pentamer sequences. Their binding affinities will be evaluated and 

reported in due course. These efforts represent a promising step toward the rational design of 

AOFs with tailored selectivity. 
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7.4. Supporting information: chemical synthesis 

 7.4.1. Materials 

All chemicals were purchased from commercial suppliers (Sigma-Aldrich, Fisher Scientific, 

IRIS Biotech, ABCR) and used without further purification unless stated otherwise. Low loading 

(LL)-Wang resin was purchased from Merck-Novabiochem. Solvents were purchased from 

Fisher Scientific (cyclohexane, ethyl acetate, dichloromethane (DCM), methanol, 

tetrahydrofurane (THF) and acetone, analytical grade), IRIS Biotech (N-methyl-2-pyrrolidinone 

(NMP)) or Carlo Erba (N,N-dimethylformamide (DMF), peptide grade) and used without further 

purification. Anhydrous DCM and THF were obtained from a SPS-800 Solvent Purification 

System (MBraun). N,N-diisopropylethylamine (DIPEA), NEt3 and CHCl3 were freshly distilled 

over CaH2 prior to use. HPLC grade acetonitrile (MeCN, Fisher Scientific) and ultra-pure water 

(Omnia xstouch Blueline, Stakpure system) were used for RP-HPLC analyses and purification. 

LCMS grade MeCN (Fisher Scientific) was used for LCMS analyses.  

7.4.2. General methods for HPLC analysis and purification, LCMS 
and NMR analyses 

RP-HPLC analyses were performed on an Ultimate 3000 HPLC system (Thermo Fischer 

Scientific) equipped with an UV diode array detector, monitoring absorbance at 254 nm and 

300 nm if not stated otherwise, using a Nucleodur C18 Htec (4.6 × 100 mm, 5 μm, Macherey-

Nagel). For acidic RP-HPLC analyses, 0.1% trifluoroacetic acid (TFA) in water (solvent A) and 

0.1% TFA in acetonitrile (solvent B) were used as the mobile phase at a flow rate of 1 mL/min. 

All the RP-HPLC analyses were run at 50 °C. For basic RP-HPLC analyses, the mobile phase 

was composed of 12.5 mM TEAA in water at pH 8.5 (A) and 12.5 mM TEAA in water: 

acetonitrile mixture (1:2, v/v) at pH = 8.5 at a flow rate of 1mL/min. 

Semi-preparative RP-HPLC was performed on an Ultimate 3000 HPLC system, using a 

Nucleodur C18 Gravity column (10 × 250 mm, 5 μm, Macherey-Nagel) at a flow rate of 

5 ml/min. The same solvent composition to the analytical conditions was used either in acidic 

or basic mode. 

LC-MS analyses were recorded on an Ultimate 3000 HPLC system, coupled to a micrOTOF II 

mass spectrometer (Bruker Daltonics) with electron spray ionization (ESI). The LC column 

used was a Nucleodur Gravity Ec column (2 × 50 mm, 1.8 mM, Macherey-Nagel). All LC 

analyses were run at 50 °C. The MS spectrometer was calibrated, prior to analysis, in positive 
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and negative mode by direct infusion of an ESI-Low Concentration Tuning Mix (Agilent 

Technologies). 

1H-NMR spectra were recorded on Avance III HD 500 MHz BioSpin spectrometer (Bruker). All 

chemical shifts are reported in ppm and calibrated against residual solvents signals of CD3CN 

(δ = 1.94 ppm) and DMSO-d6 (δ = 2.50 ppm). NMRs recorded in CD3CN/H2O (1:1; vol/vol) 

were performed with water suppression with excitation sculpting using the zgesgp pulse 

sequence from the Bruker pulse sequence library. Signal multiplicities are reported as s, 

singlet; d, doublet; t, triplet; q, quartet; dd, doublet of doublet; and m, multiplet. Coupling 

constants (J) are reported in Hz. Data were processed on MestReNova v.12.0. 

  7.4.3. Generalities on solid phase foldamer synthesis (SPFS) 

 

All protected Fmoc-QXxx(PG)-OH and Fmoc-3-Amb-OH monomers (shown above) used for the 

solid phase synthesis of the oligomers were prepared following reported synthetic protocols. 
[14-20]  

SPFS was performed following recently reported conditions using a PurePep® Chorus peptide 

synthesiser (Gyros-Protein Technologies) for the different sequences.[7] Generally, all 

monomers were activated as their respective acid chlorides, by applying in situ Appel’s 

conditions in the presence of PPh3, trichloroacetonitrile (TCAN), and 2,4,6-collidine as base. 

For the synthesis of 7 a special activation procedure was developed to avoid the deprotection 

of the acid sensitive tBu protection on the phosphonate side chain (see procedure below). 

The synthesis of compounds 1, and 2 have been recently described, alongside optimized Fmoc 

deprotection conditions. Oligomer 3 was synthesized following the same procedures on Cl-

MPA protide resin.[12] 
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Additionally, we have recently developed a new loading procedure on Wang resins using 

DIC/OxymaPure conditions (see below).  

 Loading of the first quinoline unit on Wang resin 

Loading of Fmoc-QAsp(OtBu)-OH to the Wang Resin (0.43 mmol.g-1). 117 mg of resin (0.1 mmol) 

was dispensed in a 5 mL syringe equipped with a filter and swollen in 3 mL of dry DCM for 30 

min. Fmoc-QAsp(OtBu)-OH (0.2 mmol, 2 equiv.) was dissolved in 1 mL of DCM. OxymaPure (2 

equiv.) was dissolved in 1 mL of DMF and added to the monomer solution. Subsequently, the 

mixture was poured to the freshly filtered resin. In a separate vial, DMAP (0.1 equiv.) was 

dissolved in a minimum volume of DCM (0.5 mL). DIC (2 equiv.) was added to the suspended 

resin directly followed by the solution of DMAP. The resin was next gently shaken overnight at 

room temperature. After resin filtration and washings with DCM, a capping step was performed 

using acetic anhydride Ac2O in DCM (1:1, v/v, 4 mL) for 1 h. The resin was lastly washed 

thoroughly with DCM. Loading determination by UV gave a loading yield of 50% (0.215 mmol.g-

1, 21.5 μmol). 

 General procedure for Fmoc deprotection 

First, the resin was washed three times with a solution of DCM:NMP (80:20; v/v), before adding 

a solution of 2% DBU in NMP. The Fmoc deprotection was performed for 2 × 3 min. After 

deprotection, the resin was washed two times with 20% NMP in DCM and then three times 

with dry THF. 

 In situ activation and aromatic monomer couplings 

The aromatic monomers were coupled on Wang resin-bound oligoquinoline with in situ 

activation using an excess of three equivalents of monomer relative to the resin loading. Each 

coupling was performed twice at 50°C for 15 min.[12] 

 Coupling of the Biotin-PEG4-COOH linker 

The Biotin-PEG4-COOH linker (1.5 equiv. relative to resin loading) was coupled manually on 

the resin-bound H-Amb-foldamer by applying peptide coupling conditions with the use of BOP 

(1.5 equiv.) and DIPEA (3 equiv.) in dry DMF overnight at room temperature. 

 TBAF deprotection of the di-tert-butyl silylether protection group of QDol 

Prior to TFA cleavage, the silyl protecting group on the diol side chain was removed using 

tetrabutylammonium fluoride (TBAF, 1 M in THF). The resin was suspended in dry THF and 

TBAF (8 equiv. per QDol) was added. The deprotection took place under microwave irradiation 

(50 W, ramp to 50 °C for 5 min, hold at 50°C for 15 min) and this step was repeated once. The 

resin was then thoroughly washed with THF, and DCM prior to TFA cleavage. 
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 TFA cleavage of the oligomers from the Wang resin 

Cleavage of the oligomer from the Wang resin was performed using a mixture of TFA, tri-

isopropyl silane (TIS) and H2O (95: 2.5: 2.5; v/v/v), for 3 h at room temperature. The crude 

oligomer was precipitated with diethylether (Et2O), redissolved in water/MeCN and lyophilised.  

7.4.4. Syntheses of oligomers 

7.4.4.1. Synthesis of 3 

 

Compound 3: Oligomer 3 was synthesised on Cl-MPA Protide resin (0.17 mmol.g-1, 28 µmol 

scale after first monomer loading using CsI and DIPEA.[21] The N-terminal camphanyl moiety 

was introduced according to recently published procedures.[12] After TBAF deprotection of the 

silyl ether, TFA cleavage and purification by preparative RP-HPLC, compound 1 was obtained 

as a yellow powder in 17% yield (5.2 mg, 5.0 µmol). 

1H-NMR (500 MHz, DMSO- d6): δ = 10.94 (m, 2H), 10.71 (s, 1H), 10.59– 10.43 (m, 3H), 

10.32 (s, 1H), 10.04 (m, 2H), 9.73 (s, 1H), 9.05 (s, 1H), 8.32 (d, J = 8.1 Hz, 1H), 8.23 (d, J = 

8.2 Hz, 1H), 8.14 (s, 1H), 8.01 (d, J = 7.2 Hz, 1H), 7.93 (d, J = 7.2 Hz, 1H), 7-82– 6.63 (m, 

41H), 6.36 (s, 1H), 6.33 (s, 1H), 6.16 (s, 1H), 6.12 (s, 1H), 5.97 (s, 1H), 5.91 (s, 1H), 5.88 (s, 

1H), 5.56 (s, 1H), 4.85 – 3.91 (m, 19 H), 3.87 – 3.55 (m, 14H), 3.50 (s, 2H), 2.35 (bp, 5H), 2.27 

(m, 1H), 2.12 (m, 1H), 1.98 (m, 1H), 1.57 (m, 2H), 1.46 (m, 1H), 0.39 (d, J = 8.4 Hz, 6H), -0.12 

(s, 3H). 
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HRMS (ESI+): m/z calculated for C158H133N27O37S3 1033.2842 [M+3H]3+; found 1033.2800 

[M+3H]3+. 

   7.4.4.2. Synthesis of 4 

 

Compound 4: Oligomer 4 was synthesised on LL-Wang resin (30 µmol scale) using the 

automated SPFS procedure. Coupling of the final aromatic monomer, Fmoc-QPho(OtBu)2-OH, 

was carried out using a distinct protocol due to its acid sensitivity. The collidine solution in dry 

THF (9 equiv. relative to the resin loading) was first dispensed in the pre-activation vessel (PV), 

followed by the addition of Fmoc-QPho(OtBu)2-OH (3 equiv.), PPh3 (8 equiv.) and lastly the TCAN 

(9 equiv.) solution. Acid chloride activation was performed for 1 min in the PV.[7] The solution 

was then dispensed to the RV containing the resin-bound amine tetramer (PV to RV step). 

Coupling was performed under heat induction at 50 °C for 15 min. After resin filtration and 

washing twice with dry THF, the same procedure was repeated once.  

After TBAF deprotection of the silyl ether, TFA cleavage, lyophilisation and purification by 

preparative RP-HPLC in acidic conditions, compound 4 was obtained as a yellow powder in 

39% yield (16.7 mg, 11.6 µmol). 

1H-NMR (500 MHz, DMSO-d6): δ = 11.57 (s, 3H), 11.41 (s, 1H), 9.58 (s, 1H), 8.57 – 8.20 (m, 

2H), 8.17 – 7.50 (m, 16H), 7.42 (t, J = 7.9 Hz, 1H), 7.37 – 7.14 (m, 4H), 6.85 – 6.47 (m, 3H), 

4.75 – 4.24 (m, 5H), 4.14 (s, 3H), 4.05 (s, 1H), 2.70 (s, 10H). 

HRMS (ESI+): m/z calculated for C66H65N11O23P2 1442.3803 [M+H]+; found 1442.3383 [M+H]+. 

   7.4.4.3. Synthesis of 5 
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Compound 5: Oligomer 5 was synthesised on LL-Wang resin (20 µmol scale) using the 

automated conditions. Biotin linker was added using the conditions mentioned before. After 

TBAF deprotection of the silyl ether, TFA cleavage, lyophilisation and purification by 

preparative RP-HPLC, compound 5 was obtained as a yellow powder in 39% yield (14.2 mg, 

7.82 µmol). 

1H-NMR (500 MHz, CD3CN/H2O (1:1, v/v)): δ = 11.26 – 11.15 (m, 2H), 11.05 (s, 1H), 10.99 (s, 

1H), 9.46 (s, 1H), 8.02 – 7.93 (m, 2H), 7.88 (d, J = 9.0 Hz, 1H), 7.75 (d, J = 9.1 Hz, 3H), 7.59 

– 7.66 (m, 1H), 7.54 – 7.37 (m, 3H), 7.31 (t, J = 8.3 Hz, 1H), 7.22 (t, J = 8.5 Hz, 1H), 7.11 (t, J 

= 8.3 Hz, 1H), 7.03 (s, 1H), 6.94 – 6.87 (m, 4H), 6.85 (s, 1H), 6.48 (t, J = 8.1 Hz, 1H), 6.42 (s, 

1H), 6.16 (s, 1H), 6.02 (s, 2H), 5.01 (d, J = 15.6 Hz, 1H), 4.94 (d, J = 15.3 Hz, 1H), 3.82 (d, J 

= 6.8 Hz, 1H), 3.56 – 3.48 (m, 1H), 3.49 -3.21 (m, 18H), 3.13 (q, J = 5.6 Hz, 3H), 3.09 – 2.97 

(m, 2H), 2.74 (dd, J = 5.0, 2.3 Hz, 1H), 2.55 (dd, J = 13.1, 3.5 Hz, 2H), 2.45 – 2.36 (m, 4H), 

2.29 - 2.19 (m 4H), 2.03 – 1.96 (m, 2H), 1.54 – 1.44 (m, 1H), 1.42 – 1.34 (m, 5H), 1.22 – 1.10 

(m, 5H). 

HRMS (ESI+): m/z calculated for C90H94N15O25S11816.6261 [M+H]+; found 1816.6172 [M+H]+. 

7.4.4.4. Synthesis of 6 

 

Compound 6: Oligomer 6 was synthesised on LL-Wang resin (15 µmol scale) using the 

automated SPFS procedure. Coupling of the final aromatic monomer, Fmoc-QPho(OtBu)2-OH, 

was carried out using a distinct protocol due to its acid sensitivity. The collidine solution in dry 

THF (9 equiv. relative to the resin loading) was first dispensed in the pre-activation vessel (PV), 

followed by the addition of Fmoc-QPho(OtBu)2-OH (3 equiv.), PPh3 (8 equiv.) and lastly the TCAN 

(9 equiv.) solution. Acid chloride activation was performed for 1 min in the PV.[7] The solution 

was then dispensed to the RV containing the resin-bound amine tetramer (PV to RV step). 

Coupling was performed under heat induction at 50 °C for 15 min. After resin filtration and 

washing twice with dry THF, the same procedure was repeated once.  

After TBAF deprotection of the silyl ether, TFA cleavage, lyophilisation and purification by 

preparative RP-HPLC in acidic conditions, compound 6 was obtained as a yellow powder in 

24% yield (6.0 mg, 3.56 µmol). 
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1H-NMR (500 MHz, 12.5 mM NH4OAc pH = 8.5/D2O (9:1, v/v)): δ = 11.20 (s, 1H), 11.08 (s, 

1H), 10.93 (s, 1H), 10.86 (s, 1H), 10.62 (s, 1H), 9.31 (s, 1H), 7.98 (d, J = 8.9 Hz, 1H), 7.77 (d, 

J = 8.8 Hz, 1H), 7.72 (d, J = 9.0 Hz, 1H), 7.65 (d, J = 9.0 Hz, 2H), 7.58 – 7.46 (m, 4H), 7.43 – 

7.36 (m, 1H), 7.34 – 7.23 (m, 2H), 7.20 – 6.98 (m, 2H), 6.90 (s, 1H), 6.87 (s, 1H), 6.42 (s, 1H), 

5.97 (s, 1H), 5.72 (s, 1H), 4.33 – 4.21 (m, 1H), 4.19 – 4.12 (m, 1H), 3.98 – 3.91 (m, 5H), 3.83 

(t, J = 10.9 Hz, 1H), 3.65 (s, 1H), 3.58 (s, 1H), 3.45 (q, J = 8.6 Hz, 2H), 3.22 – 3.10 (m, 3H), 

2.75 – 2.65 (m, 1H), 2.60 (s, 4H), 2.56 – 2.47(m, 5H), 2.46 – 2.20 (m, 2H), 2.13 (s, 1H), 1.40 

(s, 1H). 

HRMS (ESI-): m/z calculated for C78H73N13O27P2 1684.4141 [M-H]-; found 1741.6471 [M-H]-. 

   7.4.4.5. Synthesis of 7 

 

Compound 7: Oligomer 7 was synthesised on LL-Wang resin (20 µmol scale) using the 

automated conditions. Biotin linker was added using the conditions mentioned before. After 

TFA cleavage, lyophilisation and purification by preparative RP-HPLC, compound 7 was 

obtained as a yellow powder in 15% yield (5.0 mg, 2.9 µmol). 

1H-NMR (500 MHz, CD3CN/H2O (1:1, v/v)): δ = 11.71 (s, 1H), 11.56 (s, 2H), 11.34 (s, 1H), 

9.76 (s, 1H), 8.41 (s, 1H), 8.33 (d, J = 15.2 Hz, 1H), 8.06 (d, J = 9.5 Hz, 1H), 8.01 – 7.86 (m, 

5H), 7.72 (d, J = 8.5 Hz, 2H), 7.68 – 7.53 (m, 4H), 7.48 (s, 1H), 7.40 (t, J = 8.6 Hz, 1H), 7.29 – 

7.00 (m, 8H), 6.67 (s, 3H), 6.61 (s, 1H), 6.48 – 6.37 (m, 1H), 4.97 (d, J = 14.6 Hz, 1H), 4.84 (d, 

J = 13.9 Hz, 1H), 3.55 (s, 2H), 3.47 – 3.29 (m, 15H), 2.49 (s, 3H), 2.37 (s, 2H), 2.26 (s, 2H), 

1.48 (s, 6H), 1.28 – 1.11 (m, 13H), 0.83 – 0.78 (m, 2H). 

HRMS (ESI-): m/z calculated for C68H91N15O22S 1741.6141 [M-H]-; found 1741.6471 [M-H]-. 
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   7.4.4.6. Synthesis of 8 

 

Compound 8: Oligomer 8 was synthesised on LL-Wang resin (20 µmol scale) using the 

automated conditions. Biotin linker was added using the conditions mentioned before. After 

TFA cleavage, lyophilisation and purification by preparative RP-HPLC, compound 8 was 

obtained as a yellow powder in 17% yield (5.7 mg, 3.3 µmol). 

1H-NMR (500 MHz, CD3CN/H2O (1:1, v/v)): δ = 11.60 (s, 1H), 11.55 (s, 2H), 11.41 (s, 1H), 

11.30 (s, 1H), 9.74 (s, 1H), 8.44 (s, 1H), 8.29 (s, 1H), 8.11 (s, 1H), 8.05 (d, J = 9.5 Hz, 1H), 

7.96 (d, J = 9.3 Hz, 1H), 7.90 (d, J = 9.5 Hz, 1H), 7.85 – 7.69 (m, 2H), 7.63 (d, J = 8.1 Hz, 2H), 

7.45 – 7.36 (m, 1H), 7.29 (t, J = 8.3 Hz, 1H), 7.22 (d, J = 14.5 Hz, 2H), 7.10 (s, 1H), 7.08 – 

7.00 (m, 2H), 6.63 (s, 2H), 6.34 (s, 1H), 5.02 (d, J = 14.8 Hz, 1H), 4.90 (d, J = 14.5 Hz, 1H), 

3.56 (s, 1H), 3.47 – 3.33 (m, 6H), 2.48 (s, 3H), 2.35 (s, 2H), 2.28 (t, J = 6.4 Hz, 1H), 2.17 (s, 

4H), 1.61 – 1.29 (m, 10H), 1.26 – 1.18 (m, 1H). 

HRMS (ESI+): m/z calculated for C86H85N15O22S 1713.5817 [M+H]+; found 1713.5721 [M+H]+. 

   7.4.4.7. Synthesis of 9 

 

Compound 9: Oligomer 9 was synthesised on LL-Wang resin (20 µmol scale) using the 

automated conditions. Biotin linker was added using the conditions mentioned before. After 
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TFA cleavage, lyophilisation and purification by preparative RP-HPLC, compound 9 was 

obtained as a yellow powder in 19% yield (6.8 mg, 3.8 µmol). 

1H-NMR (500 MHz, CD3CN/H2O (1:1, v/v)): δ =11.24 (s, 2H), 11.04 (s, 1H), 9.53 (s, 1H), 8.04 

(d, J = 9.3 Hz, 2H), 7.91 (d, J = 9.0 Hz, 1H), 7.82 – 7.73 (m, 5H), 7.70 – 7.48 (m, 9H), 7.44 (s, 

1H), 7.27 (t, J = 8.2 Hz, 3H), 7.18 (d, J = 9.4 Hz, 1H), 7.06 (s, 2H), 6.96 – 6.86 (m, 4H), 6.52 

(s, 1H), 6.10 (s, 1H), 6.03 (s, 1H), 4.94 (d, J = 15.2 Hz, 1H), 4.86 (d, J = 15.1 Hz, 1H), 3.81 (s, 

1H), 3.62 (s, 1H), 3.57 – 3.48 (m, 2H), 3.46 – 3.30 (m, 9H), 3.19 – 3.10 (m, 1H), 3.09 – 2.94 

(m, 1H), 2.76 – 2.69 (m, 1H), 2.54 (dd, J = 13.0, 3.2 Hz, 1H), 2.41 (s, 4H), 2.27 – 2.22 (m, 6H), 

1.99 (s, 1H), 1.70 – 1.64 (m, 1H), 1.55 – 1.28 (m, 1H), 1.24 – 1.10 (m, 2H). 

HRMS (ESI+): m/z calculated for C90H93N15O24S 1801.6342 [M+H]+; found 1801.6102 [M+H]+. 

   7.4.4.8. Synthesis of 10 

 

Compound 10: Oligomer 10 was synthesised on LL-Wang resin (20 µmol scale) using the 

automated conditions. Biotin linker was added using the conditions mentioned before. After 

TFA cleavage, lyophilisation and purification by preparative RP-HPLC, compound 10 was 

obtained as a yellow powder in 14% yield (4.8 mg, 2.8 µmol). 

1H-NMR (500 MHz, CD3CN/H2O (1:1, v/v)): δ = 11.64 (s, 2H), 11.50 (s, 2H), 8.81 (s, 1H), 8.55 

(d, J = 9.3 Hz, 1H), 8.33 (s, 2H), 8.05 – 7.90 (m, 5H), 7.83 (s, 1H), 7.80 – 7.62 (m, 10H), 7.57 

– 7.43 (m, 3H), 7.41 – 7.14 (m, 5H), 7.11 – 6.96 (m, 1H), 6.58 (s, 1H), 6.34 (s, 1H), 4.94 (d, J 

= 14.2 Hz, 1H), 4.84 (t, J = 15.7 Hz, 1H), 3.63 – 3.51 (m, 2H), 3.50 – 3.31 (m, 11H), 3.16 (s, 

1H), 2.88 (s, 1H), 2.40 – 2.24 (m, 4H), 1.47 (s, 2H), 1.35 (s, 3H), 1.22 – 1.09 (m, 3H). 

HRMS (ESI+): m/z calculated for C87H86N14O24S 1744.5763 [M+H]+; found 1743.5733 [M+H]+. 
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   7.4.4.9. Synthesis of 11 

 

Compound 11: Oligomer 11 was synthesised on LL-Wang resin (20 µmol scale) using the 

automated conditions. Biotin linker was added using the conditions mentioned before. After 

TFA cleavage, lyophilisation and purification by preparative RP-HPLC, compound 11 was 

obtained as a yellow powder in 13% yield (4.6 mg, 2.6 µmol). 

1H-NMR (500 MHz, CD3CN/H2O (1:1, v/v)): δ = 11.35 (s, 2H), 11.23 (s, 1H), 11.14 (s, 1H), 

9.61 (s, 1H), 8.48 (d, J = 9.1 Hz, 1H), 8.08 (s, 1H), 7.96 – 7.80 (m, 4H), 7.80 – 7.68 (m, 6H), 

7.68 – 7.58 (m, 3H), 7.59 – 7.46 (m, 4H), 7.41 (t, J = 8.3 Hz, 1H), 7.32 (s, 1H), 7.13 – 6.91 (m, 

5H), 6.59 (s, 1H), 6.50 (s, 1H), 6.15 – 5.93 (m, 1H), 3.59 – 3.46 (m, 2H), 3.46 – 3.30 (m, 23H), 

2.45 (s, 3H), 2.32 (s, 3H), 2.25 (t, J = 6.3 Hz, 2H), 2.17 (s, 3H), 1.72 – 1.65 (m, 1H), 1.54 – 

1.44 (m, 1H), 1.43 – 1.33 (m, 1H), 1.24 – 1.19 (m, 2H). 

HRMS (ESI+): m/z calculated for C88H91N15O22S 1743.6287 [M+H]+; found 1743.6409 [M+H]+. 

   7.4.4.10. Synthesis of 12 

 

Compound 12: Oligomer 12 was synthesised on LL-Wang resin (20 µmol scale) using the 

automated conditions and sensitive activation conditions. Biotin linker was added using the 

conditions mentioned before. After TFA cleavage, lyophilisation and purification by preparative 

RP-HPLC, compound 12 was obtained as a yellow powder in 21% yield (7.7 mg, 4.2 µmol). 
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1H-NMR (500 MHz, CD3CN/H2O (1:1, v/v)): δ = 11.60 – 11.30 (m, 2H), 11.17 (s, 1H), 9.68 (s, 

2H), 8.26 (s, 1H), 8.15 (s, 1H), 8.02 (d, J = 9.1 Hz, 1H), 7.95 – 7.62 (m, 2H), 7.60 (s, 1H), 7.51 

(s, 2H), 7.38 (t, J = 8.8 Hz, 2H), 7.27 (s, 1H), 7.17 (s, 1H), 7.13 – 6.88 (m, 7H), 6.63 (s, 1H), 

6.55 (s, 1H), 6.42 (s, 1H), 6.32 (s, 1H), 6.04 (s, 1H), 5.99 (s, 1H), 4.95 (d, J = 14.9 Hz, 1H), 

4.82 (d, J = 13.9 Hz, 1H), 3.86 (s, 1H), 3.54 – 3.49 (m, 4H), 3.45 – 3.25 (m, 20H), 3.15 – 2.95 

(m, 11H), 2.72 (dd, J = 13.5, 4.9 Hz, 1H), 2.57 – 2.51 (m, 1H), 2.46 (s, 4H), 2.34 (s, 3H), 2.23 

(t, J = 6.4 Hz, 3H), 1.48 (s, 1H), 1.40 – 1.33 (m, 6H), 1.26 – 1.13(m, 18H). 

HRMS (ESI-): m/z calculated for C89H94N15O26PS 1851.5910 [M-H]-; found 1851.5406 [M-H]-. 

   7.4.4.11. Synthesis of 13 

 

Compound 13: Oligomer 13 was synthesised on LL-Wang resin (20 µmol scale) using the 

automated conditions and sensitive activation conditions. Biotin linker was added using the 

conditions mentioned before. After TFA cleavage, lyophilisation and purification by preparative 

RP-HPLC, compound 13 was obtained as a yellow powder in 19% yield (7.1 mg, 3.8 µmol). 

1H-NMR (500 MHz, DMSO-d6): δ = 12.13 (s, 1H), 11.64 (s, 1H), 11.57 – 11.47 (m, 2H), 11.32 

(s, 1H), 9.64 (s, 1H), 8.52 – 8.35 (m, 2H), 8.15 – 7.86 (m, 11H), 7.86 – 7.76(m, 3H), 7.75 – 

7.65 (m, 2H), 7.57 – 7.50 (m, 1H), 7.47 – 7.38 (m, 2H), 7.25 – 6.94 (m, 7H), 6.82 – 6.62 (m, 

4H), 6.46 – 6.33 (m, 2H), 4.91 – 4.75 (m, 3H), 4.74 – 4.54 (m, 1H), 4.35 – 4.19 (m, 3H), 3.86 

– 3.69 (m, 6H), 2.95 – 2.84 (m, 1H), 2.24 – 2.14 (m, 1H), 2.09 – 1.95 (m, 2H), 1.61 – 1.31 (m, 

5H), 1.31 – 1.13 (m, 7H), 0.85 (t, J = 6.8 Hz, 1H).  

HRMS (ESI-): m/z calculated for C89H94N15O26PS 1851.5910 [M-H]-; found 1851.5664 [M-H]-. 
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   7.4.4.12. Synthesis of 14 

 

Compound 14: Oligomer 14 was synthesised on LL-Wang resin (20 µmol scale) using the 

automated conditions. Biotin linker was added using the conditions mentioned before. After 

TFA cleavage, lyophilisation and purification by preparative RP-HPLC, compound 14 was 

obtained as a yellow powder in 18% yield (6.2 mg, 3.5 µmol). 

1H-NMR (500 MHz, CD3CN/H2O (1:1, v/v)): δ = 11.49 (s, 1H), 11.37 (s, 1H), 11.28 (s, 1H), 

11.18 (s, 1H), 9.62 (s, 1H), 8.25 – 8.17 (m, 2H), 8.00 (d, J = 8.9 Hz, 1H), 7.88 – 7.67 (m, 5H), 

7.66 – 7.57 (m, 2H), 7.56 – 7.50 (m, 2H), 7.38 (t, J = 8.3 Hz, 1H), 7.22 (t, J = 8.2 Hz, 2H), 7.15 

(s, 1H), 7.11 – 6.90 (m, 6H), 6.61 – 6.53 (m, 2H), 6.39 (s, 1H), 6.24 (s, 1H), 6.05 (s, 1H), 5.99 

(s, 1H), 5.01 (d, J = 15.1 Hz, 1H), 4.89 (d, J = 14.7 Hz, 1H), 3.75 – 3.63 (m, 1H), 3.57 (t, J = 

7.0 Hz, 1H), 3.45 – 3.32 (m, 12H), 3.20 – 3.13 (m, 2H), 3.10 – 3.00 (m, 1H), 2.77 (d, J = 5.0 

Hz, 1H), 2.57 (d, J = 13.1 Hz, 1H), 2.51 – 2.39 (m, 3H), 2.29 (t, J = 6.2 Hz, 2H), 2.06- 1.98 (m, 

2H), 1.57 – 1.32 (m, 2H), 1.31 – 1.03 (m, 13H). 

HRMS (ESI-): m/z calculated for C90H93N15O23S 1783.6247 [M-H]-; found 1783.5786 [M-H]-. 

   7.4.4.13. Synthesis of 15 

 

Compound 15: Oligomer 15 was synthesised on LL-Wang resin (20 µmol scale) using the 

automated conditions. Biotin linker was added using the conditions mentioned before. After 
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TFA cleavage, lyophilisation and purification by preparative RP-HPLC, compound 15 was 

obtained as a yellow powder in 17% yield (3.3 mg, 3.4 µmol). 

1H-NMR (500 MHz, DMSO-d6): δ =11.56 (s, 1H), 11.50 (s, 2H), 9.73 (s, 1H), 8.53 – 8.35 (m, 

4H), 8.06 – 8.01 (m, 2H), 7.98 – 7.85 (m, 6H), 7.83 – 7.73 (m, 4H), 7.54 (t, J = 8.1 Hz, 1H), 

7.42 (t, J = 8.0 Hz, 1H), 7.25 (s, 2H), 7.21 – 7.14 (m, 4H), 7.03 (d, J = 7.7 Hz, 1H), 6.79 – 6.65 

(m, 3H), 6.53 (s, 2H), 6.41 (s, 1H), 5.32 – 5.27 (m, 3H), 4.89 – 4.57 (m, 6H), 4.35 – 4.18 (m, 

2H), 3.93 (s, 1H), 3.84 – 3.72 (m, 6H), 3.53 – 3.48 (m, 6H), 3.46 – 3.39 (m, 9H), 1.53 – 1.38 

(m, 5H), 1.28 – 1.21 (m, 3H), 1.17 (t, J = 7.3 Hz, 1H). 

HRMS (ESI-): m/z calculated for C92H95N15O27S 1873.6200 [M-H]-; found 1873.6046 [M-H]-. 

   7.4.4.14. Synthesis of 16 

 

Compound 16: Oligomer 16 was synthesised on LL-Wang resin (20 µmol scale) using the 

automated conditions. Biotin linker was added using the conditions mentioned before. After 

TFA cleavage, lyophilisation and purification by preparative RP-HPLC, compound 17 was 

obtained as a yellow powder in 16% yield (5.9 mg, 3.2 µmol). 

1H-NMR (500 MHz, CD3CN/H2O (1:1, v/v)): δ = 11.63 (s, 2H), 11.38 (s, 1H), 11.22 (s, 1H), 

9.76 (s, 1H), 8.44 (s, 1H), 8.24 (s, 1H), 8.04 (d, J = 8.9 Hz, 1H), 7.95 (d, J = 9.6 Hz, 3H), 7.87 

(d, J = 8.2 Hz, 1H), 7.79 – 7.67 (m, 4H), 7.57 – 7.50 (m, 1H), 7.43 – 7.35 (m, 2H), 7.27 (d, J = 

8.4 Hz, 1H), 7.25 – 7.18 (m, 4H), 7.14 (s, 1H), 7.02 (d, J = 8.5 Hz, 1H), 6.87 (d, J = 8.5 Hz, 

1H), 6.79 (d, J = 8.8 Hz, 3H), 6.69 (s, 1H), 6.62 (s, 1H), 6.32 (s, 1H), 6.21 (t, J = 8.1 Hz, 1H), 

6.02 (s, 1H), 4.98 (d, J = 14.7 Hz, 1H), 4.85 (d, J = 14.1 Hz, 1H), 3.51 (s, 2H), 3.48 – 3.42 (m, 

6H), 3.37 (t, J = 5.5 Hz, 1H), 3.23 – 3.14 (m, 2H), 3.10 – 3.02 (m, 10H), 2.57 – 2.51 (m, 1H), 

2.43 – 2.34 (m, 5H), 1.49 – 1.45 (s, 2H), 1.42 – 1.34 (m, 1H), 1.26 – 1.13 (m, 23H). 

HRMS (ESI-): m/z calculated for C95H94N14O25S 1862.6193 [M-H]-; found 1862.6049 [M-H]-. 
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   7.4.4.15. Synthesis of 17 

 

Compound 17: Oligomer 17 was synthesised on LL-Wang resin (20 µmol scale) using the 

automated conditions. Biotin linker was added using the conditions mentioned before. After 

TFA cleavage, lyophilisation and purification by preparative RP-HPLC, compound 17 was 

obtained as a yellow powder in 18% yield (6.4 mg, 3.6 µmol) 

1H-NMR (500 MHz, DMSO-d6): δ = 13.59 (s, 1H), 12.34 (s, 1H), 11.69 (s, 1H), 11.65 – 11.51 

(m, 1H), 11.44 (s, 1H), 11.34 (s, 1H), 9.63 (s, 1H), 8.65 – 8.43 (m, 2H), 8.35 – 8.20 (m, 2H), 

8.08 – 7.77 (m, 8H), 7.69 (d, J = 8.2 Hz, 1H), 7.56 (t, J = 7.9 Hz, 1H), 7.44 (t, J = 8.1 Hz, 1H), 

7.28 (s, 1H), 7.24 (s, 1H), 7.20 – 7.12 (m, 2H), 7.11 – 7.06 (m, 2H), 7.01 (d, J = 7.5 Hz, 1H), 

6.78 – 6.64 (m, 5H), 6.41 – 6.34 (m, 1H), 5.35 – 5.23 (m, 3H), 4.86 – 4.76 (m, 2H), 4.75 – 4.69 

(m, 1H), 4.67 – 4.69 (m, 2H), 4.33 – 4.19 (m, 4H), 4.14 – 4.07 (m, 1H), 3.85 – 3.72 (m, 4H), 

3.69 – 3.61 (m, 1H), 3.56 – 3.48 (m, 7H), 3.17 – 3.12 (m, 1H), 2.25 – 2.16 (m, 1H), 2.08 – 1.96 

(m, 3H), 1.53 – 1.40 (m, 7H), 1.30 – 1.15 (m, 13H), 0.85 (t, J = 6.8 Hz, 2H). 

HRMS (ESI-): m/z calculated for C89H94N16O22S 1770.6407 [M-H]-; found 1770.6153 [M-H]-. 
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7.4.5. Characterisation data 

7.4.5.1. Compound 3 

 

 
RP-HPLC chromatogram and ESI-MS spectrum of compound 3. 
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1H-NMR spectrum (500 MHz, DMSO-d6, 25 °C) of 3. 
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7.4.5.2. Compound 4 

 

 
RP-HPLC chromatogram and ESI-MS spectrum of compound 4. 
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1H-NMR spectrum (500 MHz, DMSO-d6, 25 °C) of 4 after anion exchange. 
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7.4.5.3. Compound 5 

 

 
RP-HPLC chromatogram and ESI-MS spectrum of compound 5. 
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1H-NMR spectrum (500 MHz, CD3CN/H2O, 25 °C) of 5. 
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7.4.5.4. Compound 6 

 

RP-HPLC chromatogram and ESI-MS spectrum of compound 6. 
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1H-NMR spectrum (500 MHz, 12.5 mM NH4OAc pH = 8.5/D2O, 25 °C) of 6. 
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7.4.5.5. Compound 7 

 

RP-HPLC chromatogram and ESI-MS spectrum of compound 7. 
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1H-NMR spectrum (500 MHz, CD3CN/H2O, 25 °C) of 7. 
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7.4.5.6. Compound 8 

 

RP-HPLC chromatogram and ESI-MS spectrum of compound 8. 
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1H-NMR spectrum (500 MHz, CD3CN/H2O, 25 °C) of 8. 
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7.4.5.7. Compound 9 

 

RP-HPLC chromatogram and ESI-MS spectrum of compound 9. 
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1H-NMR spectrum (500 MHz, CD3CN/H2O, 25 °C) of 9. 
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7.4.5.8. Compound 10 

 

RP-HPLC chromatogram and ESI-MS spectrum of compound 10. 
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1H-NMR spectrum (500 MHz, CD3CN/H2O, 25 °C) of 10. 
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7.4.5.9. Compound 11 

 

RP-HPLC chromatogram and ESI-MS spectrum of compound 11. 
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1H-NMR spectrum (500 MHz, CD3CN/H2O, 25 °C) of 11. 
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7.4.5.10. Compound 12 

 

RP-HPLC chromatogram and ESI-MS spectrum of compound 12. 
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1H-NMR spectrum (500 MHz, CD3CN/H2O, 25 °C) of 12. 
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7.4.5.11. Compound 13 

 

RP-HPLC chromatogram and ESI-MS spectrum of compound 13. 
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1H-NMR spectrum (500 MHz, DMSO-d6, 25 °C) of 13. 
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7.4.5.12. Compound 14 

 

RP-HPLC chromatogram and ESI-MS spectrum of compound 14. 



 
CHAPTER 2. DECODING AROMATIC HELIX RECOGNITION: α-HELICES VS. β-SHEETS. 

272 
 

 

1H-NMR spectrum (500 MHz, CD3CN/H2O, 25 °C) of 14. 
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7.4.5.13. Compound 15 

 

RP-HPLC chromatogram and ESI-MS spectrum of compound 15. 
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1H-NMR spectrum (500 MHz, DMSO-d6, 25 °C) of 15. 
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7.4.5.14. Compound 16 

 

RP-HPLC chromatogram and ESI-MS spectrum of compound 16. 
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1H-NMR spectrum (500 MHz, CD3CN/H2O, 25 °C) of 16. 
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7.4.5.15. Compound 17 

 

RP-HPLC chromatogram and ESI-MS spectrum of compound 17. 
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1H-NMR spectrum (500 MHz, DMSO-d6, 25 °C) of 17. 
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7.5. Supporting information: biochemistry, biophysical 
measurements, and binding analyses 

  7.5.1. Material and general methods 

All chemicals were purchased from commercial suppliers (Fischer Scientific, Thermo Fischer 

Scientific, Sigma Aldrich / Merck) in bio-grade quality and used without further purification. Tris-

buffered saline (50 mM tris, 300 mM NaCl; TBS) and phosphate-buffered saline (137 mM NaCl, 

2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4; PBS) were freshly prepared from the 

respective compounds dissolved in ultra-pure water (dispensed from OmniaPure xsbasic, 

Stakpure), and pH was adjusted using a SevenCompact pH-meter (Mettler Toledo). 

Sterilisation of buffers and stock solutions was achieved by vacuum filtration or syringe filtration 

through 0.2 µm polyvinylidene fluoride (PVDF) membranes. Concentration of protein solutions 

and foldamer solutions were determined by measuring absorbance at the respective 

absorption maxima (280 nm for proteins, 375 nm for foldamers) on a NanoDrop™ OneC photo 

spectrometer (ThermoFischer Scientific) and calculation via extinction coefficients. OD600 of 

bacterial cultures were monitored on the same device using 1 cm disposable cuvettes. 

Centrifugal concentrator units Pierce™ (ThermoFischer Scientific) with suitable molecular 

weight cut-offs were used to concentrate protein solutions. For buffer exchange Slide-A-

Lyzer™ (ThermoFischer Scientific) dialysis cassettes were used. 

All work with bacteria was performed under antiseptic conditions next to a Bunsen burner 

flame. Pipette tips and liquid containers were sterilised by autoclaving at 121 °C. 

Transformation medium SOC (Super Optimal broth with Catabolite repression) was purchased 

pre-prepared (Sigma Adlrich), LB medium for bacterial growth cultures was prepared from solid 

LB broth (CarlRoth) and ultra-pure water and sterilised by autoclaving at 121 °C. Ampicillin 

and Kanamycin were used as 1000 x stock solutions in respective dilution. Competent E. coli 

BL21(DE3) cells were purchased as cryo-stocks (New England BioLabs, ThermoFischer 

Scientific), stored at -80 °C and handled on ice during usage.  

Plasmids were purchased as lyophilised solids (Genescript) and dissolved in autoclaved water 

to a final concentration of 200 ng/µL. Bacterial colony selection on LB-agarose culture plates, 

containing 50 µg/mL of antibiotic were conducted overnight at 37 °C. Cryo-stocks of selected 

colonies were produced by small culture growth overnight and liquid nitrogen flash freezing 

600 µL of the growth media mixed 1:1 with 60% v/v sterile glycerol solution. IPTG for 

expression induction was used as 1 M sterile filtered stock solution in respective dilution. 

Pelleting of expression cultures was achieved by centrifugation in an Avanti JXN-26 (Beckman 

Coulter) centrifuge. Cell lysis was performed on an UP200St (Hielscher) ultrasonic 

homogeniser.  
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HisPur™ Ni-NTA resin (ThermoFischer Scientific) was used for affinity chromatography of His-

tagged proteins.  

SDS-PAGE gels were casted using commercially available SureCast™ (ThermoFischer 

Scientific) stacking and resolving buffers, aqueous acrylamide solution (40 vol%), APS and 

TMED, according to the manufacturer’s composition guide for the desired volume-percentage 

of acrylamide. Protein samples were mixed with 4× sample loading buffer (0.2 M Tris-HCl, 8% 

v/v SDS, 6 mM bromophenol blue, 4.3 M glycerol) and heated to 95 °C for 10 min prior to 

loading. Protein marker color prestained protein standard broad range 10-250 kDa (New 

England BioLabs) was loaded in the marker lane (3 µL). Electrophoresis was performed with 

1x SDS running buffer in a Mini-PROTEAN® Tetra Cell (BioRad) at 125 W/0.03 A, delivered 

by a PowerPac HC (BioRad) power supply. Separated proteins were stained with Brilliant Blue 

R Concentrate (Sigma-Aldrich) for 15 min under shaking and SDS-PAGE gels were 

subsequently destained in a H2O/AcOH/MeOH (6:3:1) solution.  

Protein purification by FPLC-SEC was performed on a modular Azura system (Knauer) with a 

MWD 2.1L UV-detector, equipped with HiLoad 16/600 Superdex 75 and 200 pg SEC gel 

filtration columns (Cytiva) or on an Äkta Go system (Cytiva) with a UV on 9L Cpl, equipped 

with a HiLoad 26/600 Superdex 200 pg SEC gel filtration column (Cytiva). Chromatographic 

monitoring was performed at λ = 280 nm. Data was processed in OriginPro V.2019b 

(OriginLab). 

The CD spectra were recorded on a Jasco J-1500 spectrometer with 1 mm quartz cuvette; the 

following parameters were used: scan speed: 100 nm/min; accumulation: 2; response time: 

1.0 s; bandwidth: 1; temperature: 25 °C; data pitch: 1 nm, baseline corrected. The spectra were 

smoothed with a Savitzky-Golay filtering. Variable temperature spectra were recorded in 10 °C 

intervals, heating/cooling with a 5 °C/min ramp rate, conducted in duplicate at each 

temperature and averaged. Variable temperature single wavelength CD were recorded in 

0.5 °C intervals, heating/cooling in 0.5 °C steps with 5 °C/min ramp rate and a 2 second delay 

for data acquisition at each point. 

BLI experiments were performed on an Octet R8 instrument (Sartorius) according to 

manufacturers’ recommendations. In all cases, Streptavidin (SA) Octet biosensors were 

soaked for 15 min in PBS prior to the assays. Before loading, a baseline was recorded in 

PBS+0.05% Tween 20 (PBS-T) for 60 seconds.  

For single concentration binding assays, the SA biosensors were loaded with the biotinylated 

oligomers (1.5-2.5 µg/mL in PBS-T) for 30 s, followed by a washing and base line step in PBS-

T and PBS-T/0.5% BSA for 30 s and 120 s respectively.  

For kinetic assays, the SA biosensors were loaded with the biotinylated oligomers (1.5-2.5 

µg/mL in PBS-T) for 30 s, followed by a washing and base line step in PBS-T and PBS-T/0.5% 

BSA for 30 s and 120 s respectively. The association was recorded against 2x serial column 
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dilutions of the proteins (concentration ranges are indicated at the respective figures) in PBS-

T/0.5% BSA. Dissociation was recorded in the same wells used for the baseline. Biosensors 

without an immobilised foldamer were used to ensure no unspecific binding of the protein 

towards the SA sensors occurred. All experiments were conducted at 25 °C. Data were 

processed in Octet Analysis Studio V.13 and KD values, when applicable, were calculated from 

group fitting the kinetic curves of association and dissociation to a 1:1 binding model. 

  7.5.2. Expression and purification of proteins 

 Standard recombinant protein expression 

All variants of G02 and C10 were expressed using either the pMAL-c5E or pET-28a(+) vector 

systems, encoding for the target sequence N-terminally fused to a HRV 3C cleavable MBP-

10×His or 6×His tag respectively. Plasmids were transformed into competent E. coli 

BL21(DE3) cells by mixing 1 µL of plasmid stock solution with one tube of bacteria stock 

(50 µL), incubation on ice for 10 min and subsequent heat-shock at 42 °C for 30 s. The 

transformed cells were cooled on ice for 5 minutes, mixed with 600 mL S.O.C. medium and 

incubated at 37 °C for 1 h under shaking (600 rpm). The mixture was spread on LB-Amp (for 

pMAL-c5E) or LB-Kan (for pET-28a(+)) agarose plates and incubated over-night at 37 °C. 

Subsequently, starter cultures were grown from single colonies in 10-50 mL LB medium 

containing the respective antibiotic (Amp: 100 µg/mL; Kan: 50 µg/mL) at 37 °C overnight. 

Starter cultures showing visible growth were used for inoculation (1:100 Vol%) of 100 mL-4 

L LB-Amp/Kan medium and cells were grown at 37 °C under shaking (200 rpm) until an OD600 

of ~ 0.6 was reached. For pET-28a(+) constructs, expression was induced by adding IPTG (1 

mM final concentration) and continued for 3 h at 37 °C. For pMAL-c5E constructs the 

temperature was lowered to 22 °C for 1.5 h and protein expression was induced by adding 

IPTG (1 mM final concentration) and continued for 18 h. After the expression cells were 

harvested by centrifugation at 8000 × g for 15 – 20 min at 4 °C. The supernatant was discarded, 

and cell pellets were either frozen at −20 °C or used directly in the next step. 

 Small-scale protein purification 

The cells were harvested at 4000 rpm at 4 °C for 40 min and stored at -20 °C. The cells were 

then disrupted by chemical lysis (20 mM sodium phosphate, 300 mM NaCl, pH 7.4 

supplemented with 1 × BugBuster® Protein Extraction Reagent 1X, Merck). Suspensions were 

gently agitated for 15 min on ice and clarified by centrifugation (15 000 ×g, 20 min, 4 °C). The 

supernatant was treated with DNase I (20 µg/mL, 10 min, on ice) immediately prior to 

immobilised-metal affinity chromatography. All centrifugation steps were performed at 800 ×g 
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for 1 min at 4 °C unless otherwise stated. Ni-NTA spin columns (NEBExpress®, #S1427) were 

equilibrated with 250 µL lysis/binding buffer after removal of the storage solution. Clarified 

lysate (≤ 500 µL per load) was applied, the resin was gently tapped to mix and allowed to bind 

for 2 min on ice, and the flow-through was collected. The loading procedure was repeated until 

all lysates had been processed. Columns were washed three times with 250 µL wash buffer 

(20 mM sodium phosphate, 300 mM NaCl, 5 mM imidazole, pH 7.4). Bound proteins were 

eluted twice with 200 µL elution buffer (20 mM sodium phosphate, 300 mM NaCl, 500 mM 

imidazole, pH 7.4). Eluate fractions were exchanged into PBS by four successive cycles of 

dilution to the 6 mL capacity of a 3 kDa-MWCO PES centrifugal concentrator (Pierce™) 

followed by centrifugation (4 000 rpm, 8 °C) to ~1 mL. The final solution was concentrated to 

~500 µL stabilised by adding 1 vol. of 50 % (v/v) glycerol to 9 vol. of protein solution, flash-

frozen in liquid N₂ and stored at –80 °C. The protein concentration was determined by 

measuring the UV280. The mutants were analysed by 15 % SDS-PAGE and characterized by 

LCMS. Finally, the protein mutants were concentrated, frozen in liquid nitrogen and stored at 

-80 °C prior to all analysis. 

 Large-scale protein purification 

Harvested or frozen cell pellets were re-suspended in lysis buffer (TBS, 25 mM imidazole, pH 

= 7.4). Cells were sonicated in 4-5 rounds of 3 min each on ice (Frequency = 90%; Amplitude 

= 100%, Power = max) with 10 minutes breaks between rounds to prevent sample overheating. 

The resulting suspension was centrifuged at 45000 × g for 45 min at 4 °C and the supernatant 

was incubated with Ni-NTA resin (5 mL suspension per 1 L of expression) at 4°C for 30 min to 

1 h. The incubated resin was loaded onto a gravity-flow column, washed with 10 CVs of lysis 

buffer, 3 CVs of wash buffer (TBS, 50 mM imidazole, pH = 7.4) and the target fusion protein 

was lastly eluted with elution buffer (TBS, 300 mM imidazole, pH = 7.4). The UV280 was 

monitored using a Nanodrop photo spectrometer to track protein elution and assist with sample 

collection during the washing and elution steps. The elution fractions were combined, HRV 3C 

protease (1 u/100 µg) was added and the mixture was dialysed against lysis buffer (TBS, 25 

mM imidazole, pH = 7.4) overnight. The cleavage mixture was incubated with Ni-NTA resin for 

30 min at 4 °C and subsequently loaded on a gravity-flow column and the flow-through, 

containing the cleaved target protein was collected and concentrated for SEC purification in 

TBS. Fractions containing the target protein were pooled, concentrated and either used directly 

in subsequent experiments or aliquoted and stored at -80 °C.  
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  7.5.3. Protein expressions and characterisation 

7.5.3.1. Expression of G02CCDi 

G02CCDi was always recombinantly expressed using the large scale protein expression and 

purification methods explained above. 

 

On the left, expression vector used for the expression of G02CCDi. The coiled-coil fusion of 

G02 is highlighted in green, the cleavage site for HRV-3C is coloured in red, the polyhistidine 

tag in blue while the MBP tag is coloured in pink. On the right, purity of G02CCDi after 

expression and purification on 15% SDS-PAGE.  
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   7.5.3.2. Expression of G02-His6 

G02-His6 was mostly recombinantly expressed using the small scale protein expression and 

purification methods explained above. 

 

On the left, expression vector used for the expression of G02His6. The sequence of G02 is 

highlighted in green, the cleavage site for HRV-3C is coloured in red and the polyhistidine tag. 

On the right, purity of G02His6 after expression and purification on 15% SDS-PAGE.  
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7.5.3.3. Expression of C10-His6 

C10His6 was always recombinantly expressed using the small scale protein expression and 

purification methods explained above. 

 

On the left, expression vector used for the expression of C10His6. The sequence of C10 is 

highlighted in green, the cleavage site for HRV-3C is coloured in red and the polyhistidine tag. 

On the right, purity of C10His6 after expression and purification on 15% SDS-PAGE.  

   7.5.3.4. Expression of G02 Ala-scan variants 

The wild type G02 sequence is the following (the tag and cleavage site are in italics; the 

sequence numbering starts after the cleavage site):  

MGSSHHHHHHSSGLEVLFQGPHMVDNKFNKEGYMAFEEIWWLPNLNLSQRRAFIQSLRD
DPSQSANLLAEAKKLNDAQAPK 

The following mutants were considered: G9A, Y10A, M11A, F13A, E14A, W17A, W18A, L24A, 

S25A, R27A, R28A, Q32A, R35A. 
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SDS-PAGE gel on 15% acrylamide of all Ala-mutant of G02 and G02WT. 
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 LC-MS of G02-Ala scan variants: 

 G09A : 

 

LC chromatogram measured at 280nm of G02-Ala scan variant G09A at the top with MS 
measured in the middle. Simulated pattern calculated is shown in black at the bottom. 
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 M11A : 

 

LC chromatogram measured at 280nm of G02-Ala scan variant M11A at the top with MS 
measured in the middle. Simulated pattern calculated is shown in black at the bottom. 
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 F13A : 

 

LC chromatogram measured at 280nm of G02-Ala scan variant F13A at the top with MS 
measured in the middle. Simulated pattern calculated is shown in black at the bottom. 
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 E14A : 

 

LC chromatogram measured at 280nm of G02-Ala scan variant E14A at the top with MS 
measured in the middle. Simulated pattern calculated is shown in black at the bottom. 
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 W17A : 

 

LC chromatogram measured at 280nm of G02-Ala scan variant W17A at the top with MS 
measured in the middle. Simulated pattern calculated is shown in black at the bottom. 
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 W18A : 

 

LC chromatogram measured at 280nm of G02-Ala scan variant W18A at the top with MS 
measured in the middle. Simulated pattern calculated is shown in black at the bottom. 
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 L24A : 

 

LC chromatogram measured at 280nm of G02-Ala scan variant L24A at the top with MS 
measured in the middle. Simulated pattern calculated is shown in black at the bottom. 

  



 
CHAPTER 2. DECODING AROMATIC HELIX RECOGNITION: α-HELICES VS. β-SHEETS. 

294 
 

 S25A : 

 

LC chromatogram measured at 280nm of G02-Ala scan variant S25A at the top with MS 
measured in the middle. Simulated pattern calculated is shown in black at the bottom. 
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 R27A : 

 

LC chromatogram measured at 280nm of G02-Ala scan variant R27A at the top with MS 
measured in the middle. Simulated pattern calculated is shown in black at the bottom. 
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 R28A : 

 

LC chromatogram measured at 280nm of G02-Ala scan variant R28A at the top with MS 
measured in the middle. Simulated pattern calculated is shown in black at the bottom. 
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 Q32A : 

 

LC chromatogram measured at 280nm of G02-Ala scan variant Q32A at the top with MS 
measured in the middle. Simulated pattern calculated is shown in black at the bottom. 
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 R35A : 

 

LC chromatogram measured at 280nm of G02-Ala scan variant R35A at the top with MS 
measured in the middle. Simulated pattern calculated is shown in black at the bottom. 
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 CD of G02-Ala scan variants: 

 

Measured CDs of G02 Ala mutants G09A, M11A, F13A, E14A, W17A and W18A all in PBS at 
pH = 7.4 in a 1 mm cuvette at 25 °C. 
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Measured CDs of G02 Ala mutants L24A, S25A, R27A, R28A, Q32A and R35A all in PBS at 
pH = 7.4 in a 1 mm cuvette at 25 °C. 
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7.5.3.5. BLI experiments data 

 BLI of P-Q12 and Q5 against G02: 

 

a) BLI sensorgrams of AOF P-1 used as ligand against affibody clone G02 (analyte) in a serial dilution from 1000 
nM to 15.6 nM recorded in PBS+0.05% Tween 20 + 0.5% BSA buffer at 25 °C. b) BLI sensorgrams of AOF 5 used 
as ligand against affibody clone G02 (analyte) in a serial dilution from 1000 nM to 15.6 nM recorded in PBS+0.05% 
Tween 20 + 0.5% BSA buffer at 25 °C. 
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 BLI of Ala scans variants of G02 against AOF 5: 

 

BLI sensorgrams of all G02 mutants used as analyte against AOF 5 (immobilised) in a serial dilution from 1000 nM 

to 15.6 nM. All experiences were recorded in PBS+0.05% Tween 20 + 0.5% BSA buffer at 25 °C. 
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BLI sensorgrams of all G02 mutants used as analyte against AOF 5 (immobilised) in a serial dilution from 1000 nM 

to 15.6 nM. All experiences were recorded in PBS+0.05% Tween 20 + 0.5% BSA buffer at 25 °C. 
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BLI sensorgrams of all G02 mutants used as analyte against AOF 5 (immobilised) in a serial dilution from 1000 nM 

to 15.6 nM. All experiences were recorded in PBS+0.05% Tween 20 + 0.5% BSA buffer at 25 °C. 
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 BLI of QGly scan against G02: 

 

BLI sensorgrams of AOF 7 to 11 used as ligand against nanofitin G02 (analyte) in a serial dilution from 1000 nM to 

15.6 nM recorded in PBS+0.05% Tween 20 + 0.5% BSA buffer at 25 °C 

  



 
CHAPTER 2. DECODING AROMATIC HELIX RECOGNITION: α-HELICES VS. β-SHEETS. 

306 
 

 BLI of QGly scan against C10: 

 

BLI sensorgrams of AOF 7 to 11 used as ligand against nanofitin C10 (analyte) in a serial dilution from 1000 nM to 

15.6 nM recorded in PBS+0.05% Tween 20 + 0.5% BSA buffer at 25 °C 
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 BLI of single mutation pentamers against G02: 

 

BLI sensorgrams of AOF 12 to 17 used as ligand against affibody clone G02 (analyte) in a serial dilution from 1000 

nM to 15.6 nM for AOF 13-15 and 17 and from 2000 nM to 31.3 nM for AOFs 12 and 16. All experiences were 

recorded in PBS+0.05% Tween 20 + 0.5% BSA buffer at 25 °C 
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 BLI of single mutation pentamers against C10: 

 

BLI sensorgrams of AOF 12 to 17 used as ligand against affibody clone C10 (analyte) in a serial dilution from 1000 

nM to 15.6 nM. All experiences were recorded in PBS+0.05% Tween 20 + 0.5% BSA buffer at 25 °C 
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7.6. Crystallography 

Initial broad screening of crystallisation conditions was performed at the Crystallization Facility 

of the Max Planck Institute for Biochemistry (Martinsried, Germany). Experiments were 

conducted in small volumes (100 nL) using sitting-drop vapor diffusion setups. Subsequent 

optimisation of promising conditions was carried out using hanging-drop vapor diffusion 

experiments (0.5-1 µL) at 4 °C. Crystals of the G02 coiled-coil dimer with 6 were obtained using 

18% MPEG 5000 and 100 mM HEPES pH 7.0 as the precipitant. These crystals diffracted up 

to 2.7 Å and consistently indexed in the orthorhombic space group F222 with unit cell 

dimensions a = 91.373 Å, b = 111.367 Å and c = 144.359 Å.  

 

a) Crystals of complex G02CCDi and 6 observed under crossed polarising microscope grown in 18% MPEG 500 
and 100mM HEPES pH = 7.0 at 4 °C. b) Diffraction pattern image during characterisation of the crystals.  
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8.1. Introduction 

The transcription factor NF-κB (also known as nuclear factor kappa enhancer binding protein) 

plays a central role in immune and inflammatory responses, cell survival, and development. Its 

activation depends on the IκB kinase (IKK) complex, composed of the catalytic subunits IKKα 

and IKKβ together with the regulatory protein NEMO (NF-κB essential modulator). Although 

NEMO lacks intrinsic enzymatic activity, it functions as a molecular hub that recruits kinase 

subunits to upstream signalling complexes and bridges interactions with ubiquitin chains, 

thereby enabling efficient pathway activation (Figure 1).[1] In this sense, any mutation of NEMO 

would disrupt the IκB complex which in turn could block NF-κB signalling and lead to 

immunodeficiency or cancer.[2-3][4] Ubiquitin itself has roles beyond proteasomal degradation: 

Lys63-linked and linear di-ubiquitin chains form higher-order signalling platforms that assemble 

kinases in proximity and thus promote NF-κB activation. 

 

Figure 1. NF-κB signalling pathway mediated by ubiquitination. In the canonical NF-κB pathway, stimulation of TNF 
receptors (TNFRs), IL-1 receptor (IL-1R), or Toll-like receptors (TLRs) by their respective ligands triggers the 
activation of TNFR-associated factor (TRAF) proteins. This, in turn, stimulates TGFβ-activated kinase 1 (TAK1), 
which phosphorylates and activates IKKβ. Activated IKKβ phosphorylates IκB, tagging it for ubiquitination and 
subsequent proteasomal degradation. Once IκB is degraded, NF-κB is released and translocates into the nucleus, 
where it drives the transcription of genes which orchestrate inflammation, immune responses, and cell survival. 

Structural studies have clarified how NEMO recognises these ubiquitin-based signals. In 2009 

Lo et al. first demonstrated that NEMO binds di-ubiquitin, showing that linkage type governs 

binding affinity and selectivity.[5] Yoshikawa et al. further resolved the X-ray crystal structure of 

the CC2-LZ region of NEMO in complex with Lys63-linked di-ubiquitin at 2.7 Å resolution, 

showing that the interaction occurs mainly through the Ile44 hydrophobic patch of ubiquitin.[6] 

This relatively limited interface explains in part the modest affinity of NEMO for Lys63-linked 

chains, with dissociation constants KD typically in the range of 100 μM. 
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Rahighi et al. provided the most detailed structural explanation of the selectivity of NEMO for 

ubiquitin. They showed that the UBAN domain (Ubiquitin Binding in ABIN and NEMO) binds 

the linear di-ubiquitin with micromolar affinity (KD = 1.6 µM).[7] Crystallographic data revealed 

a parallel coiled-coil dimer of NEMO forming two symmetric grooves, each engaging a linear 

di-ubiquitin molecule. Critical residues within the UBAN domain include Glu291, Phe305, and 

Leu312, which are establishing contacts with the Ile44 hydrophobic patch and the extended 

linkage of the ubiquitins. Mutations at these sites abolish binding and impair NF-κB activation, 

firmly positioning linear di-ubiquitin recognition by the UBAN domain as a decisive molecular 

event in NF-κB signalling. 

8.2. Structural information on coiled-coil NEMO and linear di-
ubiquitin 
 

NEMO is a dimeric protein of 419 amino acids which features two coiled-coil domains, a leucine 

zipper, and a zinc finger domain. Several studies have identified the coiled-coil domain and 

leucine zipper region, also known as the CoZi region, as the portion of NEMO required for 

ubiquitin chain binding.[8-10] Embedded within this region is the UBAN motif, a conserved 

domain shared with other ubiquitin-binding proteins and central to NEMO’s ubiquitin 

recognition (Figure 2).[11] 

 

Figure 2. a) Schematic domain organisation of NEMO with the different part highlighted in green as CC for coiled-
coil, UBAN in purple for the ubiquitin binding domain, LZ in yellow for the leucine zipper domain and ZF in blue for 
the zinc finger domain. b) Isolated X-ray crystal structure of the CoZi domain of NEMO (PDB#2ZVN), the different 
domains are highlighted in the same colours as the schematic representation above. 

The linear di-ubiquitin (or diUb for the rest of this chapter) is also called Met1-linked diubiquitin. 

Each ubiquitin is composed of 76 amino acids (~ 8.5 kDa); they possess a β-sheet region, a 

very small 310-helix region and a α-helix. The linear diUb is formed when the C-terminal glycine 

(Gly76) of one ubiquitin is covalently linked to the amino group of the first methionine (Met1) 

of another ubiquitin (Figure 3). This head-to-tail connection creates a linear topology that 
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distinguishes it from Lys48- or Lys63-linked chains and makes it a key signalling scaffold in 

NF-κB activation.  

 

Figure 3. a) Schematic domain organisation of linear diUb with each ubiquitin showed as either teal or pink. b) 

Isolated X-ray crystal structure of the linear diUb (PDB#2ZVN), the ubiquitins are coloured in a same manner as 

the schematic representation above. 

8.3. Design and strategy for the mimicry 
 

Linear diUb was selected as the target protein for our study because ubiquitin, and by 

extension diubiquitin, is a very well-characterised protein. It possesses remarkable features 

such as high thermostability, resistance to proteolysis, outstanding folding properties, stability 

across a broad pH range and can be recombinantly expressed with consistent high yields.[12] 
[13] Its relatively small size (76 amino acids per ubiquitin unit) makes it particularly amenable to 

structural studies such as 15N-HSQC NMR. Moreover, the wide library of structural insights 

already available for ubiquitin provided an ideal framework to test our ability to design single 

helix AOFs, which could reproduce the spatial orientation of the α-residues of a coiled-coil 

domain interacting with the surface of the partner protein.  

  8.3.1.  Protein construct choice Ub(H68C) 
 

To initiate our investigation into the mimicry of the coiled-coil domain of NEMO protein with 

AOFs, we focused our approach on the crystal structure of NEMO in complex with linear diUb, 

published in 2009 (Figure 4a).[14] In this study, the two ubiquitin moieties are distinguished as 

distal (N-terminal) and proximal (C-terminal). Importantly, these subunits contribute unequally 

to the interaction with the UBAN region of NEMO. The Ub distal is positioned in close proximity 



 
CHAPTER 3. TARGETING THE NEMO-DI-UBIQUITIN COMPLEX BY MIMICKING THE 

INTERACTION OF THE COILED-COIL NEMO WITH AROMATIC OLIGOAMIDE FOLDAMERS 

316 
 

to one helix of NEMO and establishes a greater number of contacts compared to the Ub 

proximal (Figure 4b). Its binding is mediated by the canonical hydrophobic pocket centred on 

Ile44, complemented by charge-reinforced hydrogen bonds involving Arg42, Arg72, and Arg74 

(Figure 4c). By contrast, the Ubproximal makes fewer contacts and is predominantly engaged in 

polar interactions, primarily involving the region around Thr89 (Figure 4b). This asymmetry in 

binding highlights the critical role of Ubdistal in stabilising the complex and provides a rational 

starting point for our design strategy. 

 

Figure 4. a) X-ray crystal structure of NEMOCoZi in interaction with two linear diUb (PDB#2ZVN). The yellow region 
of NEMO correspond to the leucine zipper region, the pink one to the UBAN motif while the green one is the coiled-
coil domain (same colour scheme as Figure 2. b) Highlights of the contacts made by both Ubdistal and Ubproximal in 
light orange. c) Representation of the residues involved in the binding of NEMOCoZi and the Ubdistal (in teal). Residues 
labelled in black belong to the Ubdistal while the residues in purple/green belong to NEMOCoZi. b) Representation of 
the residues involved in the binding of NEMOCoZi and the Ubproximal (in red). Residues labelled in black belong to the 
Ubproximal while the residues in purple/green belong to NEMOCoZi. 
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Based on these preliminary results, we chose to concentrate our initial designs exclusively on 

the Ubdistal. As previously reported, the binding affinity of linear diUb for the UBAN domain of 

NEMO has been evaluated at 1.6 μM. To enhance our chances of obtaining structural 

information on the mode of interaction between the AOFs designed and diUb, we opted for a 

chemical ligation strategy based on disulphide bridge formation. This approach drives the 

foldamer into surface proximity with the protein, so that we can circumvent the original average 

binding affinity. To implement this, we needed to identify a surface-exposed residue of the Ub 

suitable for mutation to cysteine, which is close enough to maintain the interaction, yet not 

essential for the binding to NEMO according to the structural data. After examining the surface 

of Ub, we selected His68 for substitution with Cys68, enabling the formation of a covalent 

linkage with our AOF candidates. 

8.3.2.  AOF designs for mimicry 
 

The designs developed in this study are based on the X-ray crystal structure described above, 

in which we attempted to dock an AOF backbone onto the UBAN region of NEMO at the 

interface with Ubdistal. Our strategy was to mimic key side-chain interactions contributed by 

Val293, Gln297, Ile300, and Tyr301 of NEMO, which are central to the stabilisation of the 

complex. This guided the construction of single helix AOF candidates ranging in size from 10 

to 13 residues potentially able to mimic the spatial arrangement of the α-residues in a coiled-

coil domain as we recently determined.[15] During the docking procedure, using Discovery 

Studio Visualizer (version 17.2.0), we explored different ways of positioning the quinoline rings: 

either by aligning their first exocyclic carbon atom or directly the aromatic carbon atom, and by 

varying the substitution sites at positions 4, 5, and 6 (as explained in the previous chapters). 

These substituents were tethered to different atomic positions of the NEMO side chains, Cα, 

Cβ, or nitrogen, depending on the targeted residue (Figure 5). To account for conformational 

variability, both P- and M-helical models of AOFs were considered. After superimposition of 

the AOF and the residues of NEMO we were able to generate diverse series of candidates 

assembled from our newly established monomer library with substitutions at positions 4, 5, or 

6.[16] 
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Figure 5. AOF backbone model docked onto the residues of NEMO represented in pink. The exocyclic carbons of 
the quinoline rings of the AOF are coloured in accordance with the position on the ring: 4 as green spheres, 5 as 
golden spheres and 6 as blue spheres. The Ub surface is represented in teal. The residues of NEMO are shown in 
pink. On the right, black dashed lines represent the possible tethering position between exocyclic carbons of the 
quinoline ring and the Cα of Tyr300 or Ile301.  

In parallel, we incorporated additional design constraints to ensure the structural and functional 

viability of the candidates. One important consideration was the control of AOF handedness, 

achieved by incorporating a chiral B unit described in section 2.4.1. previously. Another was 

the prevention of steric clashes between the docked AOFs and the Ub surface after 

superimposition, which was carefully monitored during the modelling process. To evaluate the 

stability of the AOF/Ub complexes, energy minimisation followed by short molecular dynamics 

simulations were carried out in Maestro (version 11.5 from Schrödinger Inc.). AOF candidates 

that remained stably associated with the protein were selected for further analysis, whereas 

those that dissociated within the first nanoseconds of simulation were excluded from 

subsequent design iterations. 

8.4. Results and discussion 
 

  8.4.1. Syntheses of AOF candidates 
 

Several series of AOF models were generated with side chains designed to mimic the key 

residues and enable interactions with Ub. From these, three representative candidates were 

selected for initial binding studies. The candidates were chosen to maximise structural 

diversity: two were designed as P-helices, while the third adopted an M-helical conformation. 

Within the pair of P-helical AOFs, the primary distinction lay in the substitution pattern of the 

quinoline rings. Each of the three designs incorporated four quinolines functionalised with 

proteinogenic side chains, while the remaining rings were predicted by modelling to be solvent-

exposed and were therefore substituted with solubilising aspartate-like or sulfonic acid side 

chains. During modelling of the P-helical AOFs, steric clashes were observed, predominantly 

involving a single quinoline unit with the surface of Ub around the region of Ala46, Gly47 and 
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Lys48. To resolve this, one Q ring was replaced with a P ring, a modification that preserved 

the overall fold and architecture of the foldamer while eliminating steric hindrance. All AOF 

candidates were synthesised using a PurePep Chorus peptide synthesiser, following optimised 

SPFS protocols described in section 5 (Figure 6a)[17]. The crude RP-HPLC chromatogram of 

the SPFS of AOF-1 (Figure 6b) shows the efficiency (purity > 95 %) of the synthesis for this 

average size of AOFs. 

As mentioned before, we opted for chemical ligation through disulphide bridge formation to 

generate the AOF-Ub(H68C) covalent adducts. The methodology for introducing an activated 

disulphide linker onto AOFs on solid support has been previously established (Figure 6a) and 

has also been successfully utilised to attach a high affinity ligand on a designed AOF to interact 

with a target protein.[18-19] In this approach, the terminal amine of the last Q unit is converted 

into an isocyanate using triphosgene under microwave-assisted conditions. It then 

subsequently reacts with a linker amine to form a urea bond. The linkers employed are typically 

polyethylene glycol-based or ethylene diamine based for the shorter version, with variations in 

length designed to probe their effect on binding. Linker length is a critical parameter: a short 

linker is expected to restrict the foldamer more tightly to the protein surface, thereby favouring 

more defined interactions, whereas a longer linker provides greater conformational flexibility, 

allowing the foldamer to explore a wider surface area around the anchoring point on the protein 

and therefore increasing the likelihood of forming productive contacts. The first designs were 

all synthesised with a short linker (SL), only a latter AOF with a design based on AOF-1 was 

synthesised with a long linker (LL). The crude RP-HPLC chromatogram of AOF-1SL shows a 

purity over 75 % after SPFS (Figure 6c); purification using semi-preparative RP-HPLC 

delivered the final AOF candidate in fairly good yield (14.8 mg, 4.71 μmol, 31.4 %) and in high 

purity (>98%). 
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Figure 6. a) Description of automated SPFS of AOF-1 followed by linker installation protocol of AOF-1SL. b) RP-
HPLC chromatogram of crude AOF-1, gradient used: 30% to 100% H2O + 0.1 % TFA/MeCN + 0.1 % TFA, C18 
column. c) RP-HPLC chromatogram of crude AOF-1SL after linker installation, same gradient used. d) Schematic 
representation in spheres of four AOF candidates synthesised. Green spheres represent Q monomers substituted 
in position 4 of the quinoline ring, golden sphere in position 5 and blue sphere in position 6. Pink and purple spheres 
represent P and B units respectively.  
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8.4.2. Protein overexpression and purification 
 

Ub(H68C) was overexpressed using a pET-9a vector encoding the H68C-mutated ubiquitin 

sequence, fused at the N-terminus to a polyhistidine (His6) tag and a Tobacco Etch Virus (TEV) 

protease cleavage site to enable affinity purification (Figure 7). The plasmid was transformed 

into E.coli competent cells, and successfully transformed colonies were selected on 

kanamycin-containing LB (lysogeny broth) agar plates thanks to the kanamycin resistance 

gene (KanR). Positive colonies were then utilised for large-scale culture, and protein 

expression was induced with isopropyl-β-D-thio galactopyranoside (IPTG). 

 

Figure 7. Plasmid map of pET9a utilised for protein expression of Ub(H68C) in E.coli coupled to a His6 affinity tag 
and a TEV protease cleavage site with the kanamycin resistance gene KanR.  

Following expression, the cells were harvested, lysed by sonication, and centrifuged to get rid 

of cell debris. His6-Ub(H68C) protein was then isolated from the supernatant using immobilised 

metal affinity chromatography (IMAC) on nitriloacetic acid Ni-NTA agarose resin. In this 

system, the histidine side chains of the tag coordinate strongly to the nickel ions chelated by 

nitrilotriacetic acid, allowing for selective retention of the tagged Ub(H68C). While other 

bacterial proteins containing surface-exposed histidines may also bind, their interaction is 
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weaker and can be removed by washing steps. The target protein is then efficiently eluted by 

increasing the concentration of imidazole, which competes with histidine residues for nickel 

coordination sites (Figure 8a). 

The His6-tag was then removed by cleavage with TEV protease, and the resulting mixture was 

passed again over Ni-NTA resin to separate the cleaved Ub(H68C) from the free tag and 

protease. Finally, the protein was purified by size-exclusion chromatography (SEC), before 

being utilised for adduct formation (Figure 8b). 

 

Figure 8. a) SDS-PAGE gel (15% acrylamide) of the expression and cleavage of His6-Ub(H68C). b) SEC-FPLC 
chromatogram of Ub(H68C) purification on the left with SDS-PAGE gel (15% acrylamide) of the fractions on the 
left. 

8.4.3. Ligation chemistry and adduct formation 
 

Ligation chemistry through disulphide bridge formation is a well-established and 

straightforward approach for covalently attaching synthetic ligands to proteins. This method 

enables the conjugation of a ligand with a protein, by exploiting the thiol-disulphide exchange 
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with cysteine residues, in aqueous conditions without compromising the integrity of the protein. 

This approach is therefore well-suited for designing and evaluating protein-AOFs adducts 

interaction. 

In order to perform the ligation with the AOF candidate, the protein was first placed in reducing 

environment to ensure its monomeric state. With its free cysteine on its surface, Ub(H68C) 

could in principle dimerise which would impair the adduct formation. Dithiothreitol, DTT (10 

mM), was therefore added to the protein solution. It was removed prior to ligation utilising small 

size exclusion chromatography column (NAP™). The AOF was then dissolved in the protein 

buffer and was added in a slight excess (1.1 equiv.) to the protein solution (Figure 9a). Adding 

an excess of the AOF allows for easier purification after ligation. Ub(H68C) and Ub(H68C)-

AOF adducts possess a very minor molecular weight difference making the SEC purification 

very challenging, but the difference of molecular weight between the AOF and the covalent 

adduct is way bigger making the purification by SEC possible. The ligation reaction was 

complete after 2 hours at room temperature under gentle shaking. After sample concentration, 

the adduct was purified with SEC (Figure 9b), the fractions were collected and concentrated 

for further crystallisation assays and NMR structure elucidation.  

 

Figure 9. a) Schematic representation of the ligation between Ub(H68C) and AOF-1SL. The end structure is a 
minimised model of the adduct. The ligation site is highlighted in gold and teal. b) SEC chromatogram of the 
purification of adduct Ub(H68)-AOF-1SL on the left. Mass distribution of the adduct showing charge state.  
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8.4.4. Structural elucidation of adducts via NMR analysis 

To investigate whether our AOF candidates interact with the targeted ubiquitin residues, we 

conducted NMR analyses of the protein-ligand adducts. Specifically, 15N-HSQC NMR was 

employed to assess whether the amide protons of the protein residues were influenced by the 

presence of the AOF. Ubiquitin was expressed in isotopically enriched media containing 
15NH4Cl and D-Glucose-13C6, yielding labelled [15N]-Ub(H68C) and [13C,15N]-Ub(H68C). NMR 

spectra of the mono- and di-labelled ubiquitin variants were recorded to map the amide proton 

resonances of Ub(H68C). Subsequently, ligation of the AOF candidates to both mono- and di-

labelled ubiquitin was performed, followed by 2D and 3D NMR analyses. 

By interpreting the HSQC spectra and identifying the corresponding proton amide signals, we 

were able to calculate chemical shift perturbation (CSP) values, providing insights into which 

ubiquitin residues were affected by the ligated AOF. This analysis was carried out for the AOF-
1SL, AOF-2SL, and AOF-3SL candidates. The characterisation of the adduct formed with 

AOF-1SL provided valuable information regarding its interactions with Ub(H68C). Figure 10a 

displays the CSP representation of the amides of the adduct. The data clearly demonstrate 

perturbations in the chemical environment of the amide protons in the presence of the AOF. 

Detailed analysis revealed two key regions of perturbation on the surface of ubiquitin. The first, 

as expected, corresponds to the anchoring site of the AOF, which significantly affects nearby 

residues. The second region, a hydrophobic pocket originally targeted on the protein’s surface, 

also exhibited considerable perturbation upon AOF binding. These findings are promising and 

offer valuable insights for the design of future Ub(H68C)-AOF interactions.  

However, in the case of the adduct formed with AOF-2SL, most amide resonances are still 

present, although some are strongly perturbed, particularly at the anchoring site, as expected 

(Figure 10b). The amides in the hydrophobic pockets surrounding Ile44 and Leu73 are 

completely broadened and disappear, consistent with intermediate exchange of these protons. 

While we would like to attribute this effect to close contacts with the AOF side chains which we 

designed, we can only rule that the presence of the AOF strongly perturbs these regions. 

The adduct formed with AOF-3SL exhibits an even more pronounced broadening of the 

backbone amide signals (Figure 10c). Only a few amide resonances remain detectable and 

could be used for CSP calculations. Leu43 appears to be strongly affected by the presence of 

the AOF, suggesting that this hydrophobic pocket could represent a promising target site. 
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Figure 10. a) CSP representation of [15N]-Ub(H68C)-AOF-1SL backbone amide 1H-15N HSQC. The darker the blue, 
the more affected is the amide signal. The negative, yellow, corresponds to loss of amide signal from protein alone 
to adduct. The ladder in pink shows the anchoring point of the AOF, Cys68. CSPs were calculated as the root-
mean-square deviation ((ΔδH/0.14)2 + (ΔδN)2)0.5. At the bottom the protein surface of Ub(H68C) is coloured 
according to the CSP values of the table above. Grey areas correspond to missing signal for the protein alone. b) 
CSP representation of [15N]-Ub(H68C)-AOF-2SL backbone amide 1H-15N HSQC. c) CSP representation of [15N]-
Ub(H68C)-AOF-3SL backbone amide 1H-15N HSQC. 

8.4.5. Structural elucidation of covalent adducts via crystallisation 
assays 

 

Structural elucidation via crystallisation assay could lead to a big step in the understanding of 

the interaction of our AOF candidates with the protein. Each produced adduct was subjected 

to a series of crystallisation broad screening utilising vapour-diffusion methods, against several 

commercial and in-house 96-conditions sets. 

Despite obtaining several crystallisation hits, none yielded crystals of sufficient quality for 

structural analysis, as diffraction was poor or absent. The initial strategy, which relied on a 

short linker to tether the AOFs to the Ub(H68C) was therefore revised. AOF-1SL design was 

then changed into AOF-4LL: in this new design the linker was elongated with a PEG4 spacer, 

and the solvent-exposed Asp-type side chain replaced by sulfonic acid moieties (Figure 6d). 

These modifications were motivated by prior successes within our group, where QSul 
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monomers (SO3H side chain in position 4) had been associated with improved crystallisation 

outcomes. 

Using the new protein-adduct Ub(H68C)-AOF-4LL in broad screening crystallisation assays, 

it was possible to obtain numerous hits. Optimisation with larger drop-size and hanging drop 

crystallisation growth method allowed for the obtention of very reproducible single crystals of 

the adducts. Crystals were obtained at 4 °C in a mixture of 0.5 µL of the adduct solution at 15 

mg/mL with 0.5 µL of reservoir solution (1 M sodium tri-citrate, 100 mM Tris pH = 8.5) hanging 

over a well solution of 500 µL. These crystals diffracted up to 3.0 Å and consistently indexed 

in the orthorhombic space group P222 with unit cell dimensions a = 80.5572 Å, b = 101.143 Å 

and c = 90.236 Å (Figure 11).  

Data assessment and asymmetric unit (ASU) composition and estimation utilising solvent 

content and the Matthews coefficient in PHENIX Xtriage[20] suggested a large asymmetric unit 

of ~77 kDa, most likely corresponding to six copies of the conjugate. Efforts to solve the 

structure by molecular replacement in PHASER[21] using many combinations of ubiquitin and 

AOF structures as search models were not successful. Presumably, the large number of copies 

in the ASU, as well as the high scattering contribution of the AOF complicate structure solution 

attempts.  

 

Figure 11. a) Crystals of adduct Ub(H68C)-AOF-4LL observed under crossed polarising microscope grown in 1 M 
sodium tri-citrate, 100 mM Tris pH = 8.5 at 15 mg/mL at 4 °C. b) Diffraction pattern image during characterisation 
of the crystals.  

8.5. Conclusion and perspectives 
 

To conclude on this project, starting from a natural complex, we were able to model and design 

AOF candidates for the mimicry of coiled-coil NEMO. From our designs, we successfully 

demonstrated the efficiency of our automatic synthesiser system in producing the AOF desired 
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candidates for the mimicry. Furthermore, we achieved chemical ligations with all our AOFs and 

the mutated ubiquitin in order to obtain our final stable protein-AOFs adducts.  

Solution studies using NMR analyses on both the protein and the corresponding adducts 

provided valuable insights and encouraging evidence for the interaction of AOFs with the 

targeted site of the protein. Intensive efforts were dedicated to crystallisation with the aim to 

gain structural understanding on the positioning of the AOFs on the protein surface. Although 

our initial attempts were unsuccessful, optimisation of the length of the linker for tethering the 

AOF to the Ub(H68C) led us to the synthesis of new AOF candidate AOF-4LL, based on the 

previously characterised AOF-1SL. The crystallogenesis attempts of this adduct yielded 

reproducible, high-quality crystals diffracting up to 3.0 Å but structural elucidation was also 

unsuccessful. Additional optimisations of crystallisation conditions, temperature, and 

concentrations did not improve the resolution so that the crystal structure of the adduct could 

be elucidated. 

At this stage, further exploration of the adduct Ub(H68C)-AOF-4LL remains still promising. 

Phasing using the anomalous signal of the numerous sulphur atoms by single-wavelength 

anomalous diffraction (SAD) may be considered in the future. Presently, we are interested in 

investigating the original target, the linear di-ubiquitin, with longer AOF candidates, involving 

new building blocks, to challenge our capacity to synthesise diverse and long oligomers on our 

automated system. Collaboration with a dedicated group on molecular dynamics (Dr. Zhiwei 

Liu, Rowan University, USA) led to the designs of new AOFs (Figure 12). AOF-5LL was 

synthesised and chemical ligation with linear diUb(H68C) was successful. Broad screening 

crystallisation is undergoing and will hopefully bring the first structural milestone for the mimicry 

of the projection of the spatial side-chain arrangement found in the coiled-coil NEMO. 

 

Figure 12. AOF candidate for the ligation with linear diUb(H68C). AOF-5LL possess a long linker with a total of 19 
units while AOF-6ML, possess a medium linker with a total of 18 units. New designs incorporate a N-terminal P unit 
so the triphosgene activation of the aromatic amine for linker installation can be avoided and replaced by simple 
peptide coupling on the aliphatic amine of the P unit. 
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8.6. Experimental part : chemical synthesis 
 

8.6.1. Materials 
 

All chemicals were purchased from commercial suppliers (Sigma-Aldrich, Fisher Scientific, 

IRIS Biotech, ABCR) and used without further purification unless stated otherwise. Low loading 

(LL)-Wang and Cl-MPA Protide resins were purchased from Merck-Novabiochem. Solvents 

were purchased from Fisher Scientific, IRIS Biotech (N-methyl-2-pyrrolidinone (NMP)) or Carlo 

Erba (N,N-dimethylformamide (DMF), peptide grade) and used without further purification. 

Anhydrous DCM and THF were obtained from a SPS-800 Solvent Purification System 

(MBraun). N,N-diisopropylethylamine (DIPEA), NEt3 were freshly distilled over CaH2 prior to 

use. HPLC grade acetonitrile (MeCN, Fisher Scientific) and ultra-pure water (Omnia xstouch 

Blueline, Stakpure system) were used for RP-HPLC analyses and purification. LCMS grade 

MeCN (Fisher Scientific) was used for LCMS analyses. 

8.6.2. General methods for HPLC analysis and purification, LCMS 
and NMR analyses 

RP-HPLC analyses were performed on an Ultimate 3000 HPLC system (Thermo Fischer 

Scientific) equipped with an UV diode array detector, monitoring absorbance at 254 nm and 

300 nm if not stated otherwise, using a Nucleodur C18 Htec (4.6 × 100 mm, 5 μm, Macherey-

Nagel). For acidic RP-HPLC analyses, 0.1% trifluoroacetic acid (TFA) in water (solvent A) and 

0.1% TFA in acetonitrile (solvent B) were used as the mobile phase at a flow rate of 1 mL/min. 

All the RP-HPLC analyses were run at 50 °C. For basic RP-HPLC analyses, the mobile phase 

was composed of 12.5 mM TEAA in water at pH 8.5 (A) and 12.5 mM TEAA in water: 

acetonitrile mixture (1:2, v/v) at pH = 8.5 at a flow rate of 1mL/min. 

Semi-preparative RP-HPLC was performed on an Ultimate 3000 HPLC system, using a 

Nucleodur C18 Gravity column (10 × 250 mm, 5 μm, Macherey-Nagel) at a flow rate of 

5 ml/min. The same solvent composition to the analytical conditions was used either in acidic 

or basic mode. 

LC-MS analyses were recorded on an Ultimate 3000 HPLC system, coupled to a micrOTOF II 

mass spectrometer (Bruker Daltonics) with electron spray ionization (ESI). The LC column 

used was a Nucleodur Gravity Ec column (2 × 50 mm, 1.8 mM, Macherey-Nagel). All LC 

analyses were run at 50 °C. The MS spectrometer was calibrated, prior to analysis, in positive 

and negative mode by direct infusion of an ESI-Low Concentration Tuning Mix (Agilent 

Technologies). 
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1H-NMR spectra were recorded on Avance III HD 500 MHz BioSpin spectrometer (Bruker). All 

chemical shifts are reported in ppm and calibrated against residual solvents signals of CD3CN 

(δ = 1.94 ppm) and DMF-d7 (δ = 8.03 ppm). AOF-4LL was recorded CD3CN/H2O (1:1; vol/vol) 

with water suppression with excitation sculpting using the zgesgp pulse sequence from the 

Bruker pulse sequence library. Signal multiplicities are reported as s, singlet; d, doublet; t, 

triplet; hept, heptet; dd, doublet of doublet; and m, multiplet. Coupling constants (J) are 

reported in Hz. Data were processed on MestReNova v.12.0. 

15N-HSQCs were recorded on an Avance NEO NMR spectrometer (Bruker BioSpin) with a 

vertical 16.45 T narrow-bore / ultrashield magnet operating at 700 MHz for 1H observation by 

means of a 5-mm TXI 1H / 13C / 15N probe with Z gradient capabilities.  
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8.6.3. Generalities on solid phase foldamer synthesis (SPFS) 

 

All protected Fmoc-QXxx(PG)-OH and Fmoc-3-Amb-OH monomers (shown above) used for the 

solid phase synthesis of the oligomers were prepared following reported synthetic protocols. 
[16, 19, 22-27] 

SPFS was performed following recently reported conditions using a PurePep® Chorus peptide 

synthesiser (Gyros-Protein Technologies) for the different sequences.[17] Generally, all 

monomers were activated as their respective acid chlorides, by applying in situ Appel’s 

conditions in the presence of PPh3, trichloroacetonitrile (TCAN), and 2,4,6-collidine as base. 

For the synthesis of 7 a special activation procedure was developed to avoid the deprotection 

of the acid sensitive tBu protection on the phosphonate side chain (see procedure below). 

 Loading of the first quinoline unit on Cl-MPA Protide resin 

Loading of Fmoc-QXxx-OH to the Cl-MPA Protide resin was performed using CsI and DIPEA 

as previously described.[28] 
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 General procedure for Fmoc deprotection 

First, the resin was washed three times with a solution of DCM:NMP (80:20; v/v), before adding 

a solution of 2% DBU in NMP. The Fmoc deprotection was performed for 2 × 3 min. After 

deprotection, the resin was washed two times with 20% NMP in DCM and then three times 

with dry THF. 

 In situ activation and aromatic monomer couplings 

The aromatic monomers were coupled on Wang resin-bound oligoquinoline with in situ 

activation using an excess of three equivalents of monomer relative to the resin loading. Each 

coupling was performed twice at 50 °C for 15 min.[28] 

 Coupling of the activated disulphide linker via urea bond formation 

For urea bond formation, before coupling of SL or LL (AOF-1SL, AOF-2SL, AOF-3SL and 

AOF-4LL), the protected NHBoc amine is deprotected with DCM/TFA (1:1, v/v) for 1h at room 

temperature. The solution is evaporated and put on high vacuum overnight. On resin, Fmoc is 

deprotected with the classic conditions. Resin is washed thoroughly with dry THF and 1.5 mL 

of dry THF is added to the resin with 10 equiv. of freshly distilled DIPEA. 5 equiv. of triphosgene 

are dissolved in 1.5 mL of dry THF, the solution is added onto the resin and put under 

microwave for 5 min at 50 °C. Mixture is then filtered off and washed thoroughly with 5 x 5 mL 

dry THF. Resin is then suspended again with 1.5 mL of dry THF. On the side, the linker is 

dissolved in 1.5 mL of dry THF as well and 10 equiv. of DIPEA is added to it. The solution is 

then poured on the resin and coupling is performed twice at 50 °C for 15 min like a regular 

monomer coupling. 

 Coupling of the activated disulphide linker via classical peptide coupling 

The linker (1.5 equiv. relative to resin loading) is coupled manually on the resin-bound H-P-

AOF (AOF-5LL) by applying peptide coupling conditions with the use of BOP (1.5 equiv.) and 

DIPEA (3 equiv.) in dry DMF overnight at room temperature. 

 TFA cleavage of the oligomers from the Wang resin 

Cleavage of the oligomer from the Wang resin was performed using a mixture of TFA, tri-

isopropyl silane (TIS) and H2O (95: 2.5: 2.5; v/v/v), for 3 h at room temperature. The crude 

oligomer was precipitated with diethylether (Et2O), redissolved in water/MeCN and lyophilised.  
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  8.6.4. AOFs syntheses and characterisation 
 

8.6.4.1. Synthesis of AOF-1SL 

 

AOF-1SL: Oligomer AOF-1SL was synthesized on Cl-MPA resin (0.17mmol.g-1, 100µmol 

scale) according to the standard method. Loading of the first monomer: 0.11mmol.g-1 (65%). 

The linker was added on half the resin using standard triphosgene activation conditions. After 

purification by semi-prep HPLC (C8, 30-70, 50°C, A: H2O + 0.1% TFA, B: MeCN + 0.1% TFA),  

the title compound was obtained as a yellow powder (14.20mg, 4.28µmol, 13.2%)  

1H NMR (500 MHz, DMF-d7): δ = 13.81 (s, 6H), 13.04 (s, 1H), 12.34 (s, 1H), 12.22 (s, 1H), 

11.67 (s, 1H), 11.20 (s, 1H), 10.91 (s, 1H), 10.65 (s, 1H), 10.47 (s, 1H), 10.37 (s, 1H), 9.95 (s, 

1H), 9.80 (s, 1H), 9.54 (s, 1H), 9.44 (s, 1H), 8.67 (d, J = 6.9 Hz, 3H), 8.61 – 8.58 (m, 1H), 8.46 

– 8.44 (m, 1H), 8.22 (s, 1H), 8.13 (s, 1H), 7.96 – 7.86 (m, 4H), 7.86 – 7.79 (m, 2H), 7.79 – 7.74 

(m, 2H), 7.71 – 7.63 (m, 5H), 7.61 – 7.43 (m, 11H), 7.42 – 7.37 (m, 2H), 7.33 (t, J = 7.8 Hz, 

1H), 7.26 – 7.21 (m, 2H), 7.21 – 7.14 (m, 6H), 7.14 – 7.04 (m, 4H), 7.01 – 6.93 (m, 2H), 6.87 

– 6.83 (m, 2H), 6.82 – 6.78 (m, 3H), 6.75 (dd, J = 7.9, 1.5 Hz, 1H), 6.70 (t, J = 7.8 Hz, 1H), 

6.57 – 6.51 (m, 2H), 6.46 (s, 1H), 6.41 – 6.38 (m, 2H), 6.34 (d, J = 8.1 Hz, 1H), 6.31 (s, 1H), 

6.28 – 6.23 (m, 1H), 6.08 (d, J = 7.8 Hz, 1H), 5.88 (s, 1H), 5.73 (t, J = 7.3 Hz, 1H), 5.19 – 5.08 

(m, 2H), 5.06 – 4.93 (m, 2H), 4.85 (d, J = 15.9 Hz, 1H), 4.81 – 4.72 (m, 2H), 4.68 (d, J = 15.9 

Hz, 1H), 4.56 – 4.45 (m, 3H), 4.34 – 4.15 (m, 3H), 3.88 (dd, J = 16.9, 4.5 Hz, 1H), 3.30 – 3.23 

(m, 1H), 3.11 – 2.97 (m, 5H), 2.62 – 2.60 (m, 1H), 2.51 (t, J = 7.1 Hz, 2H), 2.19 – 2.11 (m, 1H), 

2.07 – 2.01 (m, 1H), 1.86 (hept, J = 6.6 Hz, 1H), 1.67 – 1.53 (m, 4H), 1.37 – 1.24 (m, 14H), 

1.15 – 1.08 (m, 7H), 0.90 – 0.84 (m, 1H), 0.15 – 0.12 (m, 1H), -0.25 (d, J = 6.5 Hz, 3H). 

HRMS: (ESI+) m/z calculated for C165H137N27O38S2: 1578.9552 [M+2H]2+; found: 1578.9683 

[M+2H]2+. 

8.6.4.2. Synthesis of AOF-2SL 

 

AOF-2SL: Oligomer AOF-2SL was synthesized on Cl-MPA resin (0.17mmol.g-1, 100µmol 

scale) according to the standard method. Loading of the first monomer: 0.11mmol.g-1 (65%). 

The linker was added on half the resin using standard triphosgene activation conditions. After 
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purification by semi-prep HPLC (C8, 30-70, 50°C, A: H2O + 0.1% TFA, B: MeCN + 0.1% TFA), 

the title compound was obtained as a yellow powder (14.20mg, 4.28µmol, 13.2%)  

1H NMR (500 MHz, DMF-d7): δ = 14.20 – 13.53 (m, 7H), 11.69 (s, 1H), 11.25 (s, 1H), 11.14 – 

11.07 (m, 2H), 10.85 (s, 1H), 10.50 (s, 1H), 10.44 (s, 1H), 10.08 (s, 1H), 9.41 (s, 1H), 8.79 (s, 

1H), 8.63 – 8.54 (m, 2H), 8.42 – 8.39 (m, 1H), 8.36 (d, J = 8.6 Hz, 1H), 8.18 – 8.15 (m, 2H), 

8.07 (s, 1H), 7.94 (d, J = 8.3 Hz, 1H), 7.93 – 7.88 (m, 2H), 7.88 – 7.83 (m, 2H), 7.80 – 7.74 (m, 

2H), 7.72 – 7.60 (m, 7H), 7.60 – 7.54 (m, 2H), 7.53 – 7.48 (m, 2H), 7.48 – 7.41 (m, 3H), 7.40 

– 7.36 (m, 2H), 7.34 (s, 1H), 7.32 (s, 1H), 7.26 (t, J = 7.8 Hz, 1H), 7.23 – 7.14 (m, 9H), 7.14 – 

7.02 (m, 8H), 6.86 – 6.81 (m, 3H), 6.66 – 6.57 (m, 3H), 6.54 (d, J = 8.4 Hz, 1H), 6.42 – 6.38 

(m, 1H), 6.30 (s, 1H), 6.17 (t, J = 7.3 Hz, 1H), 6.06 (s, 1H), 6.02 (d, J = 7.9 Hz, 1H), 5.96 (s, 

1H), 5.69 (t, J = 7.5 Hz, 1H), 5.27 – 5.10 (m, 4H), 5.04 (s, 2H), 4.90 – 4.74 (m, 3H), 4.65 (d, J 

= 15.9 Hz, 1H), 4.62 – 4.53 (m, 2H), 4.01 (p, J = 7.6 Hz, 2H), 3.81 – 3.32 (m, 4H), 3.11 – 2.97 

(m, 3H), 2.89 – 2.80 (m, 4H), 2.67 – 2.60 (m, 1H), 2.59 (s, 4H), 2.54 – 2.45 (m, 1H), 2.39 – 

2.24 (m, 3H), 2.06 – 1.95 (m, 2H), 1.35 – 1.26 (m, 7H), 1.25 – 1.18 (m, 7H), 1.06 (d, J = 6.4 

Hz, 3H), 1.00 (d, J = 6.4 Hz, 3H), 0.88 (t, J = 6.8 Hz, 1H), -0.32 (d, J = 6.5 Hz, 3H). 

HRMS: (ESI-) m/z calculated for C158H131N27O37S2: 1530.9275 [M-2H]2-; found: 1530.9409 [M-

2H]2-. 

8.6.4.3. Synthesis of AOF-3SL 

 

AOF-3SL: Oligomer AOF-3SL was synthesized on Cl-MPA resin (0.17mmol.g-1, 100µmol 

scale) according to the standard method. Loading of the first monomer: 0.11mmol.g-1 (65%). 

The linker was added on half the resin using standard triphosgene activation conditions. After 

purification by semi-prep HPLC (C18, 30-100, 50°C, A: H2O + 0.1% TFA, B: MeCN + 0.1% 

TFA), the title compound was obtained as a yellow powder (14.20mg, 4.28µmol, 13.2%)  

1H NMR (500 MHz, DMF-d7): δ = 14.09 – 13.63 (m, 6H), 12.14 (s, 1H), 11.38 – 11.26 (m, 3H), 

11.23 (s, 1H), 10.82 – 10.72 (m, 2H), 10.29 (s, 1H), 9.38 (s, 1H), 8.96 (s, 1H), 8.71 – 8.67 (m, 

1H), 8.62 – 8.57 (m, 1H), 8.48 – 8.45 (m, 1H), 8.42 – 8.39 (m, 1H), 8.35 (s, 1H), 8.26 (s, 1H), 

8.22 (s, 1H), 8.15 – 8.12 (m, 1H), 7.87 – 7.82 (m, 2H), 7.80 – 7.74 (m, 3H), 7.74 – 7.70 (m, 

2H), 7.69 – 7.67 (m, 1H), 7.67 – 7.63 (m, 2H), 7.63 – 7.60 (m, 1H), 7.56 (d, J = 8.4 Hz, 1H), 

7.52 – 7.45 (m, 2H), 7.41 – 7.37 (m, 1H), 7.36 – 7.28 (m, 3H), 7.28 – 7.24 (m, 3H), 7.19 – 7.17 

(m, 1H), 7.15 – 7.11 (m, 3H), 7.04 – 6.97 (m, 3H), 6.94 (dd, J = 8.0, 1.6 Hz, 1H), 6.91 (s, 1H), 

6.78 – 6.74 (m, 2H), 6.72 – 6.65 (m, 2H), 6.63 (s, 1H), 6.53 (d, J = 8.2 Hz, 1H), 6.49 (s, 1H), 
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6.25 – 6.19 (m, 1H), 6.07 – 6.02 (m, 1H), 5.87 (s, 1H), 5.67 (t, J = 7.6 Hz, 1H), 5.44 – 5.31 (m, 

4H), 5.09 (d, J = 16.2 Hz, 1H), 4.98 (d, J = 16.1 Hz, 1H), 4.86 (dd, J = 15.8, 2.6 Hz, 2H), 4.67 

(dd, J = 18.0, 15.7 Hz, 2H), 4.00 – 3.92 (m, 2H), 3.07 – 2.98 (m, 3H), 2.63 – 2.57 (m, 1H), 2.42 

– 2.28 (m, 3H), 2.18 – 2.11 (m, 1H), 2.07 – 2.01 (m, 1H), 1.87 – 1.60 (m, 5H), 1.37 – 1.23 (m, 

12H), 1.14 – 1.06 (m, 12H), 0.91 – 0.85 (m, 1H), -0.17 (d, J = 6.5 Hz, 3H). 

HRMS: (ESI+) m/z calculated for C142H124N22O31S2: 1349.9210 [M+2H]2+; found: 1349.9567 

[M+2H]2+. 

8.6.4.4. Synthesis of AOF-4LL 

 

AOF-4LL: Oligomer AOF-4LL was synthesized on Cl-MPA resin (0.17mmol.g-1, 100µmol 

scale) according to the standard method. Loading of the first monomer: 0.11mmol.g-1 (65%). 

The linker was added on half the resin using standard triphosgene activation conditions. After 

purification by semi-prep HPLC (C18, 0-100, 50°C, A: 12.5 mM TEAA in H2O pH = 8.5, B: 12.5 

mM TEAA in H2O:MeCN mixture (1:2, v/v) pH = 8.5), the title compound was obtained as a 

yellow powder (14.20mg, 4.28µmol, 13.2%)  

1H NMR (500 MHz, CD3CN/H2O 1:1): δ= 11.46 (s, 1H), 11.03 (s, 1H), 10.59 (s, 1H), 10.52 (s, 

1H), 10.32 (s, 1H), 9.98 (s, 1H), 9.89 (s, 1H), 9.76 (s, 1H), 9.39 (s, 1H), 8.77 (s, 1H), 8.61 – 

8.42 (m, 3H), 8.12 – 8.00 (m, 3H), 7.96 (s, 1H), 7.89 (t, J = 10.3 Hz, 2H), 7.82 – 7.73 (m, 2H), 

7.72 (s, 1H), 7.65 (d, J = 8.6 Hz, 1H), 7.61 (s, 1H), 7.57 – 7.46 (m, 3H), 7.46 – 7.30 (m, 5H), 

7.29 – 7.21 (m, 2H), 7.20 – 7.11 (m, 4H), 7.11 – 6.98 (m, 5H), 6.94 (d, J = 9.4 Hz, 2H), 6.89 – 

6.79 (m, 2H), 6.74 – 6.65 m, 4H), 6.57 (d, J = 9.1 Hz, 1H), 6.43 – 6.32 (m, 1H), 6.30 (d, J = 8.0 

Hz, 1H), 6.25 – 6.15 (m, 2H), 6.09 – 5.93 (m, 2H), 5.85 (s, 1H), 2.96 – 2.79 (m, 2H), 2.74 – 

2.57 (m, 3H), 2.45 (s, 3H), 2.31 – 2.20 (m, 3H), 1.57 – 1.37 (m, 3H), 1.21 – 1.10 (m, 7H), 1.06 

– 0.96 (m, 7H), -0.50 (d, J = 6.8 Hz, 3H). 

HRMS: (ESI−) m/z calculated for C160H137N27O41S7: 1104.9101 [M-3H]3−; found: 1104.9136 [M-

3H]3−. 

  



 
CHAPTER 3. TARGETING THE NEMO-DI-UBIQUITIN COMPLEX BY MIMICKING THE 

INTERACTION OF THE COILED-COIL NEMO WITH AROMATIC OLIGOAMIDE FOLDAMERS 

335 
 

8.6.4.5. Synthesis of AOF-5LL 

 

AOF-5LL: Oligomer AOF-5LL was synthesized on Cl-MPA resin (0.17mmol.g-1, 100µmol 

scale) according to the standard method. Loading of the first monomer: 0.11mmol.g-1 (65%). 

The linker was added on half the resin using standard triphosgene activation conditions. After 

purification by semi-prep HPLC (C8, 30-70, 50°C, A: H2O + 0.1% TFA, B: MeCN + 0.1% TFA), 

the title compound was obtained as a yellow powder (14.20mg, 4.28µmol, 13.2%)  

1H NMR (500 MHz, DMF-d7): δ = 11.21 (s, 1H), 11.04 (s, 2H), 10.78 (s, 2H), 10.68 (s, 1H), 

10.51 – 10.28 (m, 3H), 10.11 (s, 2H), 9.37 (s, 1H), 8.56 – 8.25 (m, 6H), 7.94 – 7.50 (m, 6H), 

7.50 – 7.25 (m, 2H), 7.24 – 7.06 (m, 4H), 7.06 – 6.88 (m, 4H), 6.77 (s, 2H), 6.56 – 6.34 (m, 

2H), 6.25 (s, 1H), 6.12 – 5.96 (m, 2H), 5.89 – 5.68 (m, 2H), 5.47 (s, 1H), 5.39 – 5.27 (m, 1H), 

5.19 – 5.02 (m, 1H), 4.95 – 4.64(m, 2H), 4.45 (d, J = 14.3 Hz, 1H), 4.28 – 3.38 (m, 44H), 3.34 

– 3.13 (m, 13H), 3.08 – 2.97 (m, 2H), 2.53 (t, J = 7.1 Hz, 1H), 2.3 – 2.31 (m, 4H), 1.90 (s, 2H), 

1.67 (s, 6H), 1.56 (s, 1H), 1.46 – 1.05 (m, 21H), 0.88 (t, J = 6.7 Hz, 1H), -0.89 (s, 3H). 

HRMS: (ESI−) m/z calculated for C255H230N40O57P2S2Se: 1656.1425 [M-3H]3−; found: 

1656.1703 [M-3H]3−. 
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8.6.5. Characterisation data 
 

8.6.5.1. AOF-1SL 

 

RP-HPLC chromatogram and ESI-MS spectrum of AOF-1SL. 
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1H-NMR spectrum (500 MHz, DMF-d7, 25 °C) of AOF-1SL. 
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8.6.5.2. AOF-2SL 

 

RP-HPLC chromatogram and ESI-MS spectrum of AOF-2SL. 
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1H-NMR spectrum (500 MHz, DMF-d7, 25 °C) of AOF-2SL. 
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8.6.5.3. AOF-3SL 

 

RP-HPLC chromatogram and ESI-MS spectrum of AOF-3SL. 
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1H-NMR spectrum (500 MHz, DMF-d7, 25 °C) of AOF-3SL. 
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8.6.5.4. AOF-4LL 

 

RP-HPLC chromatogram and ESI-MS spectrum of AOF-4LL. 
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1H-NMR spectrum (500 MHz, CDCl3/H2O, 25 °C) of AOF-4LL. 
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8.6.5.5. AOF-5LL 

 

RP-HPLC chromatogram and ESI-MS spectrum of AOF-5LL. 
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1H-NMR spectrum (500 MHz, DMF-d7, 25 °C) of AOF-5LL. 
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8.7. Experimental part: protein expression 

  8.7.1. Material and general methods 

All chemicals were purchased from commercial suppliers (Fischer Scientific, Thermo Fischer 

Scientific, Sigma Aldrich/Merck) in bio-grade quality and used without further purification. Tris-

buffered saline (50 mM tris, 300 mM NaCl; TBS) was freshly prepared from the respective 

compounds dissolved in ultra-pure water (dispensed from OmniaPure xsbasic, Stakpure), and 

pH was adjusted using a SevenCompact pH-meter (Mettler Toledo). Sterilisation of buffers and 

stock solutions was achieved by vacuum filtration or syringe filtration through 0.2 µm 

polyvinylidene fluoride (PVDF) membranes. Concentration of protein solutions and foldamer 

solutions were determined by measuring absorbance at the respective absorption maxima 

(280 nm for proteins, 375 nm for foldamers) on a NanoDrop™ OneC photo spectrometer 

(ThermoFischer Scientific) and calculation via extinction coefficients. OD600 of bacterial 

cultures were monitored on the same device using 1 cm disposable cuvettes. Centrifugal 

concentrator units Pierce™ (ThermoFischer Scientific) with suitable molecular weight cut-offs 

were used to concentrate protein solutions. For buffer exchange Slide-A-Lyzer™ 

(ThermoFischer Scientific) dialysis cassettes were used. 

All work with bacteria was performed under antiseptic conditions next to a Bunsen burner 

flame. Pipette tips and liquid containers were sterilised by autoclaving at 121 °C. 

Transformation medium SOC (Super Optimal broth with Catabolite repression) was purchased 

pre-prepared (Sigma Adlrich), LB medium for bacterial growth cultures was prepared from solid 

LB broth (CarlRoth) and ultra-pure water and sterilised by autoclaving at 121 °C. Kanamycin 

weas used as 1000 x stock solutions in respective dilution. Competent E. coli BL21(DE3) cells 

were purchased as cryo-stocks (New England BioLabs, ThermoFischer Scientific), stored at -

80 °C and handled on ice during usage.  

Plasmids were purchased as lyophilised solids (Genescript) and dissolved in autoclaved water 

to a final concentration of 200 ng/µL. Bacterial colony selection on LB-agarose culture plates, 

containing 50 µg/mL of antibiotic were conducted overnight at 37 °C. Cryo-stocks of selected 

colonies were produced by small culture growth overnight and liquid nitrogen flash freezing 

600 µL of the growth media mixed 1:1 with 60% v/v sterile glycerol solution. IPTG for 

expression induction was used as 1 M sterile filtered stock solution in respective dilution. 

Pelleting of expression cultures was achieved by centrifugation in an Avanti JXN-26 (Beckman 

Coulter) centrifuge. Cell lysis was performed on an UP200St (Hielscher) ultrasonic 

homogeniser.  

HisPur™ Ni-NTA resin (ThermoFischer Scientific) was used for affinity chromatography of the 

His-tagged proteins.  
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SDS-PAGE gels were casted using commercially available SureCast™ (ThermoFischer 

Scientific) stacking and resolving buffers, aqueous acrylamide solution (40 vol%), APS and 

TMED, according to the manufacturer’s composition guide for the desired volume-percentage 

of acrylamide. Protein samples were mixed with 4× sample loading buffer (0.2 M Tris-HCl, 8% 

v/v SDS, 6 mM bromophenol blue, 4.3 M glycerol) and heated to 95 °C for 10 min prior to 

loading. Protein marker color prestained protein standard broad range 10-250 kDa (New 

England BioLabs) was loaded in the marker lane (3 µL). Electrophoresis was performed with 

1x SDS running buffer in a Mini-PROTEAN® Tetra Cell (BioRad) at 125 W/0.03 A, delivered 

by a PowerPac HC (BioRad) power supply. Separated proteins were stained with Brilliant Blue 

R Concentrate (Sigma-Aldrich) for 15 min under shaking and SDS-PAGE gels were 

subsequently destained in a H2O/AcOH/MeOH (6:3:1) solution.  

Protein purification by FPLC-SEC was performed on a modular Azura system (Knauer) with a 

MWD 2.1L UV-detector, equipped with HiLoad 16/600 Superdex 75 and 200 pg SEC gel 

filtration columns (Cytiva) or on an Äkta Go system (Cytiva) with a UV on 9L Cpl, equipped 

with a HiLoad 26/600 Superdex 200 pg SEC gel filtration column (Cytiva). Chromatographic 

monitoring was performed at λ = 280 nm. Data was processed in OriginPro V.2019b 

(OriginLab). 

  8.7.2. Expression and purification of proteins 

 Standard recombinant protein expression 

Proteins were expressed using either the pET-9a or pET-28(+) vector systems, encoding for 

the target sequence N-terminally fused to a TEV cleavage site with a 6×His tag. Plasmids were 

transformed into competent E. coli BL21(DE3) cells by mixing 1 µL of plasmid stock solution 

with one tube of bacteria stock (50 µL), incubation on ice for 10 min and subsequent heat-

shock at 42 °C for 30 s. The transformed cells were cooled on ice for 5 minutes, mixed with 

600 mL S.O.C. medium and incubated at 37 °C for 1 h under shaking (600 rpm). The mixture 

was spread on LB-Kan agarose plates and incubated over-night at 37 °C. Subsequently, 

starter cultures were grown from single colonies in 10-50 mL LB medium containing the 

antibiotic (Kan: 50 µg/mL) at 37 °C overnight. Starter cultures showing visible growth were 

used for inoculation (1:100 Vol%) of 100 mL-4 L LB-Kan medium and cells were grown at 37 

°C under shaking (200 rpm) until an OD600 of ~ 0.6 was reached. For pET-28a(+) construct, 

expression was induced by adding IPTG (1 mM final concentration) and continued for 3 h at 

37 °C. After the expression cells were harvested by centrifugation at 8000 × g for 15 – 20 min 

at 4 °C. The supernatant was discarded, and cell pellets were either frozen at −20 °C or used 

directly in the next step. 
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 Large-scale protein purification 

Harvested or frozen cell pellets were re-suspended in lysis buffer (TBS, 25 mM imidazole, pH 

= 7.4). Cells were sonicated in 4-5 rounds of 3 min each on ice (Frequency = 90%; Amplitude 

= 100%, Power = max) with 10 minutes breaks between rounds to prevent sample overheating. 

The resulting suspension was centrifuged at 45000 × g for 45 min at 4 °C and the supernatant 

was incubated with Ni-NTA resin (5 mL suspension per 1 L of expression) at 4°C for 30 min to 

1 h. The incubated resin was loaded onto a gravity-flow column, washed with 10 CVs of lysis 

buffer, 3 CVs of wash buffer (TBS, 50 mM imidazole, pH = 7.4) and the target fusion protein 

was lastly eluted with elution buffer (TBS, 300 mM imidazole, pH = 7.4). The UV280 was 

monitored using a Nanodrop photo spectrometer to track protein elution and assist with sample 

collection during the washing and elution steps. The elution fractions were combined, TEV 

protease (1 u/100 µg) was added and the mixture was dialysed against lysis buffer (TBS, 25 

mM imidazole, pH = 7.4) overnight. The cleavage mixture was incubated with Ni-NTA resin for 

30 min at 4 °C and subsequently loaded on a gravity-flow column and the flow-through, 

containing the cleaved target protein was collected and concentrated for SEC purification in 

TBS. Fractions containing the target protein were pooled, concentrated and either used directly 

in subsequent experiments or aliquoted and stored at -80 °C.  
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8.7.3. Protein expressions and adduct characterisation 

   8.7.3.1. Expression of Ub(H68C) 

 

Expression vector used for the expression of Ub(H68C). The protein sequence is highlighted 

in green, the cleavage site for TEV is coloured in red and the polyhistidine tag in blue. 
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8.7.3.2. Expression of diUb(H68C) 

 

Expression vector used for the expression of diUb(H68C). The protein sequence is highlighted 

in green, the cleavage site for TEV is coloured in red and the polyhistidine tag in blue. 
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8.7.3.3. Adduct Ub(H68C)-1SL 

 

RP-HPLC chromatogram and ESI-MS spectrum of Ub(H68C)-AOF-1SL. 

HRMS (ESI+): m/z calculated for C546H777N133O160S4 1487.4551 [M+8H]8+; found 1487.6273 

[M+8H]8+. 
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8.7.3.4. Adduct Ub(H68C)-2SL 

 

RP-HPLC chromatogram and ESI-MS spectrum of Ub(H68C)-AOF-2SL. 

HRMS (ESI+): m/z calculated for C540H773N133O159S4 1475.9518 [M+8H]8+; found 1475.9975 

[M+8H]8+. 
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8.7.3.5. Adduct Ub(H68C)-3SL 

 

RP-HPLC chromatogram and ESI-MS spectrum of Ub(H68C)-AOF-3SL. 

HRMS (ESI+): m/z calculated for C524H766N128O153S4 1430.3218 [M+8H]8+; found 1430.3159 

[M+8H]8+. 
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8.7.3.6. Adduct Ub(H68C)-4LL 

 

RP-HPLC chromatogram and ESI-MS spectrum of Ub(H68C)-AOF-4LL. 

HRMS (ESI+): m/z calculated for C542H779N133O163S9 2009.9142 [M+6H]6+; found 2009.9477 

[M+6H]6+. 
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8.7.3.7. Adduct diUb(H68C)-5LL 

 

RP-HPLC chromatogram and ESI-MS spectrum of diUb(H68C)-AOF-5LL. 

HRMS (ESI+): m/z calculated for C1011H1489N251O294S4P2Se 1107.5931 [M+20H]20+; found 

1107.6431 [M+20H]+20. 
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8.7.4. Adduct characterisation via NMR 

8.7.4.1. 15N-HSQC of Ub(H68C) 

 

1H,15N-HSQC spectrum at 500 µM of [13C,15N]-Ub(H68C) in TBS at 298K. 
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8.7.4.2. 15N-HSQC of Ub(H68C)-AOF-1SL 

 

1H,15N-HSQC spectrum at 500 µM of [13C,15N]-Ub(H68C)-AOF-1SL in TBS at 298K with 10% 
(v/v) D2O. 
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8.7.4.3. 15N-HSQC of Ub(H68C)-AOF-1SL 

 

1H,15N-HSQC spectrum at 500 µM of [13C,15N]-Ub(H68C)-AOF-2SL in TBS at 298K with 10% 
(v/v) D2O. 
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8.7.4.4. 15N-HSQC of Ub(H68C)-AOF-3SL 

 

1H,15N-HSQC spectrum at 500 µM of [13C,15N]-Ub(H68C)-AOF-3SL in TBS at 298K with 10% 
(v/v) D2O. 
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9. Conclusion and perspectives 
 

9.1. Summary of the thesis projects 
 

The projects presented in this thesis underscore the potential and versatility of aromatic 

oligoamide foldamers (AOFs) for protein recognition and for targeting biologically relevant 

molecules. Leveraging the chemical robustness of organic quinoline precursors, which can 

withstand extensive modifications, we developed a new library of building blocks designed 

to promote protein interaction via newly synthesised biogenic side chains. These side 

chains span a range of chemical properties, including cationic, anionic, hydrophobic, and 

polar neutral functionalities. 

We explored multiple synthetic routes to obtain monomers substituted at various positions 

on the quinoline ring, thereby increasing the likelihood of effective protein interaction. 

Notably, the inclusion of di-substituted monomers allowed for enhanced side chain density 

within the AOF backbone. Using this expanded library, we successfully optimised oligomer 

synthesis on an automated synthesiser. 

Through investigation of the mechanistic challenges encountered under in situ conditions, 

we were able to standardise protocols for the rapid production of long oligomers with high 

purity. These advances significantly improve access to longer and more diverse AOF 

sequences, broadening the scope for targeting complex biological systems. 

Using our robust AOFs as target candidates, we demonstrated their ability to bind two 

structurally distinct protein scaffolds: a β-sheet-based protein (C10) and a three-α-helix 

bundle (G02), each identified through independent display selections. Solution-phase 

techniques (NMR, CD, and BLI), alongside structural studies (X-ray crystallography), 

revealed that binding occurs in an enantioselective manner and is primarily driven by the 

hydrophobic cross-section of the foldamer. 

Crystallographic analysis of the G02 complex, complemented by scanning mutagenesis 

experiments, confirmed the contribution of key protein residues and specific AOF side 

chains in modulating binding affinity. Building on these insights, and to test our ability to 

rationally predict and design molecular interactions, we synthesised a series of AOF 

variants. These were engineered to selectively discriminate between the two protein 

targets by incorporating targeted mutations on the AOF side chains, with the goal of 

enhancing affinity for one scaffold while reducing it for the other. Although no AOF has yet 

been identified for this specific purpose, ongoing investigations continue with the aim of 
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discovering strong candidates capable of discriminating binding interactions between the 

two selected proteins. 

In an effort to target a bio-relevant protein complex between linear di-ubiquitin and the 

coiled-coil domain of NEMO, we modelled and designed AOF candidates to mimic the 

interaction interface between coiled-coil NEMO and the ubiquitin surface. Each AOF was 

equipped with covalent linkers installed via triphosgene activation and featured an 

activated disulphide for chemical ligation to the protein. 

Solution-state NMR studies confirmed that the AOF candidates, once ligated to the protein 

surface, exerted an influence on the local environment. However, crystallisation of these 

adducts was unsuccessful. Incorporating a longer covalent linker and different solvent-

exposed side chains into one of the AOF designs led to highly reproducible crystal 

formation. Unfortunately, due to limited diffraction resolution and a large asymmetric unit, 

the structure of this covalent adduct could not be solved. 

Further investigation of the Ub(H68C)-AOF adduct remains promising, with sulphur-SAD 

phasing considered as a potential strategy for future structural determination. Current 

efforts have refocused on the original target, linear di-ubiquitin, employing extended AOF 

candidates with newly designed building blocks to explore the boundaries of automated 

synthesis. Crystallisation screening is ongoing and may yield the first structural insights 

into mimicking the side-chain arrangement of coiled-coil NEMO. 

9.2. Perspectives 
 

This work has demonstrated the potential of AOF scaffolds to engage in protein 

interactions, and while we successfully characterised several protein-AOF complexes with 

different scaffolds, a recurring challenge remains: the aromatic cross-section of our AOFs 

continues to dominate binding, limiting the contribution of side chains to overall affinity. 

To address this, we initiated the design of a second generation AOF, guided by a broader 

library of building-block monomers described in section 5. By exploring new substitution 

patterns on the quinoline ring, we developed a candidate that presents a flat surface 

decorated with proteinogenic side chains, offering a wider landscape for interaction. A 

strategic shift was also made in the anchoring approach, which was to change from N-

terminal biotinylation to a side-chain-based biotin anchor. This required the development 

of a new monomer with selective acid lability, allowing precise on-resin deprotection and 

biotin moiety coupling (Figure 22). 
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To further reduce non-desired interactions and improve solubility, long tetraethyleneglycol 

chains were introduced on different faces of the AOF, while other side chains were chosen 

for their solubilising properties. To eliminate aromatic cross-section bias, which was the 

main goal, both termini were capped with sterically hindering moieties: aminoisobutyric 

acid (Aib) at the C-terminus and an ethyleneglycol-based group (PEG) at the N-terminus. 

This AOF candidate was submitted to phage display selection against a large affibody 

library, following the story outlined in section 7. The selection yielded a promising affibody 

clone, E02. While solution and solid-state studies are still ongoing, they hold the potential 

to reveal an affibody-AOF complex driven by side-chain interactions rather than aromatic 

cross-section. 

 

Figure 22. a) Schematic description of the synthesis of new AOF candidate with selective deprotection of Mtt 
group, followed by coupling of biotin-linker coupling. b) Model of target AOF candidate in side and top view, 
the pink sphere represent the biotin linker added. The flat surface is highlighted on the top view on the right. 
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These efforts mark a meaningful step toward designing more selective and bio-relevant 

protein binders. The results of these investigations will be published in due course and will 

hopefully contribute to the broader understanding of molecular recognition with AOFs.  

As this chapter closes, the tools, strategies, and insights developed here lay strong basis 

for future exploration, toward more refined molecular architectures, and deeper control 

over protein-ligand interactions. 
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