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1. Abstract 
 

Macrocyclic peptides are an emerging class of important drug candidates as they combine 

advantages from small molecules and antibodies - the two dominant families of pharmaceutics. 

This class of cyclic macromolecules shows great resistance to proteolytic degradation, the 

potential to cross the cell membrane, high binding affinity upon target engagement, and structural 

pre-organization. Due to their size and structural complexity, cyclic peptides are particularly 

attractive scaffolds for the study of difficult biomolecular interactions, e.g., protein-protein 

interactions. One strategy for the development of new pharmaceutically relevant macrocyclic 

peptides involves the incorporation of non-canonical amino acid residues. These residues can 

stabilize the macrocycle’s secondary structures, modify its intramolecular hydrogen-bonding 

network or optimize its passive membrane permeability. Inserting an aromatic foldamer segment 

exhibiting a strong propensity to fold into helical objects within a cyclic peptide will impact the 

remaining peptide conformation. A foldamer can impose the peptide fragment to rearrange and 

adjust its conformation thus driving its folding. For example, if the peptide length is short, the 

foldamer will constrain the peptide to an extended conformation. This structural restriction can 

hamper proteolytic degradation and increase binding affinity towards a biomolecule. 

In this work, we show that by incorporating foldamers into cyclic peptides, we generate a class of 

compounds with unique conformational behavior. We could demonstrate that the foldamer and 

the peptide segments in peptide-foldamer hybrid macrocyclic structures reciprocally influence 

each other. The foldamer stretches the peptide while maintaining its conformation. Conversely, 

the peptide stabilizes the helical folding and biases the handedness of the foldamer. We also 

confirmed that cyclic peptide-foldamer hybrids are less susceptible to proteolytic degradation 

than their linear variants. Further, we could demonstrate that peptide-foldamer hybrid 

macrocycles are compatible with mRNA display selection experiments. This allowed us to 

generate and screen a library of hybrid macrocycles within the RaPID (random nonstandard 

peptides integrated discovery) platform against the c-lobe of E6AP HECT domain, a ubiquitin E3 

ligase. After selection, several hybrid macrocycles were identified as binders, one of which 

provided a high-resolution binder-target co-crystal X-ray structure. The combination of solid state 

data with MD simulations led to structural insights into the macrocyclic binder itself and its 

interactions with the target protein. In similar peptide-foldamer macrocyclic systems, we showed 

that rigid, helical foldamers template multiple macrocyclization steps on their outer surface. We 

could demonstrate, that peptide loops can be stitched on the outer edge of the foldamer helix in 

some sort of selective reaction trail. The trail was predictable and allowed up to four cyclization 

steps through the same chemically identical irreversible macrocyclization reaction between a 

cysteine thiol and a chloroacetamide.  

Overall, these results give hope that the unique conformational properties of cyclic peptide-

foldamer hybrids will allow preserving the secondary structure of cyclic peptides which might 

result in unique 3-dimensional arrangements. Their compatibility with screening assays could 

eventually enable the discovery of specific high affinity ligands for therapeutically relevant 

targets. It is also hoped that the foldamer segment in cyclic peptide-foldamer hybrids may have a 

positive effect on cell penetration to reach a cytoplasmic target. Furthermore, the resistance 

toward proteolytic digestion could pave the way for further in vivo experiments. In addition, 



9 
 

multicyclic peptide-foldamer hybrid macrocycles resemble small-protein structures and can 

therefore be considered as potential multivalent protein binders.  
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2. Introduction 
 

2.1. Peptides in Pharmaceutical Sciences 
 

General Introduction 

One century ago, in 1921, the first peptide-based drug, insulin, was discovered, and its first 

medical use – the treatment of a 14-year-old boy – began in 1922. During that time, the peptide 

hormone was extracted from the pancreas of dogs, and injection of the pancreatic extract was the 

first treatment for type 1 diabetes.[1] Besides being the first peptide-based drug, insulin remains 

the most commercially successful in its class[2], and for its discovery, Banting and Macleod were 

awarded the Nobel Prize in 1923. Since then, the progression of the development of peptides as 

drugs has continued: in 1944, gramicidin S was discovered by Gause and Brazhinkova and was 

the first cyclic peptide used as an antibiotic active drug which was particularly useful during the 

Second World War to treat gunshot wounds.[3] In 1954, oxytocin was the first polypeptide 

produced by chemical synthesis. The synthesis of this cyclic peptide hormone, which can be used 

medically to induce labor for pregnant women, rewarded Vincent du Vigneauds one year later 

with the Nobel Prize in Chemistry.[4] Large-scale peptide manufacturing in vivo by recombinant 

technologies with genetically engineered E.Coli overall was discovered in the 1980s.[5] This was 

particularly important for the production of synthetic insulin which allowed the manufacturing of 

bigger quantities and with the advantage of greater immunocompatibility compared to animal-

derived insulin.[6] Other important natural peptide-deriving drugs such as eptifibatide (1998), 

ziconotide (2004), and linaclotide (2012) were approved and the pharmaceutical market of 

peptides as drugs is currently growing. 

The increasing interest in peptide drug development can be explained by the fact that peptides can 

be applied to a wide range of targets. Known targets are antimicrobial targets, ion channels, 

inhibition of protein-protein interactions (PPIs), kinases, integrins (cell-adhesion receptors), and 

G-protein coupled receptors.[7] Many of these targets, especially those incorporating large protein 

binding interfaces, are considered particularly challenging to address since small molecules, on 

which the pharmaceutical industry has relied for many years, are usually not able to bind such 

large surface areas with high affinity. These interface areas range between 1000 and 2000 Å2 in 

contrast to defined small molecule pockets which are around 300-500 Å2.[8] Antibodies do 

accommodate these huge binding sites with high specificity and high binding affinity – which 

made them an extremely successful class of compounds[9] – yet they cannot cross the cell 

membrane to reach intracellular targets. As peptides are in a molecular range where they can be 

located between small molecules (<500 Da) and proteins/antibodies (>5000 Da), sometimes 

called “middle space” (Figure 1), they can be considered ideal drug candidates as their surface 

area is large enough to bind to such large binding sites with antibody-like affinity but are also 

potentially able to penetrate cell membranes. Further, with respect to proteins, they have higher 

metabolic stability, are less immunologically reactive and a have lower cost of production.[10] In 
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addition, non-natural modifications can be added to synthetic peptides during and after synthesis 

to compensate for their disadvantages. 

 

Figure 1 - Comparison of different drug modalities. Cyclic peptides are in the “middle space” between 
small molecules and biologicals by size and properties.[10c] 

Despite the success of some key examples, the global pharmaceutical market share in peptide-

based drugs remains low (5% in 2019).[2] The low appearance of peptides as drugs so far can be 

explained by the fact that interest in this field got momentum quite recently (the late 90s), and, 

overcoming the overall poor pharmacokinetic profile associated with the use of peptides as drugs, 

remains challenging in the field of peptide drug design and optimization. Peptides, except for 

short peptides (<10 amino acids), generally violate Lipinski’s rule of five[11]: a simple model to 

determine the likelihood of oral bioavailability of a potential drug molecule. The rule describes 

that a majority of established drugs are not bigger than 500 g/mol, do not have more than five 

hydrogen bond donors, not more than 10 hydrogen bond acceptors, and the calculated cLogP 

value is not greater than 5. A different model, more specific for peptides described by Veber et 

al.[12] predicts good oral bioavailability if the peptide’s polar surface area is below 140 Å2 and has 

10 or fewer rotatable bonds. Both models can guide the design of peptides as drug candidates but 

it remains that oral administration of peptides is generally problematic. One reason for this is that 

amide bonds within a peptide are prone to proteolytic degradation by intestinal enzymes such as 

pepsin or cathepsin which digest peptides rapidly before they can be absorbed by the body. That 

mainly limits the administration of peptides to intravenous, subcutaneous, or intramuscular 

routes.[13] The formulation of peptide drugs is therefore often more laborious, expensive, and the 

usage of needles to penetrate the patient’s skin can lead to reduced compliance in comparison to 
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small molecules, which can be often swallowed in tablets or similar formulations.[14] If peptides 

do reach the bloodstream, renal clearance is very rapid – within minutes. Due to their relatively 

small size and high hydrophilicity, peptide drugs are filtered through the glomeruli of the kidney 

which results in a low system circulation time and a low in-vivo half-life.[15]  

This list of obstacles might suggest that peptides are overall poor candidates for drug 

development. Nevertheless, the interest in peptides as drug candidates, as well as academic 

research in peptide-based technologies, has continued to grow over the past 30 years.[16] Today, 

more than 80 FDA/EMA-approved peptides are on the market, of which around two-thirds are 

cyclic.[2, 7a, 13, 17] Peptide macrocyclization overall helps to overcome many of the disadvantages 

which come from using linear peptides (vide infra) and enables the production of a potentially 

highly valuable class of drugs that are easy to screen[18], to produce[19], highly versatile and 

specific[20], bind with high affinity and overall have low metabolic toxicity.[21] Some of these 

points will be discussed in detail in subsequent sections.  

 

Peptide Macrocycles 

Linear, unconstrained peptides usually are less pre-organized and thus generally more disordered 

in aqueous environment. Reducing the degrees of conformational freedom available to peptides 

can result in tighter and more selective binding towards a target. A linear peptide can adopt more 

different non-active conformations than a rigidified peptide which can result in a greater entropic 

penalty for the linear peptide upon specific binding to a target. To rigidify peptides, and as a 

result, reduce conformational freedom, macrocyclization is an important and often-used chemical 

tool. In a work of Duncan et al.[22], a small library of heptapeptides identified by phage display 

was modified with two Cys residues introduced at both termini to allow disulfide bridge 

cyclization. The researchers compared the binding of the cyclic and linear versions at various 

concentrations (against a target involved in cancer) and found that the best cyclic analog had an 

85-fold higher receptor binding affinity in comparison to its linear version.  

Peptide macrocycles are much more resistant to proteolytic degradation than their linear 

counterparts. Enzymatic hydrolysis by endopeptidases often requires a certain peptide backbone 

conformation that a peptide macrocycle cannot readily adopt, slowing down their hydrolysis by 

this class of peptidases.[23] Furthermore, when cyclized from head-to-tail, N- or C-termini which 

are prone to enzymatic hydrolysis from exopeptidases are masked, preventing such degradation 

mechanisms.[24] In the work of Byk et al.[25], the enzymatic stability of a macrocyclic hexapeptide 

against its linear versions was examined. In the assay, they performed (incubation on liver tissue), 

they could show that the macrocyclic version had a half-life of about 30 minutes compared to 4 

min of its linear version. In another study, performed by Pakkala et al.[26], a linear nonapeptide 

was cleaved by trypsin within 30 min whereas 43% of a disulfide bridged macrocyclic version 

was still present in solution after 4 h of incubation. A similar result is presented by Aloaofi et 

al.[27] The researchers produced cyclic hexapeptides and studied the influence of macrocyclization 

on plasma stability. The macrocycle had a plasma half-life (13h) more than five times longer than 

its linear version (2.4h). 

If the intended target is located in the cytosol, the molecule candidate has to pass the cell 

membrane. Cyclization of peptides can be used as a tool to help peptides penetrate cells, yet, the 
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effect of cyclization on cell penetration remains to be quantified.[10a, 28] There are only a few 

examples of peptides[29] that can enter the cytosol from which only two cyclic peptides 

(romidepsin and voclosporin) target intracellular proteins got approval by the FDA within the last 

two decades.[30] Peptides and small molecules which are intended to be cell-permeable require 

well-defined physicochemical properties according to their molecular weight, lipophilicity, 

hydrogen bonding potential, charge state, and conformation.[31] Fine-tuning properties during 

drug development is difficult, as the mechanisms associated with cell penetration are not fully 

understood.[30] The cyclic geometry of the peptide macrocycle can be beneficial. It is believed 

that cyclic peptides vary their 3D arrangement depending on their surrounding environment. They 

can dynamically modulate the exposure of atoms depending on the environment they are exposed 

to. In aqueous environment, the macrocycle’s polar side chains are exposed to the outside. That 

hydrophilic conformation changes upon entering a hydrophobic environment e.g. when entering 

the membrane bilayer. The conformation of the macrocycle changes so much so that the polar 

side chains are masked from the hydrophobic environment making the macrocycle more 

hydrophobic. This dynamic conformational flexibility, “chameleon” behavior is believed to be 

associated with cell penetration.[32]  

Besides cyclization, other non-canonical modifications have been developed to increase the cell 

permeability of cyclic peptides. Introducing unnatural amino acids e.g. D-amino acids, as well as 

chemical modifications such as N-methylation, Cα-methylation, or amide bond isosteres, are 

established strategies.[33] One example where a fine-tuning of the physiochemical properties was 

achieved by a combination of different chemical modifications is cilengitide (Figure 2). This 

cyclic pentapeptide was modified with D-amino acid residues and N-methylation to increase its 

metabolic stability. Due to these structural modifications, it is excreted without any metabolically 

introduced structural changes and has a half-life in-vivo of four hours.[34] Many of these chemical 

modifications are also found in natural products.  
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Figure 2 - Bioavailable peptide macrocycles and their common structural features. Non-canonical 
amino acids are highlighted in red, D-amino acids in blue, and N-methylated amino acids in green. 

Cyclosporin A, desmopressin, and actinomycin D are orally bioavailable. Cyclosporin A, actinomycin D, 
and vancomycin are natural products. Apart from cilengitide, all are approved for pharmaceutical use.  

 

High-affinity cyclic peptide binders can be found in nature, and have been isolated from plants, 

bacteria, fungi, sponges, algae, and mammals.[35] Their structures have been an inspiration for 

scientists in drug development and some of these natural products e.g. cyclosporin A, 
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vancomycin, and caspofungin, have been isolated and directly used as commercially available 

drugs.[30, 36] Besides ribosomally synthesized cyclic peptides, some bacteria and fungi produce 

peptide macrocycles using non-ribosomal peptide synthetases or via post-translational 

modifications.[37] As a result of natural selection, they convert their role as defensive agents to 

protect their producing organism by having an antimicrobial activity or acting as a pesticide. 

More than 1000 cyclic peptides of varying lengths (12 to 80 amino acids) have been discovered 

in nature from which some are orally bioavailable.[10a] Oral bioavailability of less than 1% is not 

unusual for peptides, yet there are some which can reach more than 10%.[29] The influence of 

structural modifications of peptides on their oral uptake overall is difficult to predict, however 

poor oral bioavailability can be tolerated due to their strong and specific biological target 

engagement.[33c] One FDA-approved example is cyclosporin A (Figure 2): A cyclic, naturally 

occurring undecapeptide and orally administered immunosuppressant drug. Even though it 

deviates from Lipinski’s rule of five, it can enter mammalian cells via passive diffusion and is 

largely resistant to proteolytic degradation.[38] This is thought to be due to its unnatural 

modifications including seven N-methylated backbone amides, one D-amino acid residue, two 

non-canonical amino acid residues, and overall high lipophilicity. Desmopressin, an antidiuretic 

peptide for the treatment of diabetes insipidus, has an oral bioavailability of only 1%, however, 

its non-natural modifications, namely Cys deamination and D-Arg incorporation, improve the 

biological half-life such that a clinically effective concentration is achieved.[39] Another example 

of an orally available peptide macrocycle is actinomycin D. This cytotoxic antibiotic suppresses 

transcription and is used effectively in cancer therapy. Two pentapeptide macrocycles each 

bearing two N-methyl amino acids are connected with a phenoxazinone linker that promotes 

intercalation into DNA. The two rings are preorganized by intramolecular hydrogen bonds 

between two Val residues of each ring keeping the macrocycles in close spatial proximity.[40] 

These examples underpin that structural variations with non-canonical amino acid residues can be 

beneficial for the overall pharmacokinetic profile of peptide macrocycles as drug candidates.  

 

Peptide Macrocycles with Non-Canonical and Artificial Components 

As discussed, drug discovery of peptide macrocycles as therapeutics need to circumvent obstacles 

such as low metabolic resistance, poor cell permeability, and overall low oral bioavailability. The 

introduction of non-natural entities into peptide macrocycles increases the repertoire of building 

blocks for constructing macrocyclic architectures, allowing fine-tuning of peptide macrocycle 

properties and providing additional versatility compared to what nature can provide. Taking 

inspiration from nature which transforms cognate amino acids to indoles, imidazoles, oxazoles, 

thiazoles, pyridines, or other diverse functionalities, chemists have studied the introduction of 

aromatic building blocks into peptides and their macrocycles. Non-natural synthetic aromatic 

moieties such as triazoles, pyrimidines, furans, and many others have been successfully 

incorporated into peptide macrocycles.[41] Replacement of amino acids on dedicated positions in 

the peptide sequence by these flat, robust aromatic residues, can restrict the overall macrocycle 

conformation. This allows the peptides to adopt stable secondary structures which are usually not 

accessible to a short linear polypeptide.[42] These stabilized secondary structures can mimic 

binding motifs e.g. to inhibit protein-protein interactions (PPIs).[43] Predefining the peptide 

conformation by such aromatic modifications has been shown to generate peptides with 

extraordinary binding affinities and target specificities with respect to their biological target, 
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higher resistance to enzymatic degradation, and lipophilicity, which generally improves cell 

permeability.[44] 

Some mushroom species in the Amanita genus produce amatoxins and phallotoxins, two families 

of highly potent bicyclic peptide macrocycles which are crosslinked by a central indole residue. 

The most potent macrocycle in this class of compounds is -amanitin and it is responsible for the 

high toxicity of the death-cap mushroom, Amanita phalloides.[45] After exposure to α-amanitin, 

eukaryotic cells become apoptotic as the toxin inhibits the RNA polymerase Pol-II allosterically, 

an enzyme that produces mRNA in eukaryotes by transcribing protein-encoding genes. The 

chemical structure is shown in Figure 3a. The aromatic core is based on both tryptophan and 

cysteine residues which is unique among natural products and has been, until recently, not 

accessible via total chemical synthesis.[46] The orally available, highly water-soluble peptide 

bicycle binds with extremely high affinity to its target (Kd = 10-9 M) and has thus received 

increasing interest in the field of medicinal chemistry and cancer research e.g. as cytotoxic 

chemotherapy.[47] The unique architecture of the peptide-macrocycle -amanitin and its 

derivatives are responsible for their extraordinary properties and the overall structure was 

determined by X-ray crystallography.[48] Additionally, Liu et al.[49] recently provided a high 

resolution cryogenic electron microscopy (cryo-EM) structure of -amanitin bound to the 

mammalian Pol-II elongation complex (Figure 3a).  

One particular strategy of modifying peptides to modulate/stabilize secondary structures with 

aromatic residues is the stapling approach. In stapled peptides, peptide chains are forced into -

helices by an external clamp which is located at the side chain of two amino acids at the right 

distance (i+4, i+7, i+11) and on the same side of the helix. To introduce the staple, mild reaction 

conditions which are chemically orthogonal to not interfere with amino acid functional groups are 

used, with some examples being click reactions, lactamizations, olefine metathesis, and others.[50] 

These intramolecular crosslinks reduce the peptide’s rotational freedom and, if well-optimized, 

stabilize -helical conformation. This is of particular relevance when stapled peptides are 

produced for mimicking binding motifs of protein domains.[51] Additionally, stapled peptides are 

often more resistant to proteolytic degradation and some even show cell permeability.[52] In a 

work of Yu Heng Lau et al. [53], the -helical peptide segment of a peptide chain was stabilized 

by an azide-alkyne cycloaddition reaction towards an eight-membered ring with two adjacent 

triazole and two benzene moieties. The fully biocompatible in cell reaction (stapling reaction in 

cell culture) led to the rapid production of a stapled peptide with nanomolar affinity against the 

oncogene MDM2 protein (regulator of tumor suppressor p53). A high-resolution co-crystal 

structure of the complex (Figure  3c) was obtained and the authors could also validate that the 

stapled peptide degrades slower in a biodegradation assay than its unstapled counterpart.  

In different objectives, peptides can also be constrained by small organic cores towards bicyclic 

structures. Trivalent thiol-reactive organic scaffolds react readily with Cys-containing peptides. 

As a result, two macrocyclic rings are generated, greatly reducing the conformational flexibility 

of the peptide. This new structural motif can i) improve the binding properties of the resulting 

bicyclic peptide, ii) allows the incorporation of unnatural amino acid residues in the sequence, 

and iii) show good compatibility with screening assay methods such as phage-display 

technology.[54] Before the affinity selection of these compounds against a biological target, phage-

encoded, randomized peptide libraries, whose sequences contains three Cys residues (N- and C-

termini plus one in the middle of the sequence), can be tethered to C3 symmetrical organic 
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scaffolds such as TBMB (tris(bromomethyl) benzene).[55] The three Cys thiol groups react via a 

nucleophilic substitution reaction on the TBMB, thus producing bicyclic peptides with the 

benzene moiety as a core. Other reactive organic linkers such as TATA (1,3,5-triacryloyl-1,3,5-

triazinane) and TBAB (benzene-1,3,5-triyl)-tris(2-bromoacetamide) have been developed and 

were also successfully implemented into phage display.[56] In contrast to TBMB, these cores are 

more hydrophilic and promote intramolecular hydrogen bonding to the peptide chain. These 

interactions stabilize the 3-dimensional structure which results in higher target binding affinity of 

such bicyclic peptides. In a study performed by Chen et al.[56], a three Cys-containing peptide 

library was developed (108 members) and bicyclic peptides were formed with either TBMB, 

TATA, or TBAB against uPA, a human protease involved in tumor proliferation and invasion. In 

all three cases, high affinity bicyclic peptide binders could be identified and their peptide 

sequences were different if the bicycle contained TBMB, TATA, or TBAB as an organic core. 

These results suggested that the overall peptide architecture is distinct among the three cores, 

reflecting different non-covalent interactions between the core unit and the surrounding peptide. 

This finding was reinforced as it was demonstrated that high affinity binders with one given core 

lost their binding affinity against uPA when the scaffold was swapped for another. Structural 

investigations in the presence of the protease provided an atomic resolution X-ray crystal 

structure allowing the identification of the non-covalent interactions between the TBAB scaffold 

and the peptide sequence. (Figure 3b) 

 

 

Figure 3 - High-affinity peptide macrocycles with aromatic, central core unit. a) Cryo-EM structure of 

−amanitin[49] (PDBID: 6EXV) b) X-ray crystal structure of a bicyclic peptide cyclized with three primary 
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amines and central benzene scaffold[56] (PDBID: 4MNY) and c) a stapled peptide[53] (PDBID: 5AFG). 
Target protein structure omitted for clarity. Central aromatic unit colored in orange, peptide in grey, and 

intramolecular short distance contacts in blue dashed lines.  

 

Chemical Synthesis 

Chemical synthesis of linear and macrocyclic peptides can be achieved with the use of solid-

phase peptide synthesis (SPPS). In 1963, the concept of SPPS was developed by Robert B. 

Merrifield – a milestone in peptide synthesis – for which he was awarded the Nobel Prize in 

1984.[57] The breakthrough is built upon the solution-phase concept of elongating amino acids via 

amide bond formation from the C- to the N-terminus. In SPPS the initial C-terminal amino acid 

of the sequence is covalently bound to µm sized beads (resin) and the sequence is constructed on-

resin before being cleaved into solution. This immobilization onto µm scale beads enables the 

physical separation of the growing polypeptide chain from the liquid reaction medium by simple 

filtration through porous material. This makes previously laborious intermediate peptide or final 

product purifications much simpler as undesired reactants or reaction byproducts that are not 

covalently bound to the resin are simply washed away. This process speeds up and enables easy 

purification of each synthetic step, and as a result, overall peptide synthesis becomes quicker. The 

covalent attachment to the resin via a so-called “linker” facilitates temporary anchoring during 

the peptide elongation procedure. The covalent bond between linker and resin is orthogonal to the 

conditions which are applied during peptide synthesis and depending on the linker used, it can be 

cleaved selectively, at any point during the synthesis.  

 

 

Figure 4 - Solid-phase peptide synthesis cycle. The carboxylic acid of Fmoc-protected amino acids 
(proteinogenic amino acids) is activated in situ (in the presence of the resin) or before addition to the resin. 
The N-terminal, resin-bound amine reacts with the activated carboxylic acid to form an amide bond 

(coupling) resulting in chain elongation. The Fmoc group is removed (deprotection) and the sequence can 
be elongated. Full removal of all side chain protecting groups and resin linker cleavage is usually achieved 
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simultaneously (cleavage). Resin beads are shown as orange spheres. PyBOP = benzotriazol-1-
yloxytripyrrolidinophosphonium hexafluorophosphate 

 

During the last decades, the development of SPPS has progressed by keeping the overall concept 

invented by Merrifield. In 1970, Carpino introduced the fluorenylmethoxycarbonyl- (Fmoc-) 

protecting group into SPPS.[58] The secondary amine-based deprotection conditions enabled the 

use of acid labile protecting groups on amino acid side-chains, which made the benzyl-protected 

side-chains and their cleavage with HF (used by Merrifield) obsolete. Additionally, the Fmoc-

based strategy is orthogonal to many other protecting groups and has therefore become the most 

commonly used strategy for SPPS today. Amide coupling conditions, the essential reaction for 

making peptide oligomers, have been constantly refined. Microwave systems for fine-tuning heat 

regulation, or novel, more efficient, and less toxic coupling reagents are just two of the 

parameters changed to improve SPPS procedures.[59] 

As well as the evolution of the synthetic strategies within SPPS, the solid supports on which the 

peptides are synthesized have also been improved. These now include the most common 

crosslinked polystyrene (PS)-divinylbenzene beads, as well as polyethylene glycol (PEG) graft 

resins, PEG-PS, or polyamide supports have been developed.[60] Since SPPS reactions take place 

inside the swollen resin network and reaction kinetics are diffusion-controlled, the swelling 

behavior of a resin is crucial for an efficient solid-phase synthesis. PEG graft resins (such as 

ChemMatrix) are among the highest-swelling resins and are thus often needed to facilitate long, 

sterically hindered, and thus difficult syntheses.[61] 

Furthermore, the development of new linkers to connect the growing polypeptide chain to these 

resins has progressed, enabling varying synthetic strategies on solid support. Specifically, the 

linker type used for SPPS dictates the conditions needed for cleavage from the resin and 

determines the C-terminal functional group of the final peptide. Modern linkers which are 

adapted to the Fmoc-based SPPS strategy can be cleaved by trifluoroacetic acid (TFA), which 

also cleaves most of the amino acid’s side-chain protections simultaneously. The most common 

linker for obtaining a free carboxyl group on the C-terminus is the Wang-linker.[62] Primary 

amides at the C-termini can be achieved by the usage of Rink amide linkers[63], and also fully 

side-chain protected peptides can be liberated from the resin by the usage of chlorotrityl or 

SASRIN (super acid sensitive resin) linkers.[64] The latter two can be cleaved under very mild 

acidic conditions. These peptides, which can be used as segments, can be purified, characterized, 

and reattached to the solid support. This enables the synthesis of longer peptide chains with 

fragment condensation approaches.[65] Even if peptide synthesis nowadays became routine, 

extending peptide chains greater than 50 amino acids, even further to reach protein domain size, 

is still challenging and often requires either a well-optimized SPPS protocol or adapted 

synthetical protocols to couple peptide fragments together. In a recent study performed in the 

Pentelute group[66], Fmoc-N-protected amino acid monomers were coupled to produce peptide 

chains up to 164 amino acids long, a length in the range of single-domain proteins. After the 

synthetic procedure which allowed for relatively high sequence complexity, high purity, and good 

yields (1–5%), these peptides were able to fold into active proteins that demonstrated similar 

behavior in activity essays to their recombinantly expressed equivalents. Besides synthesizing 

proteins or protein-sized peptides in a consecutive, linear manner, even bigger proteins are 

synthetically accessible via convergent approaches. In a work of Nishiuchi et al. [67], the 
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researchers published the chemical synthesis of a 238 amino acid long, green fluorescent protein. 

To achieve this, they synthesized 26 full side-chain protected peptide segments independently, if 

necessary purified them, and coupled them together in solution by straightforward amide 

coupling/condensation reactions. Another approach to synthesizing proteins is native chemical 

ligation (NCL). Side-chain unprotected peptides are ligated with e.g. other peptides at the ligation 

site by the formation of, for example, thioester, thioethers, oximes, or others but can also be 

formed with a natural peptide bond.[68] NCL as a strategy enabled the synthesis of many 

proteins[69], one being a 304 amino acid long tetraubiquitin protein.[70] These examples illustrate 

the versatility and efficiency with which peptides can be made with SPPS, that with different 

strategies chemically synthesized peptides can be combined towards functional proteins and that 

the limitations of SPPS after six decades of research are not yet reached.  

Besides linear peptides, cyclic peptides are also fully or partially synthetically accessible via 

SPPS. A macrocycle, defined by the IUPAC needs a least 12 atoms and can be chemically 

synthesized by several different routes. Different types can be simply described as head-to-tail, 

side-chain to side-chain, or side-chain to terminus cyclizations (Figure 5a).[71] The success of 

cyclizing peptides, especially head-to-tail, is often ring size-dependent. Smaller peptides (<7 

amino acids) are often problematic whereas peptides with a greater amount of -amino acid 

residues are considered easier to cyclize.[72] To successfully establish cyclization, the linear 

peptide precursors must be arranged in a way so that the reactive ends, which take place in the 

cyclization reaction, are in close spatial environment. The extended conformation of a peptide, 

which is often not the conformation that promotes cyclization, is the energetically favored 

conformation. Strategies for conformational preorganization, which often include the 

energetically disfavoured cis amide bond configuration, are thus sometimes needed to facilitate 

macrocyclization. They can be achieved by internal- and external conformational elements. 

Internal conformational elements such as N-alkylation, L- to D-amino acid exchange, and use of 

prolines or pseudoprolines (threonine or serin derivatization) are chemical modifications of the 

peptide main chain. The addition of metal ions such as Na, Li, Cs, or Ag are examples of external 

conformational elements and are usually added to the cyclization reaction without chemical 

modification of the peptide main chain. Metals such as Na can coordinate to amide oxygens 

atoms along the peptide change, which bends the peptide and brings its C- and N-terminus into 

proximity. Those can then cyclize in a head-to-tail fashion readily.[73] Both strategies promote 

difficult macrocyclizations for certain examples.[71] Macrocyclization reaction conditions overall 

sometimes need to be fine-tuned because the reaction is prone to oligo- or polymerization. Highly 

diluted conditions reduce undesired intermolecular reactions. Another possibility is to perform 

macrocyclization on solid support. Bound to the beads, the linear peptides can not diffuse in the 

solvent which reduces the risk of intermolecular processes provided that the resin loading is low 

(below 0.5 mmol/g).[74]  
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Figure 5 – Peptide macrocyclization. a) Possibilities a peptide can be cyclized. b) Spontaneous peptide 
cyclization by the formation of a thioether between a cysteine thiol and an N-terminal chloroacetamide. 

Amino acids are represented as green balls; cysteine as yellow balls. c) Other bioassays compatible 
macrocyclization reactions that form thioether bonds.[71, 75] 

 

The most suitable amino acid side chains for reactions towards peptide macrocycles resulting in 

different bond types are lysine (amides), cysteine (disulfides, thioethers), and tyrosine (ethers) or 

glutamic acid (esters).[76] The thioether can be formed by the cysteine thiol, which is a 

nucleophile that can react with electrophiles such as bromo-, chloroacetamide moieties, vinyl 

acetamido groups (second scheme in Figure 5c), or Michael acceptors (e.g. vinyl sulfonamides, 

see Figure 5c).[75] The reaction can be triggered by the deprotonation of the thiol group on Cys 

residue by pH raising from acidic to basic (pH 8). The SN2 reaction with chloro- or 

bromoacetamide which provides peptide macrocycles i) does not need additives for the reaction 

to progress, ii) is regioselective and iii) the formed thioether bond is stable under physiological 

conditions.[77] The reactive moiety can be tethered to side chains e.g. ornithine[78] or the N-
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terminus of the peptide, the latter being particularly relevant for mRNA display technologies (see 

Chapter: “Screening Methods”). As an alternative, the phenol group of Tyr residues can be 

derivatized to O-[2-bromoethyl-]tyrosine[79] which reacts with Cys side chains similarly and is 

also compatible with peptide screening technologies such as phage display. In a work of Owens 

et al.[80], the researchers developed a strategy to generate combinatorial libraries of peptide 

macrocycles linked via the side-chains of Cys and modified Tyr with a thioether linkage. The 

post-translationally occurring cyclization was integrated into bacteriophage display, enabling the 

generation of an up to 108-membered library of peptide macrocycles. Screening this library 

against three different protein targets resulted in three high affinity ligands each having 

nanomolar affinity. As peptide macrocycles gain increasing interest as potential therapeutics, 

methods for generating combinatorial libraries and screening these libraries against biological 

targets have been developed.  

 

Screening Methods 

Phage display 

Natural peptide macrocycles are used in the pharmaceutical field and some of their structural 

motifs have been a source of inspiration for scientists to develop new peptide-based drug 

candidates. High throughput screening methodologies provide access to new peptide macrocycle 

architectures and can be exploited for pharmaceutical applications and relevant targets. There are 

various technologies to identify new peptide molecules as potential binders for a variety of 

biological targets. In 1985, phage display technology was published for the first time and 

awarded the Nobel Prize in 2018.[81] Libraries (up to 1010 individuals) of peptide sequences (or 

full-length proteins e.g. antibody fragments) are expressed by bacteriophages in a way that each 

virion carries the genetic material for a semi-randomized but unique peptide to be expressed as a 

fusion construct with the virus coat protein. These bacteriophage-peptide fusion libraries can then 

be screened against an immobilized target of interest (Figure 6). Peptide binders with their fused 

phage bind to the target and non-binders are removed in the subsequent washing steps. Binders 

can then be isolated and clonally amplified in bacterial hosts. Iterative rounds of this selection 

process can lead to high-affinity peptides. Identification of the top-binding peptides is performed 

by sequencing the viral strains that remain after these rounds of selection.[82] This technique has 

provided high-affinity antibody fragments one being adalimumab, the first clinically approved 

humanized antibody.[83] Using phage display to screen for high affinity proteins has been also 

successful and led to FDA-approved drugs namely i) ecallantide, a small protein kallikrein 

inhibitor for the treatment of hereditary angioedema, ii) romiplostim a protein analog of 

thrombopoietin to treat an autoimmune disease called immune thrombocytopenic purpura and iii) 

the withdrawn glucagon-like peptide 1 receptor agonist albiglutide for the treatment of type 2 

diabetes.[84] 

Combining the phage display technology with peptide macrocyclization strategies has been 

successful yet this is often limited to the formation of disulfides, which are rather unstable in 

biological environments[85], or posttranslational chemical cross-linking reactions.[86] Another 

drawback of this technology, with some specific exceptions, is its restriction to the repertoire of 

20 canonical amino acids.  
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Figure 6 – Phage display cycle. The immobilized target is presented to the phage-displayed library. After 

incubation, unbound or nonspecific phages are washed away. Phages that carry on their surface a peptide 
with specific affinity to the target bind and can be recovered by an elution step. The eluted phages can 
reinfect E. Coli and be amplified. These phages can be added to the next round of selection.  

 

mRNA display  

A cell-free, alternative peptide screening technology is mRNA display and was originally studied 

by Roberts and Szostak.[87] The first high-affinity binding peptide selected using mRNA display 

was published in 2001.[88] A linear randomized polypeptide library (1012) each individual 80 

amino acids long, was screened against ATP and led to four ATP binding proteins. Similar to 

phage display, mRNA display applies a linkage between genotype (mRNA) and phenotype 

(expressed peptide). The linkage of mRNA to its cognate translated peptide is facilitated by 

puromycin – an antibiotic that mimics tRNA – which connects the 3′-end of the mRNA with the 

C-terminus of the translated peptide via an amide bond. Similar to phage display, these hybrid 

structures can be screened against an immobilized target of interest. Ligands with low affinity are 

removed by washing steps whereas those with high affinity remain bound to the target. The 

genotype of these high affinity binders can be recovered and amplified by polymerase chain 

reaction (PCR). This pool of DNA now contains the genetic information of peptides with an 
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increased binding affinity to the target compared to the starting library. This DNA can be 

transcribed to mRNA and iteratively screened against the target to enrich the library with 

exquisitely high affinity ligands. Hits can be identified by DNA sequencing. A major advantage 

of mRNA display over phage display is that the technology operates without relying on a living 

translation system. Libraries from 1012 to 1014 peptide-mRNA hybrids are thus possible.[82b, 89] 

Another advantage of this technology is that it allows for post-translational chemical modification 

such as macrocyclization, as long as they are compatible with the translation machinery. For 

example, Millward et al.[90] introduced an activated diester (disuccinimidyl glutarate) to cross-

link N-terminal amines with downstream -amino lysine side chains via amide bond formation to 

produce a library of peptide-macrocycles fused to their encoding mRNA. In a later study, the 

same researchers identified peptide macrocycles as inhibitors of the signaling protein Gi1 which 

exhibited nanomolar affinities for their target.[91] Another key advantage of mRNA display over 

phage display is that it allows expansion of the repertoire of the 20 cognate amino acids by, for 

example, genetic code reprogramming approaches, as described below. 

 

FIT and RaPID technologies 

Non-standard amino acids can be incorporated into peptides by using a flexible in vitro 

translation (FIT) system. In this FIT system, the genetic code which encodes for a peptide 

sequence can be reprogrammed with the use of special RNA-based enzymes (flexizymes). 

Flexizymes are artificially evolved, highly flexible ribozymes which can charge tRNA with 

canonical or, crucially, non-canonical (amino) acids.[92] In a cell-free system such as mRNA 

display, the tRNA acylated with the desired acid substrate can be supplemented into the in vitro 

mixture of the translation machinery. The anticodon of the charged tRNA hybridizes with its 

complementary mRNA codon and the cargo acid is incorporated during translation by the 

ribosome in the peptide sequence. This allows the reassignment of mRNA codons from their 

cognate amino acids to other, chosen (amino) acids. A polypeptide can thus be modified at one or 

multiple desired positions. The flexizyme as well as the ribosome have shown remarkable 

tolerance for non-canonical amino acids or even more sophisticated building blocks. Among 

these, N-alkylated amino acids[93], D-amino acids[94], β-amino acids, γ-amino acids[94a], as well as 

α-hydroxyacids[95], fluorophores[96], terpenes[97], different kinds of aromatic and non-aromatic 

foldamers[98] and many other (amino) acid variations.[99] Furthermore, the insertion of a reactive 

moiety that can mediate intramolecular cyclization reactions has been successful. The 

chloroacetamide functionality, a reactive electrophile, can be incorporated at the N-terminus of 

translated peptide sequences allowing spontaneous intramolecular cyclization with the first 

downstream cysteine moiety (with some exceptions).[100]  

When FIT is integrated into mRNA display it is referred to as RaPID (Random non-standard 

Peptide Integrated Discovery). RaPID can serve as a tool to screen libraries of peptide 

macrocycles (up to 1014 individuals) with “nature-like” structures and properties against targets. 

The incorporation of non-canonical amino acids into this system can reduce biodegradation, and 

increase membrane permeability or binding affinity of the peptide macrocycle.[77] With this 

technology, high-affinity peptide-macrocyclic binders against various targets have been screened 

and identified. In a work of Kawamura et al.[101], a 14-residue peptide macrocycle, with 

nanomolar affinity against a histone lysine demethylase subfamily 4 (KDM4 isoforms A–C) 
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involved in tumor cell proliferation, was identified via RaPID. An X-ray crystal structure of the 

histone-peptide macrocycle complex was obtained and guided further derivatization of the first 

hit resulting in a more proteolytically resistant macrocycle peptide. In another work performed by 

Jongkees et al.[102], the authors screened a library consisting of 1012 peptide macrocycles with the 

RaPID system against HPA, a pancreatic amylase that is a clinical target to treat obesity and 

diabetes. They implemented a non-canonical amino acid with a structural motif of L-DOPA into 

their library. A nonapeptide macrocycle ligand exhibiting a 7 nM Ki for the protein was identified 

and successfully co-crystallized with HPA. Additionally, the ligand showed selective inhibition 

of the target protein over related enzymes. Both examples highlight that RaPID system provides 

peptide macrocycles with nanomolar affinity and high selectivity against pharmaceutically 

relevant protein targets. Commercial screening companies such as PeptiDream use this 

technology to provide high-affinity binders to their customers.[103]  

 

 

Figure 7 - RaPID selection of macrocyclic foldamer-peptide hybrids against an immobilized target. 

The RaPID selection cycle starts with a semi-randomized DNA library which is transcribed to a 3′-

puromycin mRNA library. Puromycin, a protein synthesis inhibitor, forms a covalent linkage between the 
peptide and its encoding mRNA. Translation of this library in a FIT reaction leads to a library of peptide 
macrocycles with its covalently linked cognate mRNA. This fusion library is then reverse transcribed 

which generates the cDNA of each mRNA and the library is screened against an immobilized biomolecule 
(e.g. protein target). Peptides with high affinity are retained initially and then eluted afterward. The 

cognate DNA, which encoded the peptide binder, can be recovered by PCR which results in an enriched 
library. This process can be repeated iteratively until the library converts to consensus sequences. Next-
generation sequencing of the enriched DNA library leads to clone identification.  
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Recent studies showed that the ribosome translation machinery can accommodate short helically 

folded aromatic oligoamides (foldamers) into the peptide sequence. Cyclic and non-cyclic 

foldamer-peptide hybrids could thus be produced.[98b, 104] Studies, on if these hybrids are 

compatible with mRNA display selection experiments (Figure 7) are part of this thesis and are 

described in paragraph 8. There is hope that inserting foldamer moieties into peptide macrocycles 

may lead to functional improvements such as increasing cell-penetration properties.  

 

2.2. Foldamers 

General Introduction 

In nature, proteins are large folded objects that are responsible for catalytic processes, signal 

transduction, and biomolecule recognition, among other processes. Proteins are composed of 

peptide chains that often preorganize into well-defined, specific, and compact conformations. 

These complex three-dimensional architectures, the result of millions of years of evolution, arise 

from a folding pattern regulated and dictated by the primary amino acid sequence. Protein folding 

is a spontaneous occurring process mediated mainly by hydrogen bonding, but also by van der 

Waals interactions, backbone angle preferences, electrostatic interactions, chain entropy, disulfied 

bridging, and hydrophobic interactions. General folding motifs include sheets and helices which 

are connected by turns and loops.[105] These are examples of protein secondary structures and they 

are largely defined by site proximal hydrogen bonding between amides in the peptide backbone. 

Also, the specific primary sequence of side-chain appendages determines the permitted angular 

rotation around the peptide bonds, leading to these different secondary structures. Yet, peptide 

fragments composing proteins do not have a stable conformation when they exist alone. Long-

range interactions which are present between non-adjacent amino acids in the protein are essential 

for conformational stability.[106] As a result, amino acid functional groups dictate the three-

dimensional protein structure and this form of preorganization is crucial for most of the activity 

of the protein.  

Many chemists have used these protein folding patterns as inspiration to generate artificially 

folded molecules. Many have sought to mimic architectures similar to what nature provides but 

are more remote, distinct, versatile, and predictable. These so-called “foldamers” i.e. polymers 

with a strong propensity to fold into a specific compact conformation[107], can be built up from a 

repertoire of unnatural building blocks distinct from what nature can provide. Proteins are 

encoded by a repertoire of only 20 canonical amino acids, whereas foldamers are not dependent 

on such a restriction. Building blocks, so-called monomers, can be elongated stepwise or by 

iterative chemical reactions towards foldamers with the only limitation being synthetical 

accessibility and availability of building blocks. In contrast to what is found in nature, foldamers 

are not restricted to a single class of building blocks for a particular polymer and can be 

combined to form heterogeneous oligomers as a broad variety of different monomer classes are 

accessible. There are several different approaches to mimic folding, which differ mainly by the 

choice of monomers and their chemical linkages. The foldamer field, a part of supramolecular 

chemistry, is constantly expanding, and some notable examples are discussed below.  

The most common secondary structure motif found in an average globular protein is the -helical 

structure (i.e. 30%).[108] Hydrogen bond interactions between backbone amide hydrogens and 
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amide carbonyl groups are fundamental to induce the -helix conformation, a stable, right-

handed peptide spiral with a pitch of 5.4 Å and 3.6 residues per turn. The amino acids pack 

densely with almost no space in between the helix. The amide backbone is located in the centre, 

while the amino acid side chains point outward (Figure 8a). Helix formation is mainly driven by 

the peptide sequence, the amino acid side chains, and is dependent on the surrounding 

environment to which the peptide is exposed.[109] 

Foldamers developed to reproduce the secondary structure of peptides can be referred to as 

peptidomimetics or biotic foldamers. Monomers used to build peptidomimetic foldamers can be 

modified so that the side chain composition is more versatile (compared to amino acids). The 

core structure of the monomer can also act as a constraint to stabilize a desired secondary 

structure.[110] Further, the peptide backbone can itself be systematically modified. For example, 

poly-N-substituted glycines, also called peptoids, are a class of foldamers where the amide 

protons are substituted with alkyl groups to tertiary amides. The lack of stereochemistry on the -

carbon makes the monomers achiral and the absence of the amide hydrogen prevents the 

formation of intramolecular C=O:H–N hydrogen bonds found in natural amino acid backbones. 

Folding of this class of molecules is thus characterized by steric and electronic interactions which 

show stability in a wide range of solvents.[111] Already short, pentameric peptoid sequences fold 

into stable helices similar to peptidic -helices.[112]  

Notable examples are β-amino acid oligomers, so-called β-peptides. A polymer composed of β-

amino acids that each carry one additional -methylene group might be expected to be more 

flexible, however, this family of polyamide oligomers adopts remarkably well-defined, stable 

secondary structures such as turns, β-sheet-like arrangements, and helices.[113] Gellman studied β-

peptides in which the backbone carbons were cyclized towards short 3-, 4-, 5- or 6-membered 

carbocycles which substantially increased rigidification. This class of oligoamides folds into 

stable helices which are dictated by intramolecular C=O:H–N hydrogen bonds.[114] Besides 

folding, β-peptide oligomers show greater tolerance to enzymatic degradation compared to their 

α-counterparts.[115] 

Another prominent peptidomimetic scaffold is the oligourea-based foldamer consisting of N,N’-

linked urea bridging units. These γ-peptide-like foldamers originated by the Guichard group, have 

a strong propensity to fold into helical secondary structures in the solid state and in solution, in a 

similar manner to -helices in respect to both helix macrodipole and pitch (Figure 8b). The 

stabilization is promoted by conformational backbone restrictions and a remote hydrogen bonding 

network. The hydrogen bonds are three centered between the carbonyl C=O, the urea N–H (i-3), 

and N–H´(i-2) to form 12- and 14-membered pseudorings.[116] Folding is largely independent of 

the side chains which stand in contrast to naturally occurring peptidic -helices. When combining 

oligoureas with short peptide sequences to form hybrid sequences, the folding propensity of the 

urea part propagates and induces folding on the peptidic segment towards a continuous helix.[117] 

Further, oligoureas can be considered for possible biological applications as they show strong 

resistance toward proteolytic degradation[118], modulate PPIs[119], penetrate cells[120], and can 

mimic bioactive peptides.[121]  
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Figure 8 - Helical folding. Side view X-ray crystal structure of a) natural peptide -helix in a protein 

(blackfin tuna myoglobin, PDBID: 2NRL)[122] one helix shown in stick and ball representation the rest of 
the protein omitted for clarity. b) a biomimetic oligourea helix (CCDC: 836811)[123] c) and an abiotic 
aromatic oligoamide foldamer helix (CCDC: 745001)[124] (Boc-(PQ4)4-OMe) and d) their top views all 

shown on the same scale in stick-and-ball representation. e) Chemical structure of monomers. Green balls 
represent placeholders for side-chains. Arrow indicates macrodipole. Hydrogen bonds are shown in pink 
dashed lines.  

 

Peptoids, -amino acid-based foldamers, and urea-based foldamers can be classified as biotic 

foldamers as they share a folding principle that is similar to what can be found in nature. 

Moreover, they consist of an aliphatic backbone and the monomers of which they are composed 
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are derived from -amino acids. In contrast, abiotic foldamers rely on folding principles that are 

distinct from what is found in nature. Abiotic foldamers are often aromatic. Among these, 

aromatic amide-based oligomers have emerged as a successful class of foldamers. This success 

stems from remarkable properties such as highly predictable folding, high stability, and ease of 

synthesis. Quinoline-[125], pyridine-[126], pyrazine-[127], benzene-[128], and anthracene-based[129] are, 

a few among other, aromatic building blocks which form abiotic foldamers.  

One of the most successful examples of aromatic oligoamide foldamers is based on fully or 

partially repetitive sequences of 8-amino-2-quinolinecarboxylic acid (Q) monomers. They are a 

remarkable class of abiotic foldamers and have been successfully utilized in a variety of different 

scientific applications for example B-DNA mimicking foldamers[130], host-guest 

complexation[131], charge transport[132], and as molecular shuttles[133]. Homo-2,8-substituted Q 

oligomers form stable helices where helix pitch is governed by the overall configuration of the 

aromatic ring (Figure 9). In all oligomers, the Q building blocks are connected via amide bonds 

and the positioning of the NH aniline group on the Q induces helix curvature. For example, 

foldamers synthesized with 2,8-substituted Q monomers are oriented at a 60° angle, with respect 

to each other, which results in 2.5 units per turn. Other substitution patterns such as e.g. 2,7-

quinoline (H) result in a 120° angle[134] which have been introduced in foldamer sequences in 

which different aromatic building blocks were combined (Figure 9c). In addition, 2,6-quinoline 

oligomers[135] can adapt, when there are additional sterically demanding side chains, and linear 

rods as their substitution pattern results in a 180° angle. (Figure 9d)  
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Figure 9 – Monomer design and folding shape. a) Different quinoline monomer substitution patterns that 
configure the resulting foldamer helix diameter, which enables narrow or wider helix diameter or linear 

foldamer rods. R2: OCH2CH(CH2CH3)2 b) X-ray structures of a foldamer helix consisting of 10 
consecutive 2,8-Q units[136] (CCDC: 630236) c) X-ray structures of a foldamer-amido carbamate host-

guest complex[137] (CCDC: 1868144). d) X-ray structure of a pentamer rod[135]. Quinoline units are colored 

in green, other monomers are dyed in light grey. Guest dyed in dark grey and ball and stick representation. 
All side chains are omitted for clarity.  

In 2,8-Q oligomers, the helix cavity is extremely narrow, usually allowing the occupation of only 

one proton, whereas in other substitution patterns e.g. 2,7-oligomers, usually combined with other 

monomers such as pyridines or anthracenes, a cavity within the foldamer with a much larger 

volume is generated (Figure 9). This cavity can be filled with guests such as ions, organic acids, 

or carbohydrates.[131] Besides this, Q monomer functionalization with a variety of side chains has 

been developed over the past two decades (Figure 10). Polar or non-polar groups allow for the 

fine-tuning of solubility in almost all solvents[134a] but do not alter helix shape. The hydrophobic 

nature of aromatic Q foldamers can be thus compensated by the usage of anionic, cationic, or 

hydrophilic side chains to achieve fully water-soluble foldamers.[138] Besides that, Q side-chain 

modification allows altering the overall foldamer side surface which enables 

functionalization[139], interactions towards other surfaces (e.g. proteins)[140], or foldamer-foldamer 

side chain communication.[141] 2-(2-aminophenoxy)acetic acid (B) and 6-(aminomethyl)pyridine-

2-carboxylic acid (P) monomers are two additional classes of aromatic units which have been 

developed to enlarge the monomer repertoire while maintaining the same 60° angle curvature of 

the helical folding when they are incorporated in a Q-rich foldamer sequence.[142] In comparison 
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to the quinoline ring, both monomers have a reduced surface for aromatic stacking, which 

reduces hydrophobicity. The presence of a rotatable bond in these two monomers affords 

additional flexibility which allows helical folding disruption and thus a quicker helix handedness 

interconversion rate in comparison to pure Q foldamers.[142] 

One major advantage of using oligoamide foldamers is their full synthetic accessibility on solid 

support. Repetitive monomer couplings can be performed which builds up the quinoline 

oligoamide foldamer sequentially on the resin. However, compared to solid phase peptide 

synthesis, where the amide bond is formed between an aliphatic amine and a carboxylic acid, the 

quinoline amine is less nucleophilic reactive due to the adjacent electron-poor ring, and, folding 

after one helix turn which occurs on resin hampers the reactivity further.[134a] Thus, to enable high 

conversion yields which are inevitable during solid phase foldamer synthesis, the carboxylic acid 

which is involved in the amide bond formation has to be activated via an acid chloride before 

coupling. Activating the Fmoc-protected quinoline carboxylate via tetramethyl--chloroenamine 

(Ghosez’s reagent) or an modified Appel reaction (trichloroacetonitrile, triphenylphosphine and 

collidine) have been proven to be the most successful and practical methods (Figure 10).[143] The 

acid chloride formation with Ghosez’s reagent has the disadvantage of being performed in a 

separate reaction step, due to the side reaction with the solid-phase bound free amine terminus 

(the chloroenamine acts as an electrophile and terminates the resin bound amine upon 

nucleophilic amine attack). This makes the activation step more time-consuming and laborious. 

The activation via the Appel reaction can be performed in situ, which means in the presence of an 

unprotected free amine, without the risk of terminating the amine. As no separate activation step 

is required, and carboxylic acid activation and amide bond formation can be performed in one 

vessel, the process (activation + coupling) is thus quicker. Synthesizing quinoline-based 

oligoamide foldamers via an Appel reaction has recently led to an automatized foldamer synthesis 

process.  
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Figure 10 – Monomers and their design. a) Q, B and P monomer backbone. B and P are less rigid Q 
derivatives with the same resulting foldamer helix diameter. Some nonpolar and polar Q-side chains in 

position four on the quinoline ring are shown exemplarily. They allow solubility of the resulting helical 
foldamer in different solvents. b) Q-monomer carboxylic acid activation via the formation of an acid 

chloride to enable solid-phase foldamer synthesis. TCAN: Trichloroacetonitrile 

 

Folding  

The folding reaction is driven by multiple non-covalent interactions between non-adjacent 

monomer units and transforms conformationally disordered molecule chains into folded 

architectures. The folding reaction for foldamers is by definition dynamic, i.e. a foldamer can 

unfold and refold depending on different factors e.g. temperature, pH, salt concentration, or 

solvent. This order-disorder transition stands in contrast to „locked“ conformational preorganized 

molecules such as helicenes which are not considered foldamers.[144] The equilibrium between the 

folded and unfolded states of a foldamer is thermodynamically driven and favors the folded state 
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when its energy minimum is much lower than the unfolded state. To reach this energy minimum, 

favorable energetic interactions have to be maximized and unfavorable interactions minimized. 

Gain in entropy of the environment by e.g. release of water due to hydrophobic interactions or the 

increase of enthalpic interactions e.g. hydrogen bonds have to be strong enough to compensate 

for the unfavorable entropy loss which is present when flexible molecules fold. The folding of 

oligomers is dictated by internal and external parameters. Internal parameters are mainly guided 

by the building blocks which are embedded in the sequence and which later define the overall 

conformation. Size, shape, linkage orientation, and rotational restrictions of the chosen monomers 

are the most important parameters which govern if, and to what form, the final foldamers can 

establish intramolecular non-covalent interactions. External factors which guide folding are 

solvent effects, host-guest complexation, aggregation, and surface interactions.[144-145]  

Oligoamide foldamers, based on the 2,8-quinoline (Q) building blocks require 2.5 units per turn 

so three consecutive Q units have already a helical shape. In comparison, a Q dimer results in a 

bent, flat conformation.[134a] Stable folding of Q oligomers towards helices is based on 

synergistically occurring effects. Due to steric clashes of the extremities, a torsion into either a 

right- (P) or left- (M) handed helix is forced with three or more consecutive Q units (Figure 11). 

Folding is mediated by bifurcated hydrogen bonds between amide N–H and endocyclic, adjacent 

Q nitrogen atoms. This results in an eight-membered hydrogen-bond network between the two 

neighboring monomers which results in a strong force towards folding. Furthermore, electrostatic 

repulsion between amide carbonyls and endocyclic Q nitrogen atoms drives Q units into a bent 

conformation. Aromatic Q rings, which are embedded in multiturn helix curvatures stack over 

each other, giving rise to strong - interactions.  

 

 

Figure 11 – Quinoline helix folding. Non-covalent interactions (dipole repulsion and hydrogen bonds) 

which mediate folding are indicated by green lines. - interactions are indicated in orange. Without a 

chiral group, Q helical structures fold into 50% left (M) and 50% right-handed (P) helices.  
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The overall dynamics of helix interconversion between M and P enantiomers through partially 

unfolded intermediates are dependent on helix length, temperature, and solvent. Longer helices 

undergo interconversion slower than shorter helices if the solvent and temperature are the same. 

Increasing temperature also increases the helicity interconversion rate. For example, the helix-

handedness inversion half-life of a Q heptamer helix is 30 minutes in comparison to an octamer 

which is two hours in the same solvent mixture (hexane/chloroform) and same temperature (at 

30 °C).[146] In polar solvents, overall helix-handedness (h-h) inversion is much slower; a Q 

pentamer needs several hours to invert its helicity.[147] A Q octamer helix, for example, does not 

show any sign of h-h inversion even at 120 °C in pure DMSO[134a] whereas in pure chloroform a 

Q8mer, has a half-life of h-h inversion of 6 min at room temperature.[148] Thus, the helicity of 

water-soluble Q octamers can be considered locked on a laboratory time scale. Overall, Q 

monomer-based folded helices are extremely stable. Furthermore, the mechanical stability has 

been experimentally investigated by atomic force microscopy (AFM)-based single-molecule 

force spectroscopy. In this study, different Q foldamer helices were covalently immobilized on a 

gold surface. The helices were slowly stretched by moving an AFM-tip in a controlled manner 

upwards until intramolecular foldamer interactions broke and the helix unwinded. The forces 

which were necessary to unwind the helix were by one order of magnitude greater than in 

comparable biological systems for example peptide -helices of similar length. After helix 

unwinding, the Q foldamer applied strong forces against the pulling force to rewind quickly back 

into the folded, helical state.[149]  

When not equipped with a chiral group, Q helices present P- and M- helices in equal proportions 

in solution and the solid state. Helix handedness can be controlled by placing chiral monomers on 

the C-[150] or N-terminus[151] or, as described in a recent study, within the foldamer sequence. In 

this study performed in our group by Bindl et al.[152], a chiral benzene-based monomer (BRMe) was 

developed as a -peptidic analog of Q. This B monomer carries a stereogenic methyl group with 

an R configuration. Upon introduction into a Q oligomer, the CH3 group is embedded in between 

the aromatic backbone units of the helix which results in an energy imbalance between the 

compact M or P foldamer conformations. As a result, the foldamer helix is biased towards M 

helicity and – if the S version of the B monomer is used – P helicity. This enables the synthesis of 

(almost) quantitatively chiral Q sequences with leaving both ends of the helix available for 

further modification such as functionalization with a chromophore, protein ligand, or introducing 

the foldamer sequence in a head-to-tail macrocycle.  
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2.3. Cyclic Peptide - Foldamer Hybrids 
 

The folding properties of single-stranded helices, sheets, and turns rely primarily on small-range 

interactions between monomer residues which are adjacent, or very close in the oligomeric chain, 

to each other. Long-range interactions, so, interactions that are further apart in the oligomeric 

chain, can be observed in folded biomolecules such as proteins or nucleic acids and are often 

responsible for higher-ordered structures. These are more difficult to access in abiotic foldamers. 

Cyclization of foldamers or implementing foldamers into macrocyclic molecules enables to bring 

otherwise remote groups in closer spatial proximity. This might answer i) how foldamer moieties 

interact with themself in cycles, ii) how foldamer moieties interact with non-foldamer units in the 

cycle within a larger ring system or iii) how folding and macrocyclization affect each other.  

Combinations of peptides and foldamers to cyclic hybrid structures are rare in the literature. In 

one work, non-natural building blocks were combined with peptides to peptide macrocycle-

foldamer hybrid systems to mimic -sheet assemblies. Khakshoor et al.[153] synthesized a 52-

membered ring macrocycle with an extended heptapeptide -strand combined with unnatural, 

benzene core-based amino acid that mimics -sheet-like dimers. The peptidic part of the 

macrocycle self-associates through -sheet dimerization towards a tetramer (dimer of -sheet 

dimers). The macrocycle is thus a partially folded object with edge-to-edge interactions and 

hydrophobic face-to-face interactions. (Figure 12a) 

Another example of a cyclic foldamer hybrid was published in a study by Katoh et al.[98d] The 

researcher demonstrated the incorporation of multiple cyclic -2,3 amino acids (cAAs), which 

are known to fold into stable helices or sheets, into peptide chains by ribosomal expression. One 

is 2-aminocyclohexanecarboxylic acid, which due to its restricted conformation is a strong 

helix/turn inducer. The incorporation of these artificial building blocks into peptides was 

achieved by genetic code reprogramming and combining it with mRNA display technology 

achieved to generate randomized libraries of macrocyclic – cAAs-peptide hybrids. Ligands with 

nanomolar affinity against an interferon- receptor which also shows inhibitory effects were 

selected from those generated libraries (1012 individual hybrids) and co-crystallization with the 

target protein led to a high-resolution co-crystal structure (Figure 12b). The crystal structure of 

the nanomolar hybrid macrocycle revealed that it folds into an anti-parallel -sheet which is 

governed by the two successive −turns – a result of the folding propensity of the -amino acids. 

Additionally, intramolecular interactions between the amino acids of the peptide chain were 

observed.  
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Figure 12 – Structures of foldamer-peptide hybrid macrocycles. X-ray crystal structure of a) -sheet 

mimic dimer[153b] (CCDC: 782650) and b) bioactive −amino acid-containing macrocycle[98d] (PDBID: 
6L63). Peptide residues are represented in grey, foldamer residues are presented in orange. Hydrogen 
bonds are represented in blue dashed lines. Bound protein in b) is not shown for better visualization.  
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3. Objectives 
 

This thesis describes the synthesis and structural characterization of peptide-aromatic oligoamide 

foldamer hybrid macrocycles. Various aromatic oligoamide-foldamer segments that are helically 

folded were combined with peptides of various lengths and side chain compositions to form head-

to-side chain monocycles or side chain-to-side chain mono-, di-, tri- and tetracyclic structures.  

Paragraph 6 outlines the conformational interplay between the peptide and the foldamer parts 

within a given designed hybrid macrocycle. Based on a previous report, we hoped that both parts 

(i.e. the foldamer and the peptide) had a reciprocal influence on structural conformation and 

protease stability. This means that the foldamer folding toward a right-handed or left-handed 

helix is influenced by the chirality of the peptide and, conversely, the foldamer serves as a kind of 

staple that restricts the conformation of the peptide chain. We also hoped that this reciprocal 

influence, which was initially studied for short, relatively flexible foldamer tetramers[98b], can be 

transferred to longer foldamer-peptide hybrid systems. We knew that quinoline (Q)-based 

octamers (or longer) adopt a stable 2.5 units per turn helix conformation in water that does not 

interconvert. Inserting such long helices into peptide-foldamer macrocycles would then result in 

diastereomers (i.e. M-helix−L-peptide and P-helix−L-peptide macrocycles) exhibiting different 

physico-chemical properties which allow their potential characterization by RP-HPLC analysis. 

Furthermore, we believed that by introducing some flexible methylpyridine (P) units in 

quinoline-based foldamer nonamers, the M/P-helicity interconversion would be (i) rendered faster 

in aqueous environment and (ii) biased through the peptide chain, similar to what has been 

observed for shorter macrocycles. Since it is well documented that peptide macrocycles are more 

stable in a proteolytic environment than their linear versions, we wanted to expose short 

foldamer-peptide hybrid macrocycles to different proteases and hoped that these structures would 

be more resistant compared to their noncyclic versions.   

Short foldamers are remarkably compatible with ribosomal expression.[98b, 104, 154] Foldamer 

segments can be indeed charged on tRNA thanks to the use of flexible ribozymes (flexizymes) 

which next allow genetic code reprogramming of the initiator codon. With this, foldamers 

consisting of Q- and P- based monomers can be incorporated into polypeptide chains by the 

ribosome during translation. As long as the foldamer part is short and remains flexible, it can 

traverse the ribosome exit tunnel and foldamer-peptide hybrid sequence can be expressed in vitro. 

Reactive functionalities, such as chloroacetamides, can additionally be incorporated to the N-

terminus of the foldamer, allowing spontaneous cyclization with the first downstream cysteine 

thiol of the nascent peptide chain. This enables the generation of peptide-foldamer hybrid 

macrocycles by the ribosome machinery. In this subsequent study which is the content of 

paragraph 8, we aimed to use this technology to generate a trillion-membered library of different 

foldamer-peptide macrocycle hybrids within the RaPID platform (see Screening Methods 

chapter). The generated macrocyclic hybrids library should be screened against a protein target to 

identify a high affinity peptide-foldamer macrocyclic binder to provide proof of concept. The first 

sequences we aimed at in this study, were prepared to identify short foldamers with a variety of 

side-chain appendages that are well-tolerated by the ribosome but cannot cyclize. Here, we 

wanted to vary the foldamer length and foldamer side-chain appendages so high flexizyme 

mediated tRNA acylation yields and high ribosomal peptide initiation can be achieved. Once the 

best performers from this series were identified, we wanted to prepare analogs in which the 

chloroacetamide electrophile was installed at the N-terminus of the foldamer. This 
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chloroacetamide containing short foldamer initiators can then be submitted in generating the 

hybrid macrocycle library. As a model protein, the catalytic C-lobe of the E6AP HECT domain 

was first selected. Besides providing proof-of-concept in this project, this ubiquitin ligase (E3) is 

an interesting target in a pharmaceutical context as it is associated with neurodevelopmental 

disorders and human papillomavirus-induced cervical tumorigenesis.[155] To gain further 

structural insight into the binding site and the association between the target and the selected 

foldamer peptide macrocycle, the identified macrocyclic binders could then be chemically 

synthesized in mg quantities and further co-crystallized with the protein target. Binding studies in 

solution could be performed by surface plasmon resonance, isothermal titration calorimetry, or by 

fluorescence polarization. If measured binding is high, cell permeability or activity assays can be 

considered. Additionally, as the foldamer part of each macrocycle in the library remains identical 

(invariable part during the selection), we believe that only the peptide part, as such, provides the 

binding affinity to C-lobe and the foldamer furnishes conformational restrictions. This could 

eventually allow modulations of the foldamer appendages to improve the overall pharmacological 

profile (e.g. cell permeability) while maintaining overall good binding affinity. 

As mentioned, quinoline oligoamide foldamers are stable, folded helices in aqueous environment. 

Different side chains can be attached to the surface of the helix at precise positions by 

synthetically changing the foldamer sequence at the monomer level. In the three-dimensional 

space, the position of the side chains is well-defined and can be simulated with molecular 

modeling software (e.g. Maestro). The foldamer side chains allow derivatization with, for 

example, synthetically orthogonal protecting groups. In paragraph 10, we describe our objective 

to install electrophiles (i.e. chloroacetamide function) that allow cyclization on the outer rim of 

the helix. When combining this foldamer with cysteine-rich peptide chains on the foldamer C-

terminus, spontaneous cyclization with the Cys-thiol towards the foldamer side chain can occur. 

In comparison to the foldamer, the peptide chain is more flexible and can adjust its conformation 

in aqueous environment. Thus, cyclization between the thiol and the chloroacetamide can only 

happen when the peptide is long enough to reach the electrophile. As a consequence, if e.g. one 

cysteine is placed in the peptide and two chloroacetamides are introduced on the foldamer 

surface, macrocyclization would be selective towards the electrophile the thiol can reach. We 

hoped that this applied when the peptide chain was long enough so that the Cys-thiol could 

potentially reach several electrophiles but the closest electrophile in terms of 3D arrangement 

would be selectively involved in the macrocyclization reaction, at the condition that the distance 

differences between the competing electrophiles were large enough. The farther away located 

electrophile would not be attacked and stayed orphan. In addition, we hoped that this system also 

applied when multiple electrophiles and multiple cysteines were present in the hybrid sequence. 

If during the competition, highly selective cyclization conversions were achieved, multiple 

irreversible macrocyclization steps occurred one after the other, and multi-cyclic structures could 

be generated via some sort of reaction trail. This would allow, that peptide-foldamer macrocycles 

could be designed on which a peptide was stitched to the outside of a foldamer helix. Aromatic 

helical folded objects that were decorated on the outside with a peptide would then be 

synthetically accessible.  
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7.1. Materials and methods for chemical synthesis 

General 

Fmoc-QSul-OH, Fmoc-QAla-OH, Fmoc-QAsp(tBu)-OH, and P monomer were prepared by following the 

reported synthetic protocols.1,2,3,4 The synthetic procedure for Fmoc-QSem-OH will be reported in due 

course. If not otherwise mentioned, chemical reagents were purchased from Sigma-Aldrich, and 

solvents from Fisher Scientific and used without further purification. Anhydrous tetrahydrofuran 

(THF) and anhydrous dichloromethane (DCM) were obtained from MBRAUN SPS-800 solvent 

purification system. Anhydrous chloroform (CHCl3) and N,N-diisopropylethylamine (DIPEA) were 

distilled over CaH2 prior to use. Exclusively ultrapure water was used. DMF and NMP (peptide grade) 

were purchased from Carlo Erba. Rink amide MBHA, Cl-MPA ProTide®, and low-loading preloaded 

Fmoc-Gly-Wang resins were purchased from CEM. Low-loading Wang and cysteamine 2-chlorotrityl 

resins were purchased from Sigma. Fmoc-N-protected amino acids, benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), benzotriazol-1-

yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP) and 2-(1H-Benzotriazol-1-yl)-

1,1,3,3-tetramethyl-uronium-hexafluorophosphate (HBTU) were purchased from IRIS. -

Chymotrypsin and Trypsin were obtained from bovine pancreas; Pronase E from Streptomyces 

Griseus and were all purchased from Sigma-Aldrich.  

Methods for Solid-Phase Synthesis 

Solid Phase Peptide Synthesis 

The peptide segment was assembled by using a Liberty Blue CEM® synthesizer at a minimum scale of 

50 mol. Microwave couplings were performed twice at 75 °C for 10 min with N-Fmoc--amino acid 

(10 equiv. relative to the resin loading), HBTU (9 equiv.), and DIPEA (12 equiv.) in DMF. Fmoc 

deprotection was performed twice with 20% piperidine in DMF at 75 °C (1 × 30 sec. and 1 × 180 

sec.). Wang and Rink amide resins were washed with DMF (2 × 2 mL) after each deprotection step 

and one time 3 mL after each coupling step. When ProTide® resin was used, after the Fmoc 

deprotection the resin was extensively washed with DMF (4 × 4 mL) and one time with 4 mL DMF 

after the coupling step.  

 
1 B. Baptiste, C. Douat-Casassus, K. Laxmi-Reddy, F. Godde and I. Huc, J Org Chem, 2010, 75, 
7175-7185. 
2 J. Buratto, C. Colombo, M. Stupfel, S. J. Dawson, C. Dolain, B. Langlois d'Estaintot, L. Fischer, T. 
Granier, M. Laguerre, B. Gallois and I. Huc, Angew Chem Int Ed Engl, 2014, 53, 883-887. 
3 M. Vallade, P. Sai Reddy, L. Fischer and I. Huc, European Journal of Organic Chemistry, 2018, 
2018, 5489-5498. 
4 X. Hu, S. J. Dawson, P. K. Mandal, X. de Hatten, B. Baptiste and I. Huc, Chem Sci, 2017, 8, 3741-
3749. 
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Solid Phase Foldamer Synthesis 

The microwave-assisted solid-phase synthesis (SPS) of foldamer-peptide hybrids was carried out on a 

Discover-Bio CEM® microwave oven in an open vessel mode. The temperature of the reaction 

mixture within the reactor vessel was monitored with an optical fiber probe.  

Two different solid-phase synthesis approaches of foldamer-peptide hybrids have been 

implemented. Linear oligomers 1a, 3a-5a, 8a, 9a, 13a, 14a, 15a were synthesized by iterative 

couplings of Fmoc-P-OH and Fmoc-Q-OH on corresponding resin-bound peptides. Linear oligomers 

2a, 6a, 7a, 10a, and 11a were built by relying on a fragment condensation approach of Fmoc-

foldamer-OH segments on resin-bound H-Gly-peptides by using BOP/DIPEA as coupling reagents.  

Sequences 9a-11a were assembled on ProTide® resin because the PEG-polystyrene resin matrix 

appeared to give much better yield and crude purity of the resulting foldamer-peptide hybrids. 

✓ Fmoc Deprotection. The resin was suspended at room temperature in a solution of 20% 

piperidine in DMF for 1 × 3 min and 1 × 7 min with one DMF washing in between the two cycles. To 

note, in the case of QSul-rich sequences, after the Fmoc deprotection of the first installed QSul residue, 

the resin was incubated for 3 × 10 minutes with a solution of 20% DIPEA in NMP to substitute the 

piperidine salt formed on the sulfonic acid side chain.4 This process was next performed until the 

end of the SPFS. The resin was finally washed with dry THF (3 × 3 mL) prior to perform the in situ 

coupling. 

✓ In situ Coupling of Fmoc-Q-OH or Fmoc-P-OH on resin-bound H-Q-oligomers. To the pre-

swollen resin in dry THF (1.25 mL) was added 2,4,6-Collidine (9.0 equiv. relative to the resin loading). 

Concurrently, the Fmoc-aromatic monomer (i.e. Fmoc-Q-OH or Fmoc-P-OH, 3 equiv.) was suspended 

in 1.25 mL anhydrous CHCl3 together with triphenylphosphine (8 equiv). Trichloroacetonitrile (TCAN) 

was quickly added and the reaction mixture was vigorously mixed before to be added to the 

suspended resin within 30-60 sec. The reaction vessel was then placed under microwave irradiation 

(25 W, ramp to 50 °C over 5 min, then hold at 50 °C for 15 min). The resin was filtered off and 

washed with anhydrous THF (2 × 3 mL). The coupling step was repeated once. The resin was then 

filtered off and washed with THF (3 × 3 mL) and DMF (2 × 3 mL).5  

✓ HBTU coupling to resin-bound NH2-P-oligomer or resin-bound H-Gly-peptide. To the pre-

swollen resin in DMF (2.5 mL), Fmoc-Q-OH (3 equiv.), HBTU (2.9 equiv.), and DIEA (6 equiv.) were 

successively added. The reaction vessel was next placed in the microwave oven and heating was 

applied (25 W, ramp to 50 °C over 5 min, then hold at 50 °C for 10 min). The resin was filtered off, 

 
5 X. Hu, S. J. Dawson, Y. Nagaoka, A. Tanatani and I. Huc, J Org Chem, 2016, 81, 1137-1150. 



60 
 

rinsed twice with DMF (3 mL) and the coupling step was repeated once. The resin was then filtered 

off and washed with and DMF (3 x 3 mL). 

 

Figure S1: Schematic representation of the fragment condensation approach between a pre-build 

Fmoc-foldamer-OH segment and a resin-bound peptide. 

 

✓ Fragment condensation. Prior to use, the crude Fmoc-foldamer-OH (1 equiv. relative to 

resin-bound H-Gly-peptide) was lyophilized to remove any remaining moisture. The freeze-dried 

solid was dissolved in a mixture of anhydrous NMP and anhydrous THF (50:50, v/v, 250 µL) directly 

followed by the addition of anhydrous DIPEA (4.5 equiv.) and BOP (1.5 equiv.). After 3 minutes of 

pre-activation, the mixture was added to resin-bound H-Gly-peptide under nitrogen atmosphere. 

The mixture was stirred for four days at r.t. To note after one day, 1.5 equiv. of BOP and 4.5 equiv of 

DIPEA were added immediately followed by one additional equiv. of resin-bound H-Gly-peptide to 

drive the reaction to completion. The progress of the reaction was monitored by analyzing the 

reaction mixture via RP-HPLC. The disappearance of the Foldamer from the supernatant indicated 

the progress of the reaction. Afterward, the resin was filtered off, washed with DMF (3  3 mL) and 

any remaining resin-bound free amine peptide was acetylated by using an acetic anhydride mixture 

in DCM (see conditions below).  
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✓ N-capping of truncated sequences 

Any remaining free amine (aromatic or aliphatic) resulting from an incomplete coupling step was 

acetylated by incubating the resin with a solution of acetic anhydride in DCM (50:50, v/v) for 10 

minutes at r.t. The resin was then filtered off and washed with DCM (3  3 mL) and DMF (3  3 mL). 

✓ General procedure for N-terminal chloroacetylation 

Before performing the chloroacetylation step on the resin-bound NH2-oligomer, the resin was 

transferred to a 5 mL syringe equipped with a filter and washed with DCM (3  3 mL). Chloroacetic 

anhydride (10 equiv. in respect to N-terminal amine) was dissolved together with DIPEA (20 equiv.) 

in DCM. The reaction mixture was directly added to the resin and shaken for 15 minutes at r.t. This 

coupling step was repeated once without any washing in between. The resin was then filtered off, 

washed with DCM (3  3 mL) and dried briefly under a nitrogen stream. 

✓ Cleavage of resin-bound oligomers 

Sidechain deprotection and cleavage were performed simultaneously by treatment of the resin with 

a cleavage cocktail (10-15 mL per gram of resin) consisting of TFA/TIS/EDT/H2O (92.5:2.5:2.5:2.5, 

v/v/v/v) for 120 min at r.t for Cys-containing foldamer-peptides and TFA/TIS/H2O (95:2.5:2.5, v/v/v) 

for Fmoc-foldamer-Gly-OH segments. Foldamer-peptide hybrids (or Fmoc-foldamer-Gly-OH) were 

precipitated by adding cold Et2O and centrifugation. The precipitate was dried under a nitrogen 

stream, suspended in an acetonitrile/water mixture containing 0.1 % TFA, filtered, and lyophilized to 

obtain the crude linear oligomers as a yellowish powder.  

In the case of QSul-rich oligomers, incubating the LL-Wang resin with 1 mL of DMF after TFA cleavage 

for several hours could increase the yield.  

Foldamer-peptide hybrid macrocyclization 

A diluted solution of Cl-CH2-CO-foldamer-peptide-OH oligomer was incubated either in a 0.5 M 

Et3N/DMF or a 0.5 M Et3N/water/CH3CN solution at room temperature. Completion of the 

macrocyclization was monitored by RP-HPLC and the crude mixture was then lyophilized before to 

be purified by semi-preparative RP-HPLC to give the expected macrocycle in high purity and good 

yield.  
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7.2. Experimental procedures for chemical synthesis 
 

 

Compound 1a: Foldamer-peptide 1a was built by relying on the CEM Liberty Blue microwave 

automated peptide synthesizer for the peptide segment and on the Liberty Bio for the stepwise 

assembly of the foldamer part on a 50 µmol scale. After chloroacetylation, the resin was cleaved 

with TFA/TIS/H2O and the crude product (57 mg, 86%) was directly used in the macrocyclization 

reaction. HRMS (ESI+) m/z calcd for C55H62ClN14O17S3 [M+H]+ 1321.3268 found 1321.3064. 

Compound 1: Compound 1a was dissolved in 5 mL of a water/CH3CN 75:25 (v/v) solvent mixture to a 

7.5 mM dilution and TEA (352 µL, 0.5 M) was added. After 30 min at r.t. without agitation, the 

solvents were evaporated by freeze drying and the crude macrocycle was purified by using semi-

preparative RP-HPLC (gradient: from 10% to 40% solvent D over 15 minutes at 50 °C) to give 1 as a 

light yellow solid (35.0 mg, 61%). 1H NMR (500 MHz, acetonitrile-d3) δ 11.85 (s, 1H), 11.82 (s, 1H), 

9.79 (s, 1H), 8.70 (s, 1H), 8.61 – 8.55 (m, 1H), 8.52 (d, J = 8.5 Hz, 1H), 8.45 (d, J = 9.6 Hz, 1H), 8.35 (m, 

3H), 8.21 (dd, J = 26.7, 8.0 Hz, 3H), 8.05 – 7.80 (m, 8H), 7.71 (t, J = 9.0 Hz, 1H), 7.35 (d, J = 8.0 Hz, 1H), 

4.80-4-40 (water suppression region), 4.07 – 3.86 (m, 1H), 3.73 (q, J = 11.8, 9.7 Hz, 2H), 3.17 (q, J = 

7.9 Hz, 4H), 3.07 (m, 7H), 1.80 – 1.70 (m, 2H), 1.54 (m, 6H), 1.27 (t, J = 7.9 Hz, 5H), 0.81 (d, J = 7.0 Hz, 

3H), 0.67 (d, J = 6.8 Hz, 3H). HRMS (ESI-) m/z calcd for C55H59N14O17S3 [M-H]- 1284.3423 found 

1283.3613  

Compound D-1: For compound D-1 the synthesis, purification and analyses was repeated as 

described for 1 respectively 1a by using D-amino acids instead of L-amino acids in the peptide 

segment. Similar yields and purities were obtained.  
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Foldamer fragment F2a: F2a was synthesized on a preloaded Fmoc-Gly-Wang resin (loading: 0.31 

mmol/g) using general SPFS procedure on a 100 µmol scale. F1a was recovered in 65% yield (70 mg) 

after cleavage using 4 mL of TFA/water 95:5 (v/v) mixture for 2h at r.t and was used without any 

further purification. HRMS (ESI-) m/z calcd for C51H38N9O14S2 [M-H]-1 1064.1985 found 1064.2127. 

 

Compound 2a: Peptide Fmoc-Gly-Leu-Glu(tBu)-Glu(tBu)-Cys(Trt)-Gly was loaded on a Fmoc-Gly-

Wang resin (0.32 mmol/g) using CEM Liberty Blue microwave automated peptide synthesizer on a 50 

µmol scale. After Fmoc deprotection, F2a was coupled by fragment condensation on an 8 µmol 

scale. After final chloroacetylation and TFA cleavage, crude 2a (8 mg, 61%) was directly used in the 

macrocyclization reaction without further purification.  

Compound 2: Compound 2a was dissolved in 1.1 mL water/CH3CN 70:30 (v/v) to a 7.5 mM dilution 

and TEA (480 µL, 0.5 M) was added. After 30 min at r.t. without agitation and monitoring the 

reaction by HPLC, the reaction mixture was acidified using TFA. The solvents were evaporated by 

freeze drying and the crude macrocycle was purified by using semi-preparative RP-HPLC with a 

gradient from 5% to 35% solvent D over 10 minutes to give 2 as a light yellow solid (2.4 mg, 30%).1H 

NMR was performed in 12.5 mM ammonium acetate buffer at pH 8.5 with 25% acetonitrile-d3. 
1H 

NMR (500 MHz, acetonitrile-d3) δ 11.83 (s, 1H), 11.66 (s, 1H), 9.78 (s, 1H), 9.10 (d, J = 7.6 Hz, 1H), 

8.77 (d, J = 7.9 Hz, 2H), 8.50 (d, J = 9.4 Hz, 2H), 8.39 (dd, J = 27.5, 9.4 Hz, 2H), 8.31 (d, J = 10.0 Hz, 1H), 

8.25 (t, J = 8.7 Hz, 1H), 8.10 – 7.92 (m, 8H), 7.87 (t, J = 9.2 Hz, 1H), 7.81 (d, J = 9.3 Hz, 1H), 7.74 (s, 
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1H), 7.63 (t, J = 9.3 Hz, 1H), 7.40 (d, J = 9.2 Hz, 1H), 4.80-4-40 (water suppression region), 3.94 (d, J = 

15.9 Hz, 1H), 3.89 – 3.76 (m, 1H), 3.73 (dd, J = 14.8, 8.6 Hz, 3H), 3.53 – 3.43 (m, 1H), 3.26 (d, J = 16.3 

Hz, 1H), 3.21 – 2.93 (m, 4H), 2.48 (dq, J = 24.2, 9.1, 8.2 Hz, 4H), 2.33 – 2.09 (m, 5H), 1.85 – 1.72 (m, 

1H), 1.60 – 1.47 (m, 2H), 1.47 – 1.34 (m, 1H), 1.26 (dd, J = 16.6, 7.9 Hz, 2H), 1.21 – 1.08 (m, 1H), 0.89 

(s, 1H), 0.83 (d, J = 7.7 Hz, 3H), 0.68 (d, J = 7.4 Hz, 3H). HRMS (ESI-) m/z calcd for C59H61N14O22S3 [M-H]-

1 1413.3325 found 1413.3066. 

 

Compound 3a: Foldamer-peptide 3a was synthesized by relying on the CEM Liberty Blue microwave 

automated peptide synthesizer for the peptide segment and on the Liberty Bio for the stepwise 

assembly of the foldamer part on a 50 µmol scale. The crude product (74 mg, 93%) was directly 

engaged in the macrocyclization step without further purification. HRMS (ESI+) m/z calcd for 

C74H88ClN18O19S [M+H]+ 1599.5877 found 1599.5671. 

Compound 3: Compound 3a was dissolved in 6.2 mL of water/acetonitrile mixture 75:25 (v/v) to a 

reach a 7.5 mM concentration and TEA (433 µL, 0.5 M) was added. After 30 min at r.t. without 

agitation, the reaction mixture was lyophilized and the crude macrocycle was purified by using semi-

preparative RP-HPLC with a gradient from 10% to 40% solvent D over 15 minutes at 50 °C to give 3 as 

a colorless solid (31 mg, 42%). 1H NMR spectrum was performed in a water/acetonitrile-d3 1:1 (v/v). 

1H NMR (500 MHz, acetonitrile-d3) δ 11.40 (s, 1H), 11.15 (s, 1H), 9.65 (d, J = 6.5 Hz, 1H), 9.05 (d, J = 

7.8 Hz, 1H), 8.63 (d, J = 7.0 Hz, 1H), 8.38 (d, J = 10.1 Hz, 1H), 8.28 (p, J = 6.7, 5.3 Hz, 3H), 8.10 – 7.81 
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(m, 10H), 7.57 (t, J = 8.8 Hz, 2H), 7.46 (s, 1H), 7.34 (d, J = 8.7 Hz, 2H), 7.27 – 7.11 (m, 5H), 6.59 (s, 1H), 

5.22 (dd, J = 18.1, 6.9 Hz, 1H), 4.89 (m, 1H), 3.75 (dd, J = 16.9, 6.3 Hz, 1H), 3.53 (d, J = 17.9 Hz, 1H), 

3.48 – 3.32 (m, 4H), 3.25 (q, J = 8.2 Hz, 3H), 3.08 (q, J = 6.8, 6.2 Hz, 6H), 3.02 – 2.91 (m, 1H), 2.81 (m, 

1H), 2.25 (dd, J = 23.2, 10.7 Hz, 2H), 2.07 (s, 2H), 1.95 (m, 8H), 1.79 (m, 6H), 1.60 (m, 4H), 1.42 – 1.33 

(m, 2H).HRMS (ESI-) m/z calcd for C74H85N18O19S [M-H]- 1561.5959 found 1561.6431.  

 

Compound 4a: Foldamer-peptide 4a was synthesized by relying on the CEM Liberty Blue microwave 

automated peptide synthesizer for the peptide segment and on the Liberty Bio for the stepwise 

assembly of the foldamer part on a 50 µmol scale. After final chloroacethylation and TFA cleavage, 

the crude product (95 mg, 98%) was directly used in the macrocyclization reaction without further 

purification. HRMS (ESI+) m/z calcd for C74H88ClN18O19S [M+H]+ 1599.5882 found 1599.5824. 

Compound 4: Compound 4a was dissolved in 6.0 mL of a water/acetonitrile solvent mixture 75:25 

(v/v) to reach a concentration of 7.5 mM. TEA (433 µL, 0.5 M) was then added. After 30 min at r.t. 

without agitation, the reaction mixture was freeze dried and the obtained crude macrocycle was 

purified by using semi-preparative RP-HPLC with a gradient from 20% to 45% solvent B over 15 

minutes at 50 °C to give 4 as a colorless solid (25 mg, 26%). 1H NMR was performed in a 

water/acetonitrile-d3 1:1 (v:v). 1H NMR (500 MHz, acetonitrile-d3) δ 11.57 (s, 1H), 11.37 (s, 1H), 9.74 

(d, J = 6.4 Hz, 1H), 8.73 (d, J = 7.9 Hz, 1H), 8.65 (d, J = 6.7 Hz, 1H), 8.40 (d, J = 9.2 Hz, 1H), 8.26 – 7.73 

(m, 15H), 7.71 – 7.55 (m, 4H), 7.55 – 7.21 (m, 13H), 6.68 (s, 1H), 5.16 (dd, J = 18.2, 6.8 Hz, 1H), 5.01 

(q, J = 15.9 Hz, 1H), 4.90 – 4.70 (m, 1H), 3.93 – 3.79 (m, 1H), 3.62 (d, J = 19.1 Hz, 1H), 3.46 (t, J = 7.9 
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Hz, 1H), 3.28 – 3.02 (m, 9H), 2.84 (m, 9H), 2.39 (t, J = 8.9 Hz, 1H), 1.98 (t, J = 10.5 Hz, 2H), 1.89 – 1.48 

(m, 14H), 1.49 – 1.13 (m, 6H).HRMS (ESI+) m/z calcd for C74H88N18O19S [M+2H]+2 782.3091 found 

782.3081. 

 

 

Compound 5a: Foldamer-peptide 5a was built on Rink Amide MBHA resin (0.33 mmol/g) by relying 

on the CEM Liberty Blue peptide synthesizer for the peptide segment and on the Liberty Bio for the 

stepwise assembly of the foldamer part on a 50 µmol scale. After chloroacetylation the resin was 

cleaved with TFA/TIS/H2O and the crude product (39 mg, 52%) was directly used in the 

macrocyclization reaction without further purification. MALDI-TOF m/z calcd for C67H85ClN19O18S3 [M-

H]- 1574.5 found 1572.9 

Compound 5: Compound 5a was dissolved in 3.5 mL water to a 7.5 mM dilution and TEA (230 µL, 0.5 

M) was added. After 30 min at r.t. without agitation, the solvents were evaporated by freeze drying 

and the obtained crude macrocycle was purified by using semi-preparative RP-HPLC (general 

procedure 3) with a gradient from 0% to 40% solvent D over 25 minutes to give 5 as a light yellow 

solid (5 mg, 12%). 1H NMR was performed in 12.5 mM ammoniumacetate buffer at pH 8.5 with 25% 

acetonitrile-d3. 1H NMR (500 MHz, acetonitrile-d3) δ 11.56 (s, 1H), 11.49 (s, 1H), 9.85 (s, 1H), 8.68 (s, 

1H), 8.42 (d, J = 9.5 Hz, 1H), 8.29 (d, J = 9.4 Hz, 2H), 8.18 (t, J = 8.5 Hz, 2H), 8.03 (t, J = 9.9 Hz, 3H), 

7.95 (t, J = 8.2 Hz, 1H), 7.91 – 7.70 (m, 4H), 7.59 (t, J = 8.9 Hz, 1H), 7.36 (d, J = 8.5 Hz, 1H), 4.80-4.40 

(water suppression region), 3.86 (t, J = 14.5 Hz, 2H), 3.74 (d, J = 18.5 Hz, 1H), 3.53 (d, J = 16.0 Hz, 1H), 

3.40 (d, J = 16.2 Hz, 1H), 3.24 (q, J = 15.0 Hz, 2H), 3.12 (q, J = 11.7, 8.5 Hz, 2H), 2.97 (m, 4H), 2.84 (m, 

4H), 1.84 – 1.27 (m, 25H), 0.78 (d, J = 7.2 Hz, 3H), 0.66 (d, J = 6.9 Hz, 3H). Amino acid amide 
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resonances between 8.4 ppm and 7.7 ppm partially suppressed. HRMS (ESI-) m/z calcd for 

C67H84N19O18S3 [M-H]- 1538.5482 found 1538.5360. 

 

Compound 6a: Peptide Fmoc-Ser(tBu)-Ala-Leu-Ala-Cys(Trt)-Gly was loaded on Fmoc-Gly-Wang resin 

(0.31 mmol/g) using CEM Liberty Blue peptide synthesizer. Fragment F2a was next condensed on the 

resin-bound amine-free peptide on a 10 µmol scale. After final chloroacetylation followed by TFA 

cleavage the crude product (12 mg, 86%) was directly used in the cyclization reaction. HRMS (ESI+) 

m/z calcd for C58H65ClN15O20S3 [M+H]+ 1422.3380 found 1422.3610 

Compound 6: Compound 6a was dissolved in 34 mL of water/acetonitrile 75:25 (v/v) solution 

mixture and TEA (1.7 mL, 0.5 M) was added. After 3h at r.t. without agitation, the solvents were 

evaporated by freeze drying and the crude macrocycle was purified by using semi-preparative RP-

HPLC with a gradient from 10% to 30% solvent D over 20 minutes to give 6 as a light yellow solid (2.3 

mg, 20%). 1H NMR was performed in 12.5 mM ammonium acetate buffer at pH 8.5 with 25% 

acetonitrile-d3. 1H NMR (400 MHz, acetonitrile-d3) δ 11.68 (s, 1H), 11.58 (s, 1H), 9.99 (d, J = 5.2 Hz, 

1H), 8.77 (s, 1H), 8.72 (s, 1H), 8.55 – 8.47 (m, 2H), 8.37 – 8.32 (m, 1H), 8.32 – 8.19 (m, 4H), 8.06 (td, J 

= 7.6, 5.6 Hz, 4H), 7.95 – 7.82 (m, 7H), 7.66 (t, J = 8.5 Hz, 1H), 7.43 (d, J = 8.3 Hz, 1H), 4.80-4 – 40 

(water suppression region), 3.96 (td, J = 13.6, 12.6, 4.3 Hz, 1H), 3.85 (dd, J = 25.4, 4.1 Hz, 1H), 3.78 – 

3.69 (m, 4H), 3.68 – 3.61 (m, 1H), 3.27 (d, J = 23.3 Hz, 3H), 3.01 (dd, J = 14.1, 5.6 Hz, 1H), 2.90 (dd, J = 

14.0, 8.0 Hz, 1H), 1.67 (d, J = 7.3 Hz, 3H), 1.45 (d, J = 7.1 Hz, 4H), 1.38 (d, J = 6.9 Hz, 1H), 1.27 (t, J = 

7.6 Hz, 6H), 0.96 – 0.84 (m, 2H), 0.78 (d, J = 6.9 Hz, 3H), 0.62 (d, J = 6.9 Hz, 3H). HRMS (ESI-) m/z calcd 

for C58H62N15O20S3 [M-H]- 1384.3457 found 1384.3375. 
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Compound 7a: The peptide fragment was synthesized on a preloaded Fmoc-Gly-Wang resin 

(loading: 0.31 mmol/g) using CEM Liberty Blue peptide synthesizer. Fragment F2a was next 

condensed on the resin-bound amine-free peptide by relying on the fragment condensation 

approach on a 10 µmol scale. After final chloroacetylation followed by TFA cleavage the crude 

product (13 mg, 87%) was directly engaged in the macrocyclization reaction. HRMS (ESI+) m/z calcd 

for C63H72ClN16O23S3 [M+H]+ 1551.3801 found 1551.4003. 

Compound 7: Compound 7a (0.25 mM) was dissolved in 36 mL of water/acetonitrile 75:25 (v/v) 

solution mixture and TEA (1.7 mL, 0.5 M) was added. After 3h at r.t. without agitation, the solvents 

were evaporated by freeze drying. The crude macrocycle was next purified by using semi-

preparative RP-HPLC with a gradient from 5% to 28% solvent D over 20 minutes to give 7 as a light 

yellow solid (2.6 mg, 20%). 1H NMR was performed in 12.5 mM ammonium acetate buffer at pH 8.5 

with 25% acetonitrile-d3. 1H NMR (400 MHz, acetonitrile-d3) δ 11.67 (s, 1H), 11.56 (s, 1H), 9.99 (s, 

1H), 8.73 (s, 1H), 8.58 – 8.47 (m, 3H), 8.42 (d, J = 8.3 Hz, 1H), 8.38 – 8.28 (m, 3H), 8.25 (t, J = 7.9 Hz, 

1H), 8.12 – 7.85 (m, 11H), 7.83 (d, J = 8.3 Hz, 1H), 7.75 (t, J = 5.8 Hz, 1H), 7.66 (t, J = 8.5 Hz, 1H), 7.42 

(d, J = 8.3 Hz, 1H), 4.80-4-40 (water suppression region), 4.10 – 3.94 (m, 1H), 3.85 (td, J = 17.1, 16.4, 

4.9 Hz, 1H), 3.77 – 3.68 (m, 3H), 3.63 (dd, J = 17.3, 5.4 Hz, 1H), 3.24 (d, J = 5.2 Hz, 2H), 3.17 (q, J = 7.5 

Hz, 4H), 3.04 (d, J = 5.2 Hz, 1H), 2.86 (dd, J =f 14.2, 8.3 Hz, 1H), 2.17 (d, J = 7.6 Hz, 2H), 1.60 (d, J = 6.1 

Hz, 3H), 1.43 (d, J = 7.2 Hz, 3H), 1.38 (d, J = 7.1 Hz, 3H), 1.26 (t, J = 7.5 Hz, 6H), 0.86 (dd, J = 6.2, 4.5 

Hz, 6H). HRMS (ESI-) m/z calcd for C63H69N16O23S3 [M-H]- 1513.3883 found 1515.3924.  
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Compound 8a: Foldamer-peptide 8a was built on Rink Amide MBHA resin (loading: 0.33 mmol/g) by 

relying on the CEM Liberty Blue peptide synthesizer for the peptide segment and on the Liberty Bio 

for the stepwise assembly of the foldamer part on a 50 µmol scale. After final chloroacethylation and 

TFA cleavage the crude product (80 mg, 97%) was directly used in the macrocyclization reaction 

without further purification. HRMS (ESI-) m/z calcd for C70H85ClN19O21S4 [M-H]-1 1690.4738 found 

1690.4170. 

Compound 8: Compound 8a was dissolved in 6.3 mL of a water/acetonitrile solvent mixture 75:25 

(v:v) to reach a 7.5 mM dilution and TEA (0.4 mL, 0.5 M) was added. After 3h at r.t. without 

agitation, the solvents were evaporated by freeze drying and the obtained crude macrocycle was 

purified by using semi-preparative RP-HPLC with a gradient from 0% to 40% solvent D over 25 

minutes to give compound 8 as a light yellow solid (8.2 mg, 10%). 1H NMR was performed in 12.5 

mM ammonium acetate buffer at pH 8.5 with 25% acetonitrile-d3 performing water suppression 

experiment. 1H NMR (500 MHz, acetonitrile-d3) δ 12.47 (s, 1H), 11.81 (s, 1H), 11.15 (s, 1H), 8.88 (d, J 

= 8.1 Hz, 1H), 8.76 (s, 1H), 8.60 (d, J = 9.4 Hz, 2H), 8.50 (m, 2H), 8.39 (s, 1H), 8.33 (d, J = 8.4 Hz, 1H), 

8.26 (d, J = 9.1 Hz, 1H), 8.11 (d, J = 10.0 Hz, 1H), 8.01 (q, J = 8.9, 8.4 Hz, 3H), 7.90 – 7.83 (m, 4H), 7.77 

(t, J = 4.0 Hz, 1H), 7.70 (d, J = 8.2 Hz, 1H), 7.45 (t, J = 8.6 Hz, 1H), 7.35 (d, J = 9.2 Hz, 2H), 6.96 (s, 1H), 

4.80-4-40 (water suppression region) 3.86 (t, J = 15.7 Hz, 2H), 3.69 (d, J = 20.1 Hz, 1H), 3.64 – 3.53 

(m, 2H), 3.30 (d, J = 14.8 Hz, 1H), 3.18 – 3.04 (m, 7H), 2.96 (m, 2H), 2.87 (d, J = 3.9 Hz, 1H), 2.70 (dd, J 

= 14.9, 10.0 Hz, 1H), 2.41 (d, J = 20.2 Hz, 1H), 2.22 (d, J = 4.6 Hz, 2H), 1.88 – 1.73 (m, 10H), 1.64 – 1.39 

(m, 11H), 1.23 – 1.13 (m, 1H), 0.99 (s, 1H), 0.55 (d, J = 7.0 Hz, 3H), 0.14 (d, J = 7.1 Hz, 3H). HRMS (ESI-) 

m/z calcd for C70H83N19O21S4 [M-2H]-2 826.7452 found 826.7511 
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Compound 9a: Foldamer-peptide 9a was synthesized on the CEM Liberty Blue peptide synthesizer 

for the peptide segment and on the Liberty Bio for the stepwise assembly of the foldamer part. Half 

of the resin was cleaved in the presence of TFA/TIS/H2O/EDT and the crude product (30 mg, 47%) 

was directly engaged in the macrocyclization reaction without further purification. HRMS (ESI-) m/z 

calcd for C105H99ClN26O33S6 [M-2H]-2 1239.7473 found 1239.7576 

Compound 9: Compound 9a was dissolved in 48 mL DMF containing triphenylphosphine (3.1 mg, 12 

µmol) at a concentration of 0.25 mM. TEA (3.3 mL, 0.5 M) was added under nitrogen atmosphere 

and the reaction mixture was kept for 36 h at r.t. without any stirring. The solvents were next 

evaporated under reduced pressure, remaining traces of DMF were removed by lyophilizing the 

sample. The obtained crude macrocycle was purified by using semi-preparative RP-HPLC with a 

gradient from 8% to 32% solvent D over 20 minutes to give compound 9 as a light yellow solid (3.4 

mg, 11%). 1H NMR was performed in 12.5 mM ammonium acetate buffer at pH 8.5 with 10% D2O. 1H 

NMR (500 MHz, TPS) δ 11.70 (s, 1H), 11.60 (s, 1H), 11.10 (s, 1H), 11.07 (s, 1H), 10.72 (s, 1H), 8.72 (d, J 

= 9.3 Hz, 2H), 8.54 (dd, J = 16.4, 8.7 Hz, 2H), 8.46 – 8.23 (m, 8H), 8.17 – 8.08 (m, 3H), 8.04 – 7.27 (m, 

27H), 7.12 (d, J = 8.1 Hz, 1H), 7.06 (d, J = 8.0 Hz, 1H), 6.99 (t, J = 9.1 Hz, 1H), 4.80-4-40 (water 

suppression region), 3.94 – 3.75 (m, 4H), 3.71 – 3.50 (m, 4H), 3.26 – 3.14 (m, 5H), 2.93 (m, 2H), 2.85 

– 2.64 (m, 4H), 2.12 (d, J = 8.3 Hz, 1H), 1.86 – 1.78 (m, 3H), 1.71 (m, 5H), 1.30 (m, 10H), 0.88 (dd, J = 

21.0, 6.6 Hz, 2H), 0.78 (d, J = 6.9 Hz, 3H), 0.65 (d, J = 6.8 Hz, 3H).HRMS (ESI-) m/z calcd for 

C105H98N26O33S6 [M-2H]-2 1221.7590 found 1221.7500. 

Compound D-9: For compound D-9 the synthesis, purification, and analyses were repeated as 

described for 9 respectively 9a by using D-amino acids instead of L-amino acids in the peptide 

segment. Similar yields and purities were obtained.  
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Compound F10a: Foldamer segment F10a was synthesized on a preloaded Fmoc-Gly Wang resin 

(0.31 mmol/g) on a 100 µmol scale. After TFA cleavage F10a (200 mg, 85%) was used in subsequent 

reactions without any further purification. HRMS (ESI-) m/z calcd for C107H73N19O30S5Se [M-2H]-2 

1172.1303 found 1172.1785. 

 

Compound 10a: The peptide fragment was synthesized on Cl-MPA ProTide® (LL) resin (0.23 mmol/g) 

on a 50 µmol scale. For the initial loading step, Fmoc-Gly-OH (149 mg, 0.5 mM, 10 equiv.) was 

dissolved in 2.5 mL DMF and added to the resin together with a solution containing CsI (32 mg, 0.125 

mM, 2.5 equiv.) and DIPEA (174 µL, 1mM, 20 equiv.) in 1 mL DMF. The suspension was heated to 50 

°C by microwave irradiation for 15 min at 25W. The peptide was elongated by using CEM Liberty 

Blue peptide synthesizer. F10a was next engaged to the fragment condensation on the resin-bound 

free amine peptide in a 10 µmol scale. After final chloroacethylation and TFA cleavage, the obtained 

crude product was directly engaged in the macrocyclization reaction without further purification (22 

mg, 75%). HRMS (ESI-) m/z calcd for C138H132ClN31O45S6Se [M-2H]-2 1625.3119 found 1625.3047 

Compound 10: With the increase of size and sequence complexity, we decided to perform all the 

subsequent macrocylizations in an oxygen-free media. Compound 10a was dissolved in a 67 mL of a 
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degassed water/acetonitrile mixture 40:60 (v/v) to reach a final 0.1 mM concentration and TEA (4.5 

mL, 0.5 M) was added under positive nitrogen pressure. After 24h under nitrogen atmosphere at r.t. 

without stirring, the solvents were removed by rotary evaporation and remaining water was 

removed by lyophilization. The obtained crude macrocycle was purified by using semi-preparative 

RP-HPLC on C8 column at 50 °C with a gradient from 10% to 25% solvent D over 15 minutes to afford 

compound 10 (2.0 mg, 10%) as a diastereomeric mixture. 1H NMR was performed in 12.5 mM 

ammonium acetate buffer at pH 8.5 with 50% acetonitrile-d3. 1H NMR (500 MHz, Acetonitrile-d3) δ 

11.39 (s, 1H), 11.37 (s, 1H), 11.30 (s, 1H), 11.26 (s, 1H), 11.09 (s, 1H), 11.06 (s, 1H), 11.00 (s, 1H), 

10.96 (m, 5H), 10.52 (m, 4H), 8.42 (m, 7H), 8.34 – 8.14 (m, 12H), 8.14 – 7.90 (m, 12H), 7.90 – 7.59 (m, 

22H), 7.59 – 7.39 (m, 23H), 7.39 – 6.91 (m, 27H), 6.79 (d, J = 38.9 Hz, 2H), 6.53 (d, J = 5.8 Hz, 2H), 

6.31 (d, J = 9.8 Hz, 2H), 4.80-4-40 (water suppression region), 3.75 – 2.28 (m, 51H), 1.78 – 1.61 (m, 

13H), 1.46 – 1.15 (m, 51H), 1.09 – 0.75 (m, 29H). HRMS (ESI-) m/z calcd for C138H130N31O45S6Se [M-

3H]-3 1071.3410 found 1071.2499. 

 

Compound 11a: The peptide fragment was synthesized on Cl-MPA ProTide® (LL) resin (0.23 mmol/g) 

on a 50 µmol scale by using CEM Liberty Blue peptide synthesizer. Foldamer segment F10 was next 

engaged in the fragment condensation on the resin-bound free amine peptide on a 17 µmol scale. 

After final chloroacethylation and TFA cleavage, the crude product (18 mg, 29%) was directly used in 

the macrocyclization step without further purification. HRMS (ESI+) m/z calcd for 

C146H147ClN34O47S6Se [M-2H]-2 1717.8690 found 1718.4410. 

Compound 11: Compound 11a was dissolved in 45 mL of an oxygen-free water/acetonitrile mixture 

40:60 (v/v) to reach a 0.1 mM concentration and TEA (3.5 mL, 0.5 M) was added under nitrogen 

atmosphere. The reaction mixture was kept one day under nitrogen atmosphere at r.t. without 

agitation. Solvents were then removed by rotary evaporation and the remaining water was removed 

by freeze-drying. The obtained crude macrocycle was purified by using semi-preparative RP-HPLC on 
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C8 column at 50 °C with a gradient from 10% to 25% solvent D over 15 minutes to furnish (P)-11 (0.6 

mg, 4%) and (M)-11 (0.6 mg, 4%) as solids. 1H NMR spectra were recorded in 12.5 mM ammonium 

acetate buffer at pH 8.5 with 50% acetonitrile-d3 performing water suppression experiment. 

Compound (M)-11: 1H NMR(500 MHz, acetonitrile-d3) δ 11.40 (s, 1H), 11.30 (s, 1H), 11.11 (s, 1H), 

11.02 (s, 1H), 11.00 (s, 1H), 10.96 (s, 1H), 10.58 (s, 1H), 10.52 (s, 1H), 8.48 (d, J = 10.8 Hz, 2H), 8.41 (d, 

J = 10.2 Hz, 1H), 8.34 – 7.90 (m, 13H), 7.90 – 7.62 (m, 11H), 7.62 – 7.26 (m, 22H), 7.22 (d, J = 9.2 Hz, 

1H), 7.14 (d, J = 9.3 Hz, 2H), 7.02 (d, J = 9.3 Hz, 1H), 6.57 (s, 1H), 6.35 (s, 1H), 4.50-4.20 (water 

suppression range), 4.01 – 3.34 (m, 9H), 3.33 – 2.86 (m, 7H), 2.60 (m, 5H), 2.43 – 2.27 (m, 2H), 2.16 

(m, 2H), 1.81 – 1.52 (m, 12H), 1.51 – 1.15 (m, 25H), 1.15 – 0.89 (m, 16H). HRMS (ESI-) m/z calcd for 

C146H145N34O47S6Se [M-3H]-3 1133.0818 found 1132.9717. 

Compound (P)-11: 1H NMR(500 MHz, acetonitrile-d3) δ 11.39 (s, 1H), 11.35 (s, 1H), 11.11 (s, 1H), 

11.05 (s, 1H), 11.02 (s, 1H), 10.97 (s, 1H), 10.55 (s, 1H), 10.52 (s, 1H), 8.52 – 8.33 (m, 4H), 8.33 – 7.96 

(m, 12H), 7.87 – 7.65 (m, 12H), 7.59 – 7.26 (m, 22H), 7.22 (d, J = 9.1 Hz, 1H), 7.13 (d, J = 9.1 Hz, 1H), 

7.09 – 7.00 (m, 2H), 6.60 (s, 1H), 6.33 (s, 1H), 4.50 – 4.20 (water suppression range), 4.00 – 3.31 (m, 

8H), 3.31 – 2.83 (m, 8H), 2.60 (d, J = 15.8 Hz, 1H), 2.54 (m, 4H), 2.50 – 2.16 (m, 3H), 1.82 – 1.50 (m, 

14H), 1.47 – 1.15 (m, 26H), 1.15 – 0.87 (m, 20H). HRMS (ESI-) m/z calcd for C146H145N34O47S6Se [M-

3H]-3 1133.0818 found 1132.9702. 

 

Compound 12: 12 was synthesized on a preloaded Fmoc-Gly-Wang resin (loading: 0.31 mmol/g) 

using general SPFS procedure on a 25 µmol scale. After final acetylation, 12 was recovered in 73% 

yield (16 mg) after cleavage using 2 mL of TFA/water (95:5, v/v) mixture for 2h at r.t. This crude 

product was further purified on semi-preparative RP-HPLC with a gradient from 5% to 15% solvent D 

over 15 min at 50 °C. 12 was obtained as a light yellow powder (4 mg, 25%) after lyophilization. 1H 

NMR (400 MHz, Deuterium Oxide) δ 11.64 (s, 1H), 11.38 (s, 1H), 9.93 (d, J = 4.0 Hz, 1H), 8.65 (s, 1H), 

8.35 (d, J = 9.4 Hz, 1H), 8.25 (d, J = 9.3 Hz, 1H), 8.17 (dt, J = 8.1, 4.0 Hz, 2H), 8.02 (t, J = 5.1 Hz, 1H), 

7.95 (d, J = 8.0 Hz, 1H), 7.87 – 7.74 (m, 5H), 7.66 (s, 1H), 7.64 – 7.52 (m, 2H), 7.19 (d, J = 8.6 Hz, 1H), 

3.42 (s, 1H), 3.20 (q, J = 6.4, 4.8 Hz, 1H). HRMS (ESI-) m/z calcd for C38H30N9O13S2 [M-H]-1 884.1409 

found 884.2050. 
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Compound 13a: Foldamer-peptide 13a was built on cysteamine 2-chlorotrityl resin (loading: 1.63 

mmol/g) by relying on the CEM Liberty Blue peptide synthesizer for the peptide segment and on a 

100 µmol scale. After Fmoc deprotection, F2a was coupled by fragment condensation on an 50 µmol 

scale. After final chloroacetylation and TFA cleavage, crude 13a (18 mg, 30%) was directly used in the 

macrocyclization reaction without further purification 

Compound 13: Compound 13a was dissolved in 60 mL of a water/CH3CN solvent mixture 75:25 (v/v) 

to a 0.5 mM dilution and TEA (2 mL, 0.5 M) was added. After 3 h at r.t. without agitation and 

monitoring the reaction by HPLC, the reaction mixture was acidified using TFA. The solvents were 

evaporated by freeze drying and the crude macrocycle was purified by using semi-preparative RP-

HPLC with a gradient from 10% to 30% solvent D over 15 minutes to give 13 as a light yellow solid 

(0.5 mg, 3%). HRMS (ESI-) m/z calcd for C48H45N14O16S3 [M-H]-1 1169.2054 found 1169.2305. 
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Compound 14: Foldamer-peptide 14 was synthesized on a preloaded Fmoc-Gly-Wang resin (0.31 

mmol/g) using the CEM Liberty Blue peptide synthesizer for the peptide segment and on the Liberty 

Bio for the stepwise assembly of the foldamer part on a 50 µmol scale. After final acetylation and 

TFA cleavage the crude product was recovered as light white powder (61 mg, 45µmol, 97%) was 

purified on semi-preparative RP-HPLC (with a gradient from 10% to 40% solvent D at 50 °C. 14 was 

obtained as light orange powder (32.0 mg, 52%) after freeze drying. 1H NMR (500 MHz, DMSO-d6) δ 

12.26 (s, 2H), 9.59 (t, J = 6.4 Hz, 1H), 9.12 (t, J = 6.1 Hz, 1H), 8.94 (ddd, J = 18.0, 7.7, 1.3 Hz, 2H), 8.63 

– 8.56 (m, 3H), 8.50 (s, 1H), 8.28 (t, J = 6.1 Hz, 1H), 8.21 (d, J = 8.0 Hz, 1H), 8.14 (dd, J = 7.7, 1.1 Hz, 

1H), 8.10 – 8.05 (m, 2H), 8.01 (t, J = 7.7, 7.2 Hz, 2H), 7.88 (d, J = 8.0 Hz, 1H), 7.84 – 7.76 (m, 3H), 7.72 

– 7.69 (d, 1H), 7.38 (dd, J = 7.8, 1.1 Hz, 1H), 5.02 (d, J = 6.5 Hz, 2H), 4.39 – 3.99 (m, 8H), 3.79 – 3.62 

(m, 2H), 2.72 (t, J = 7.1 Hz, 2H), 1.57 (s, 3H), 1.53 – 1.46 (m, 4H), 1.41 – 1.21 (m, 5H), 1.17 – 1.15 (m, 

3H), 0.67 (dd, J = 12.5, 6.5 Hz, 6H). HRMS (ESI-) m/z calcd for C55H61N14O17S2 [M-H]- 1253.3786 found 

1253.4049.  

 

Compound 15: Foldamer-peptide 15 was synthesized on a preloaded Fmoc-Gly-Wang resin (0.31 

mmol/g) using the CEM Liberty Blue peptide synthesizer for the peptide segment and on the Liberty 

Bio for the stepwise assembly of the foldamer part on a 50 µmol scale. After final acetylation and 

TFA cleavage the crude product was recovered as a light white powder (29 mg, 19 µmol, 76%). After 

purification on semi-preparative RP-HPLC with a gradient from 25% to 35% solvent B at 50 °C within 

20 minutes, 15 was obtained as a colorless powder (6.2 mg, 21%). 1H NMR (500 MHz, DMSO-d6) δ 

11.77 (s, 1H), 11.65 (s, 1H), 9.60 (s, 1H), 8.44 (s, 2H), 8.38 (s, 1H), 8.20 (d, J = 7.8 Hz, 1H), 8.16 (t, J = 

7.7 Hz, 1H), 8.13 – 8.05 (m, 4H), 8.02 – 7.96 (m, 2H), 7.92 – 7.84 (m, 5H), 7.80 (d, J = 7.9 Hz, 1H), 7.76 

– 7.59 (m, 11H), 7.57 (t, J = 8.1 Hz, 1H), 7.36 (dd, J = 7.8, 1.1 Hz, 1H), 7.21 (m, 5H), 7.18 – 7.12 (m, 

1H), 6.94 (s, 1H), 5.14 (s, 2H), 4.95 (m, 4H), 4.51 (td, J = 8.8, 4.6 Hz, 1H), 4.34 – 4.21 (m, 2H), 4.13 (d, J 

= 6.4 Hz, 2H), 3.86 – 3.67 (m, 4H), 3.08 – 3.01 (m, 1H), 2.80 – 2.61 (m, 9H), 1.66 (s, 3H), 1.57 – 1.36 

(m, 11H), 1.32 – 1.10 (m, 13H). HRMS (ESI+) m/z calcd for C74H90N18O19 [M+2H]+2 767.3309 found 

767.3392. 
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Compound 16: Foldamer-peptide 16 was synthesized on a preloaded Fmoc-Gly-Wang resin (0.31 

mmol/g) using CEM Liberty Blue peptide synthesizer and the Liberty Bio for the stepwise assembly of 

the foldamer part on a 50 µmol scale. After final acetylation and TFA cleavage, a crude light white 

powder was recovered in 91% yield (70 mg). This crude product was further purified on semi-

preparative RP-HPLC with a gradient from 20% to 50% solvent D at 50 °C. 16 was obtained as a 

colorless powder (40.0 mg, 57%) after lyophilization. 1H NMR (500 MHz, DMSO-d6) δ 11.84 (s, 1H), 

11.81 (s, 1H), 9.40 (s, 1H), 8.69 (m, 2H), 8.60 (dd, J = 16.1, 7.5 Hz, 2H), 8.23 (d, J = 6.2 Hz, 2H), 8.09 

(m, 3H), 8.03 (s, 1H), 7.97 (t, J = 7.7 Hz, 1H), 7.94 – 7.87 (m, 4H), 7.74 (dd, J = 7.0, 1.7 Hz, 1H), 7.58 

(m, 3H), 7.43 (s, 1H), 7.38 (d, J = 7.6 Hz, 1H), 7.16 – 7.08 (m, 3H), 7.01 (t, J = 7.5 Hz, 2H), 6.90 (t, J = 

7.3 Hz, 1H), 5.05 – 4.85 (m, 2H), 4.73 – 4.54 (m, 4H), 4.35 (d, J = 7.2 Hz, 1H), 4.24 – 4.09 (m, 4H), 4.01 

(dd, J = 26.1, 13.2 Hz, 1H), 3.85 (dd, J = 15.1, 5.9 Hz, 1H), 3.76 – 3.57 (m, 2H), 2.97 (d, J = 12.4 Hz, 1H), 

2.76 (dd, J = 36.8, 10.4 Hz, 5H), 1.89 (s, 3H), 1.68 (s, 6H), 1.64 – 1.21 (m, 18H), 1.18 (t, J = 9.0 Hz, 6H. 

HRMS (ESI-) m/z calcd for C74H87N18O19 [M-H]- 1531.6394 found 1531.6647. 

 

Compound 17: Compound 17 was synthesized on solid support using Rink 

amide MBHA resin on a 33 µmol scale. Fmoc-QSul-OH (47 mg, 96 µmol, 3 equiv) 

was attached on solid support using PyBOP (48 mg, 96 µmol, 3 equiv), DIPEA (33 

µL, 192 µmol, 6 equiv) in 1 mL DMF for 1h at r.t. After Fmoc removal, the amine 

was acetylated using acetic anhydride in DCM 50:50 (v:v) for 30 min at rt. The 

crude compound was obtained after cleavage from the resin (general procedure 

2.6) and TFA was removed under reduced pressure. 17 was obtained after purification on semi-

preparative HPLC (general procedure 3) using a gradient from 0% to 40% solvent D over 25 minutes 

as a yellow solid (7 mg, 69%). 1H NMR (500 MHz, DMSO-d6) δ 10.33 (s, 1H), 9.14 (s, 1H), 8.72 (dd, J = 

7.8, 1.3 Hz, 1H), 8.51 (s, 1H), 8.48 (dd, J = 8.6, 1.3 Hz, 1H), 7.81 (s, 1H), 7.62 (dd, J = 8.6, 7.8 Hz, 1H), 

7.05 (s, 4H), 2.33 (s, 3H). HRMS (ESI-) m/z calcd for C12H10N3O5S [M-H]-1 308.0347 found 308.0349. 
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7.3. Materials and Methods for HPLC, MS, UV, NMR and CD  

HPLC  

RP-HPLC analyses as well as semi-preparative purification were performed on an Ultimate 3000 

HPLC System (ThermoFisher Scientific). For analytical analysis, a Nucleodur C18 Gravity column (4 x 

100 mm, 5 μm, Macherey-Nagel) was used, and semi-preparative purifications were performed on a 

Nucleodur C18 Gravity column (10 x 250 mm, 5 μm, Macherey-Nagel). A Nucleodur C8 Gravity 

column (4 x 50 mm, 5 μm, Macherey-Nagel) was also used in analytic mode and for semi-preparative 

purification, the Nucleodur C8 Gravity column (10 x 100 mm, 5 μm, Macherey-Nagel) was employed. 

Semi-preparative purification was performed with an automated fraction collector system from 

ThermoFisher Scientific. When using acidic conditions 0.1% TFA was added to aqueous mobile phase 

(referred to as mobile phase A) and to acetonitrile (referred to as mobile phase B). When using basic 

conditions, a NH4OAc-NH4OH buffer (12.5 mM, pH 8.5) was used as the aqueous mobile phase 

(referred to as mobile phase C) in combination with pure acetonitrile (referred to as mobile phase 

D). For analytical RP-HPLC analysis, a flow rate of 1.0 mL/min was applied; semi-preparative 

purification on RP-HPLC was performed at a flow rate of 5.0 mL/min. The column eluent was 

monitored by UV detection at 214, 254, and 300 nm with a diode array detector. 

High-resolution electrospray mass (HR-MS) 

HR-MS spectra were recorded on a Bruker microTOF II by direct infusion from aqueous media in 

either positive or negative ionization mode. The instrument was calibrated in positive and negative 

mode by direct infusion of a calibration solution (Agilent Technologies ESI-L Low Concentration 

Tuning Mix).  

UV calibration curve to determine the molar extension coefficient of QSul 

residue. 

Compound 15 (7.0 mg) was dissolved in NH4OAc-NH4OH buffer (12.5 mM pH 8.5) to reach a 0.3 mM 

concentration. This reference solution was next used to prepare seven diluted solution at 

concentrations 0.3 mM, 0.15 mM, 0.1 mM, 0.075 mM, 0.050 mM, 0.025 mM, and 0.0125 mM. The 

UV absorbance at 375 nm was recorded on a Nanodrop One instrument (Thermo Fisher Scientific) by 

using a 1 cm quartz cuvette. The absorbance values were plotted against the concentration to 

generate a calibration curve. The molar extinction coefficient was calculated from the slope and a 

value for ε= 2678 L.mol-1.cm-1 at 375 nm was found. This ε value was used for determining the 

concentration of QSul-rich foldamer-peptide hybrid solutions. To note, this ε is in good agreement 

with the previously 370 nm value of a (QSul)8 octamer of 20959 L.mol-1.cm-1.4 
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Figure S2:  UV calibration curve at 375 nm of the Ac-Qsul-NH2 residue (15) to get access of the 375nm 

value. 

 

Nuclear Magnetic Resonance (NMR) 

1H NMR spectra were recorded on Avance III HD 400 MHz Bruker BioSpin and Avance III HD 500 MHz 

Bruker BioSpin spectrometers. All chemical shifts are reported in ppm and calibrated against residual 

solvent signals of DMSO-d6 (δ 2.50 ppm) and CD3CN (δ 2.05) (δ value in an NH4OAc/CD3CN 3:1 (v/v). 

In the case of 1H NMR spectra recorded in H2O/D2O 90:10 (v/v), 3-(trimethylsilyl)propionic-2,2,3,3-d4 

acid sodium salt (TPS) was added (δ 0.00 ppm) to the medium. Coupling constants (J) are reported in 

Hz. Signal multiplicities were abbreviated as s, singlet; d, doublet; t, triplet; q, quartet, and m, 

multiplet.  
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Figure S3: 1H NMR Spectrum overlay of 1-7. (500 MHz, in water:acetonitrile-d3 75:25 (v:v), water 

supression at 25 °C. Quinoline H3 protons marked in blue and green. 

 

Circular dichroism (CD) 

All CD curves were recorded on a Jasco J-810 spectrometer with 2 mm quartz cuvette. Following 

parameters were used: Wavelength range from 500 to 250 nm (for PQPQ containing sequences) and 

650 to 250 nm (consecutive Q containing oligomers), scan speed: 50 nm/min, accumulation: 2, 

response time: 1.0 s, bandwidth: 2, temperature: 20 °C, sensitivity: standard, data pitch: 0.1 nm, 

nitrogen gas flow rate: 500L/h. If not otherwise mentioned, the sample solution was prepared in 

degassed ultrapure water/acetonitrile solvent mixture 75:25 (v/v).  ε values were obtained by 

using the formula: ∆ε = m°/(C.l.32980); ∆ε = cm2.mmol-1, m°= CD value in milli degrees, l = cuvette 

pathlength in cm, C = sample concentration in mol/L.  
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Figure S4: CD spectra of 8 in different acetonitrile:water mixtures. The composition of the solvent 

did not induce a change of handedness control of the Foldamer. 

 

7.4. 2D TOCSY and variable temperature NMR spectra 
The two-dimensional TOCSY experiments were recorded at different temperatures (50 °C, 25 °C, 0 °C 

and -5 °C) at Avance III NMR spectrometers (Bruker BioSpin GmbH) operating at a spectrometer 

frequency of 400 MHz equipped with 5-mm direct PABBO/BB/19F-1H/D probes with single axis Z 

gradient capabilities. Processing was performed with MestReNova (v.12.0.0) NMR processing 

software from Mestrelab Research. 

2D TOCSY spectra were recorded with a phase-sensitive pulse sequence using composite pulse 

scheme MLEV with water suppression employing an excitation sculpting element (mlevesgpph) from 

the Bruker pulse program library. Data acquisition was performed with 2048 (F2) x 256 (F1) data 

points in States-TPPI mode. The recycling delay was 2.0 s and 8 transients per increment were 

applied at a sweep width of 8 kHz in both dimensions resulting in an acquisition time of 0.1283 s. 

The TOCSY mixing time was set to 80 ms. Special acquisition parameters regarding the water 

suppression element of the pulse sequence were adopted from the optimized parameter set of the 

respective one-dimensional experiment. A 90° shifted sine-square multiplication and an exponential 

window of 1.0 Hz in both dimensions prior to FT was applied. Zero filling and forward LP with MIST 

algorithm in F1 has been used to yield a final matrix of 1K x 1K real points. Automatic phase 

correction as well as baseline correction was applied in both dimensions. 1D Traces of the 2D plot 

showing the TOCSY correlation from the respective NH resonance to the methylene Hs were made 

by extracting slices from the respective cross peaks in F1.  



81 
 

 

Figure S5: Schematic chemical representation of PQPQ-Foldamer-peptide macrocycle (a). F1 

projection of traces derived from TOCSY correlations between the amide adjacent to the methylene 

group protons of 1, 2, 5 and 7 at 50 °C (b), 25 °C (c) and 0 °C (d). Excerpts of 2D TOCSY at 0 °C (e). 
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Figure S6: Zoom of TOCSY spectra (400 MHz, 50 mM NaHCO3 in H2O/10% D2O, water supression) of 

12 at 25 °C (a), 0 °C (b) and -5 °C (c). 
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Figure S7: Zoom of TOCSY spectra (400 MHz, 12.5 mM NH4OAc in H2O/25% CD3CN,  water 

supression) of 13 at 25 °C (a) and 0 °C (b). 

 

7.5. Crystallization and X-ray diffraction measurements 
In the following section (bio)crystallization using vapor diffusion method, X-ray diffraction 

measurement at Synchrotron Radiation facility, structure determination and refinement of 

compounds 1, 7, and 9 are described. All three crystal structures were determined using the dual 

space method in structure solution software ShelxD6 and refined by performing full-matrix least-

squares method on F2 with Shelxl-20147 within the Olex28 suite.  

 
6 G. M. Sheldrick, Acta Crystallogr A Found Adv, 2015, 71, 3-8. 
7 G. M. Sheldrick, Acta Crystallogr C Struct Chem, 2015, 71, 3-8. 
8 O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard and H. Puschmann, Journal of Applied 
Crystallography, 2009, 42, 339-341. 
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Crystallization and X-ray diffraction of compounds 1, 7 and 9 

For crystallization, the lyophilized powder of hybrid macrocycles was dissolved in ultrapure water. 

Screening trials were performed using sparse matrix screen JBScreen Basic 1 - 3, Wizard 1 - 4, PACT 

++4, and NucPro1 from Jena Bioscience on 96-well plate by sitting drop vapor diffusion at 25 °C. For 

each screening condition, 0.8 µL of the compound solution was mixed with 0.8 µL of crystallization 

reagent. The crystallization screening hit was optimized by means of increasing drop size and 

hanging drop vapor diffusion method in a 24-well Linbro-style plate.  

Crystallization of compound 9 as an enantiopure solution lead to crystals that diffracted poorly. 

Consequently, the D-enantiomer of 9 was synthesized and the lyophilized powder was dissolved in 

ultrapure water. A racemic mixture of L- and D-enantiomers was prepared by mixing in a 1:1 ratio 

the solutions of enantiopure L- and D-compound 9. The mixture was again lyophilized and 

redissolved in ultrapure water to a final concentration of 10 mM.  

For mounting, a single crystal was fished from the drop with a micro-loop, quickly soaked in cryo-

protectant solution, and flash-frozen in liquid nitrogen.  

For compound D-1, diffraction measurements at atomic resolution were obtained in the X10SA (PXII) 

beamline, Swiss Light Source, with a Pilatus 6M detector.9 Diffraction data were measured at T = -

173 °C and λ = 0.8000 Å. The crystal was exposed for 0.5 s and 0.5° oscillation per frame. Diffraction 

data were processed with CrysAlisPro suite version 39.46.10  

For compounds 7 and 9, diffraction measurements at atomic resolution were obtained in the P13 

beamline operated by EMBL Hamburg at the Petra III storage ring (DESY, Hamburg), with a Pilatus 

6M detector.11 Diffraction data were measured at T = -173 °C and λ = 0.97625 Å. The crystal was 

exposed for 0.04 s and 0.1° oscillation per frame. Diffraction data were processed with CrysAlisPro 

suite version 39.46.10 

  

 
9 M. R. Fuchs, C. Pradervand, V. Thominet, R. Schneider, E. Panepucci, M. Grunder, J. Gabadinho, 
F. S. Dworkowski, T. Tomizaki, J. Schneider, A. Mayer, A. Curtin, V. Olieric, U. Frommherz, G. Kotrle, 
J. Welte, X. Wang, S. Maag, C. Schulze-Briese and M. Wang, J Synchrotron Radiat, 2014, 21, 340-
351. 
10 Rigaku Oxford Diffraction, 2015, CrysAlisPro Software System, (Version 1.171, Rigaku Corporation,Oxford, 

UK)  

11 M. Cianci, G. Bourenkov, G. Pompidor, I. Karpics, J. Kallio, I. Bento, M. Roessle, F. Cipriani, S. 
Fiedler and T. R. Schneider, J Synchrotron Radiat, 2017, 24, 323-332. 



85 
 

 

Table 1: Crystallization conditions of compound 1, 7 and 9 

Compound 
Conc. (in 

H2O) 

Crystallization reagent (reservoir 
solution) 

 

Crystallogenesis 
Duration 

Cryo-
protectand 

D-1 7 mM 

28% polyethylene glycol 400, 
100 mM HEPES, pH 7.5, 200 mM 

CaCl2 

 

7 days 
50% v/v PEG 
400 solution 

L-7 5mM 

1.6 M NaH2PO4, 0.4M K2HPO4, 
0.1 M Sodium phosphate citrate, 

pH 4.2 
 

7 days 
Glycerol + 
reservoir 

solution (1:1) 

9 10mM 
15% PEG 400, 0.1 TRIS, 0.08 M 

CaCl2, and 15 mM NaCl at pH 8.5 
4 days 

Glycerol + 
reservoir 

solution (1:1) 

 

 

 

Figure S8: Crystals of 1, 3 and 7 from left to right in the crystallization medium under the 

microscope. Drop size 1.5 µL to 2.0 µL. 

Structure determination and refinement:  

The crystal of D-1 belonged to space group P65 with one molecule in the asymmetric unit. The 

structure was solved by dual space solution method using ShelxD6 and refined by full-matrix least-

squares method on F2 with Shelxl-20147 within Olex2.8 After each refinement step, visual inspection 

of the model and electron density was carried out in Coot.12 Except for the C-terminal Gly residue, all 

non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms were 

inserted by using HFIX into idealized positions with a riding model. After several failed attempts to 

model disordered water molecules, the PLATON/SQUEEZE protocol was performed.13 DFIX, SADI, 

and FLAT instructions were used to improve the geometry of the molecules and their displacement 

 
12 P. Emsley, B. Lohkamp, W. G. Scott and K. Cowtan, Acta Crystallogr D Biol Crystallogr, 2010, 66, 
486-501 
13 A. L. Spek, Acta Crystallogr D Biol Crystallogr, 2009, 65, 148-155. 
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parameters. One calcium ion from the crystallization solution could be identified together with five 

coordination oxygens which were anisotropically refined.  

The structure of 7 was resolved in the triclinic space group P1 with eight molecules in the 

asymmetric unit. The structure was solved by dual space solution method using ShelxD6 and refined 

by full-matrix least-squares method on F2 with Shelxl-20147 within Olex2.8 After each refinement 

step, visual inspection of the model and electron density was carried out in Coot.12 All non-hydrogen 

atoms of the Foldamer backbone as well as peptide main chain could be refined with anisotropic 

displacement parameters. Peptide side-chain atoms were left isotropic. Medium resolution 

diffraction patterns as well as incompleteness of data led to imprecisions in the electron density 

map. Thus, the peptide side chains for glutamic acid and leucine could only be refined partially. 

Hydrogen atoms were inserted by using HFIX into idealized positions and refined with a riding 

model. The PLATON/SQUEEZE13 procedure was implemented after several attempts to model 

disordered water molecules. Shelx compatible restraints and constraints (FLAT, DFIX, RIGU, AFIX, 

EADP) instructions were performed to improve the 3D geometry of the model and temperature 

parameters.  

The crystal of 9 belonged to space group P1 with six molecules in the asymmetric unit. The structure 

was solved by dual space solution method using ShelxD6 and refined by full-matrix least-squares 

method on F2 with Shelxl-20147 within Olex2.8 After each refinement step, visual inspection of the 

model and electron density was carried out in Coot.12 The majority of all non-hydrogen atoms of the 

Foldamer backbone as well as peptide main chain could be refined with anisotropic displacement 

parameters. Atoms with a high degree of disorder were refined with isotropic displacement 

parameters. Medium resolution diffraction patterns as well as incompleteness of data led to 

imprecisions in the electron density map. Thus, the peptide side chains lysine and C-terminal glycine 

could only be refined partially. Four calcium atoms from the crystallization drop with their hydration 

shell could be identified and modeled with full occupancy. Hydrogen atoms were inserted by using 

HFIX into idealized positions and refined with a riding model. The PLATON/SQUEEZE13 procedure was 

implemented after several attempts to model disordered water molecules. Shelx compatible 

restraints and constraints FLAT, DFIX, SIMU, RIGU, SADI, AFIX, and EADP instructions were 

performed to improve the geometry of the molecule and thermal parameters.  

The obtained cif file for compound 1 was examined using IUCr´s checkcif algorithm. After several 

failed attempts to upload the CIF files of compounds 7 and 9 into IUCr´2 checkcif algorithm, the 

PLATON „Validation Mode“ tool was performed to examine the structures. All level A and B alerts 

are listed. 
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Table 2: Group 1 alerts in crystal structures of 1, 7 and 9 

Compound 
D-1 

Alert 

 PLAT234_ALERT_4_A Large Hirshfeld Difference N76      --C75      .       0.40 Ang.   
 

This alert concerns the side-chain lysine residue and is inherent to the quality of the data. It does not 
reflect wrong assignment.  

  

Compound  
7 

Alert 

 023_ALERT_3_A Resolution (too) Low [sin(theta)/Lambda < 0.6]..      27.42 
Degree 
 

 029_ALERT_3_A _diffrn_measured_fraction_theta_full value Low .      0.877 
Why? 
 

 201_ALERT_2_A Isotropic non-H Atoms in Main Residue(s) .......         18 
Report 
              O593    N594    C563    C564    C580    C581                 
etc. 
 

Amino acid side chain atoms have been left isotropic due to their disorder. These alerts are 
inherent to the quality of the data.  
 

 375_ALERT_2_A Strange C-O-H Geometry (C-O  >   1.45 Ang) .....       O570 
Check 
 

 375_ALERT_2_A Strange C-O-H Geometry (C-O  >   1.45 Ang) .....       O169 
Check 

  

Compound  
9 

Alert 

 023_ALERT_3_A Resolution (too) Low [sin(theta)/Lambda < 0.6]..      24.66 
Degree 
 

 029_ALERT_3_A _diffrn_measured_fraction_theta_full value Low .      0.910 
Why? 
 

 201_ALERT_2_A Isotropic non-H Atoms in Main Residue(s) .......         18 
Report 
              O363    O964    N350    N364    N951    N965                etc. 
 

Peptide side chains have been left isotropic due to their disorder. Mentioned alerts are 
inherent to the quality of the data.  
 

 412_ALERT_2_A Short Intra XH3 .. XHn     H73F     ..H733     .       1.65 Ang. 
                                                      x,y,z  =      1_555 Check 
 

 413_ALERT_2_A Short Inter XH3 .. XHn     H33C     ..H52      .       1.88 Ang. 
                                                      x,y,z  =      1_555 Check 
 

javascript:makeHelpWindow(%22PLAT234.html%22)
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 414_ALERT_2_A Short Intra D-H..H-X       H34E     ..H35E             1.77 Ang. 
                                                      x,y,z  =      1_555 Check 
 

 414_ALERT_2_A Short Intra D-H..H-X       H960     ..H965             1.76 Ang. 
                                                      x,y,z  =      1_555 Check 
 

 430_ALERT_2_A Short Inter D...A Contact  O3X      ..O30      .       2.50 Ang. 
                                                 -1+x,y,1+z  =      1_456 Check 
 

Short oxygen-oxygen inter distance contact represents two symmetry-related atoms and 
does not reflect wrong assignment.  
 

 

Table 3: Group 2 alerts in crystal structures of 1, 7 and 9 

Compound 
D-1 

Alert 

 PLAT084_ALERT_3_B High wR2 Value (i.e. > 0.25) ...................       0.36 Report 
This alert is inherent to the quality of the data. 
 

 PLAT201_ALERT_2_B Isotropic non-H Atoms in Main Residue(s) .......          3 Report 
              O86     O87     C85                                                

This alert concerning a side chain COOH group. ANIS displacement parameters could not be 
performed for mentioned atoms due to their disorder.  
 

 PLAT234_ALERT_4_B Large Hirshfeld Difference O88      --C82      .       0.30 Ang.   
 PLAT234_ALERT_4_B Large Hirshfeld Difference C79      --C82      .       0.26 Ang.   

These alerts concerning disordered cys-gly side-chain atoms and are inherent to the quality of the 
data. 
 

 PLAT241_ALERT_2_B High   'MainMol' Ueq as Compared to Neighbors of        C84 
Check  
PLAT242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       Ca89 
Check  
PLAT341_ALERT_3_B Low Bond Precision on  C-C Bonds ...............    0.02051 Ang.   
PLAT430_ALERT_2_B Short Inter D...A Contact  O54      ..O95      .       2.55 Ang.   
                                             1+x-y,x,-1/6+z  =      2_454 Check  
PLAT430_ALERT_2_B Short Inter D...A Contact  O86      ..O93      .       2.66 Ang.   
                                             1+y,-x+y,1/6+z  =      6_655 Check  
 

Alerts 2B concerns side-chain atoms and calcium hydration shell atoms. However, they do 
not indicate an incorrect atom-type assignment.  
 

  
 PLAT934_ALERT_3_B Number of (Iobs-Icalc)/Sigma(W) > 10 Outliers ..          4 

Check  
 

  
  

 

Compound 
7 

Alert 

javascript:makeHelpWindow(%22PLAT084.html%22)
javascript:makeHelpWindow(%22PLAT201.html%22)
javascript:makeHelpWindow(%22PLAT234.html%22)
javascript:makeHelpWindow(%22PLAT234.html%22)
javascript:makeHelpWindow(%22PLAT241.html%22)
javascript:makeHelpWindow(%22PLAT242.html%22)
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 241_ALERT_2_B High   'MainMol' Ueq as Compared to Neighbors of        
C18 Check 
241_ALERT_2_B High   'MainMol' Ueq as Compared to Neighbors of       
C104 Check 
241_ALERT_2_B High   'MainMol' Ueq as Compared to Neighbors of       
C159 Check 
241_ALERT_2_B High   'MainMol' Ueq as Compared to Neighbors of       
C278 Check 
241_ALERT_2_B High   'MainMol' Ueq as Compared to Neighbors of       
C392 Check 
241_ALERT_2_B High   'MainMol' Ueq as Compared to Neighbors of       
C417 Check 
241_ALERT_2_B High   'MainMol' Ueq as Compared to Neighbors of       
S694 Check 
241_ALERT_2_B High   'MainMol' Ueq as Compared to Neighbors of       
C689 Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
N103 Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
N277 Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
C279 Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
S451 Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
N691 Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
C600 Check 
315_ALERT_2_B Singly Bonded Carbon Detected (H-atoms Missing).       
C564 Check 
315_ALERT_2_B Singly Bonded Carbon Detected (H-atoms Missing).       
C595 Check 
315_ALERT_2_B Singly Bonded Carbon Detected (H-atoms Missing).       
C766 Check 
315_ALERT_2_B Singly Bonded Carbon Detected (H-atoms Missing).        
C65 Check 
315_ALERT_2_B Singly Bonded Carbon Detected (H-atoms Missing).        
C81 Check 
315_ALERT_2_B Singly Bonded Carbon Detected (H-atoms Missing).       
C163 Check 
315_ALERT_2_B Singly Bonded Carbon Detected (H-atoms Missing).       
C264 Check 
315_ALERT_2_B Singly Bonded Carbon Detected (H-atoms Missing).       
C293 Check 
315_ALERT_2_B Singly Bonded Carbon Detected (H-atoms Missing).       
C364 Check 
315_ALERT_2_B Singly Bonded Carbon Detected (H-atoms Missing).       
C464 Check 
315_ALERT_2_B Singly Bonded Carbon Detected (H-atoms Missing).       
C664 Check 
 
 
 

Alerts concerning atoms with missing neighbor carbon atoms. This reflects partially or not 

refined amino acid side-chains carbon-carbon bonds and those atoms have been left without 
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hydrogen atoms. 

 

 340_ALERT_3_B Low Bond Precision on  C-C Bonds ...............    0.02216 
Ang. 
416_ALERT_2_B Short Intra D-H..H-D       H772     ..H783     .       1.56 
Ang. 
                                                      x,y,z  =      1_555 Check 
416_ALERT_2_B Short Intra D-H..H-D       H270     ..H281     .       1.52 
Ang. 
                                                      x,y,z  =      1_555 Check 
416_ALERT_2_B Short Intra D-H..H-D       H208     ..H485     .       1.73 
Ang. 
                                                      x,y,z  =      1_555 Check 
420_ALERT_2_B D-H Without Acceptor       O71      --H71      .     Please 
Check 
420_ALERT_2_B D-H Without Acceptor       O169     --H169     .     Please 
Check 
420_ALERT_2_B D-H Without Acceptor       O370     --H370     .     Please 
Check 
420_ALERT_2_B D-H Without Acceptor       O670     --H670     .     Please 
Check 
910_ALERT_3_B Missing # of FCF Reflection(s) Below Theta(Min).         11 
Note 
911_ALERT_3_B Missing FCF Refl Between Thmin & STh/L=    0.472       
4936 Report 
 

  

  

Compound 
9 

Alert 

 082_ALERT_2_B High R1 Value ..................................       0.16 Report 
084_ALERT_3_B High wR2 Value (i.e. > 0.25) ...................       0.43 Report 
090_ALERT_3_B Poor Data / Parameter Ratio (Zmax > 18) ........       4.35 
Note 
 

These alerts are inherent to the quality of the data.  
 

 241_ALERT_2_B High   'MainMol' Ueq as Compared to Neighbors of       
S962 Check 
241_ALERT_2_B High   'MainMol' Ueq as Compared to Neighbors of       
N301 Check 
241_ALERT_2_B High   'MainMol' Ueq as Compared to Neighbors of       
C655 Check 
241_ALERT_2_B High   'MainMol' Ueq as Compared to Neighbors of       
C665 Check 
241_ALERT_2_B High   'MainMol' Ueq as Compared to Neighbors of       
N31A Check 
241_ALERT_2_B High   'MainMol' Ueq as Compared to Neighbors of       
C59A Check 
241_ALERT_2_B High   'MainMol' Ueq as Compared to Neighbors of        
S96 Check 
241_ALERT_2_B High   'MainMol' Ueq as Compared to Neighbors of        
C20 Check 
241_ALERT_2_B High   'MainMol' Ueq as Compared to Neighbors of        
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C59 Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
C348 Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
C360 Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
S695 Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
N667 Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
C699 Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
C756 Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
C762 Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
N555 Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
C440 Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
C536 Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
C564 Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
N58A Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
N85A Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
C29A Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of       
C53B Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of        
N58 Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of        
C15 Check 
242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of        
C95 Check 
 
 

Alerts are a consequence of anisotropic refinement and are inherent to the quality of the 
data.  
 

 315_ALERT_2_B Singly Bonded Carbon Detected (H-atoms Missing).       
C966 Check 
315_ALERT_2_B Singly Bonded Carbon Detected (H-atoms Missing).       
C747 Check 
315_ALERT_2_B Singly Bonded Carbon Detected (H-atoms Missing).       
C567 Check 
315_ALERT_2_B Singly Bonded Carbon Detected (H-atoms Missing).       
C148 Check 
 

Alerts concerning atoms with missing neighbor carbon atoms. This reflects partially or not 
refined amino acid side-chains carbon-carbon bonds and those atoms have been left without 
hydrogen atoms. 
 

 341_ALERT_3_B Low Bond Precision on  C-C Bonds ...............    0.05004 
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Ang. 
410_ALERT_2_B Short Intra H...H Contact  H49F     ..H51A     .       1.82 
Ang. 
                                                      x,y,z  =      1_555 Check 
412_ALERT_2_B Short Intra XH3 .. XHn     H33A     ..H33F     .       1.72 
Ang. 
                                                      x,y,z  =      1_555 Check 
413_ALERT_2_B Short Inter XH3 .. XHn     H33G     ..H54C     .       1.97 
Ang. 
                                                    x,1+y,z  =      1_565 Check 
413_ALERT_2_B Short Inter XH3 .. XHn     H52E     ..H73H     .       1.91 
Ang. 
                                                  1+x,1+y,z  =      1_665 Check 
430_ALERT_2_B Short Inter D...A Contact  O1X      ..O26      .       2.74 
Ang. 
                                                 -1+x,y,1+z  =      1_456 Check 
430_ALERT_2_B Short Inter D...A Contact  O4X      ..O764     .       2.59 
Ang. 
                                                      x,y,z  =      1_555 Check 
430_ALERT_2_B Short Inter D...A Contact  O5X      ..O881     .       2.74 
Ang. 
                                                      x,y,z  =      1_555 Check 
430_ALERT_2_B Short Inter D...A Contact  O5X      ..O765     .       2.78 
Ang. 
                                                      x,y,z  =      1_555 Check 
430_ALERT_2_B Short Inter D...A Contact  O6X      ..N162     .       2.63 
Ang. 
                                                 -1+x,y,1+z  =      1_456 Check 
430_ALERT_2_B Short Inter D...A Contact  O6X      ..O7X      .       2.78 
Ang. 
                                                      x,y,z  =      1_555 Check 
430_ALERT_2_B Short Inter D...A Contact  O9X      ..O281     .       2.57 
Ang. 
                                                 -1+x,y,1+z  =      1_456 Check 
911_ALERT_3_B Missing FCF Refl Between Thmin & STh/L=    0.427       
2967 Report 
 

 

Atomic coordinates and structure factors have been uploaded to the Cambridge Crystallographic 

Data Centre (CCDC) with accession code 2002474, 2010173 and 2010131 are available free upon 

request.  
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Table 4: Crystal data and refinement details for compound 1, 7 and 9. 

Compound 1 7 9 

Formula 
C55H57CaN14O22S3 

C58.3H54.5 

N15.6O18.8 S3 
C102.7H88.7Ca0.7 N25.7 

O35.2 S6 

M [g/mol] 1659.17 1371.56 2463.73 
dmin [Å] 0.8 1.06 1.17 
Crystal system Hexagonal Triclinic Triclinic 
Space group P65 P1 P1 
a [Å] 17.90824(9) 26.4540(2) 26.6387(9) 
b [Å] 17.90824(9) 27.9371(2) 28.6958(6) 
c [Å] 46.5216(2) 30.9544(3) 36.1958(12) 
α [°] 90 90.943(6) 84.231(2) 

β [°] 90 92.550(6) 71.432(3) 

у [°] 120 91.431(6) 87.031(2) 

Volume [Å3] 12920.9 (11) 22843.4 (3) 26089.9(14) 

Z 6 8 6 

ρ/g mm-3 1.279 0.798 0.941 

Color and Shape yellow hexagonal 
prism 

Yellow needle Yellow needle 

Size (mm) 
0.15 x 0.02 x 0.02 

0.4 x 0.04 x 
0.02 

0.04 x 0.04 x 0.15 

µ/mm-1 0.262 0.270 0.406 

Total reflections 160150 95050 110283 

Unique data [Fo > 2σFo] 17481 44786 25313 

Rint 0.057 0.0354 0.1016 

Parameters/restraints 842/20 5927/559 7146/5020 

R1, wR2 
0.1215, 0.3576 

0.0699, 
0.2171 

0.1634, 0.4346 

Goodness-of-fit 1.714 0.984 1.142 

Total potential solvent accessible void 
volume from SQUEEZE/ Å3 

4276.5 11665 11531 

CCDC number 2002474 2010173 2010131 
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Figure S9: Crystal packing arrangement of six identical molecules of compound D-1 in the unit cell. 
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Figure S10: Crystal packing arrangement of eight individual molecules of compound 7 in one unit 

cell. For visualization, the different conformers have been stained in different colors. 

 

 

 

Figure S11: X-ray structure of the cocrystallization of compound L-9 and D-9 showing six individual 

molecules in one unit cell. For visualization, the conformers have been stained in different colors. 

Compound L-9 (P-helicity) is shown in green, light blue and purple. Compound D-9 (M-helicity) is 

shown in dark blue, orange and pink. 

Table 1: Peptide loop dihedral angles (phi and psi) obtained from peptide-Foldamer-hybrid 

macrocycle x-ray structures from N to C terminus (top to bottom). 

        

Comp. 1  3  7  9 

 
Aa 

Dihedral- 
angle (deg) 

 Aa 
Dihedral- 
angle (deg) 

 Aa 
Dihedral- 
angle (deg) 

 Aa 
Dihedral- 
angle (deg) 

                    
                

N Leu -75.2 -61.4  Phe -95.2 6.00  Glu -148 58.5  Leu -119 7.2 

 Lys -149 130  Lys -63.4 149  Ser -89.2 112  Ala -79.2 174 

 Cys -71.4 -50.0  Lys -66.1 150  Ala -56.3 -50.9  Lys -124 -20.9 

     Lys -56.5 145  Leu -68.5 -28.1  Ala -136 142 

     Cys -56.0 142  Ala -85.1 -38.6  Cys -78.4 127 

C         Cys -137 176     
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7.6. Biodegradation assay of foldamer-peptide hybrids in the presents 

of Pronase E, Trypsin or alpha-Chymotrypsin 

Methods 

The stability of foldamer-peptide hybrids in protease-rich medium was tested in a 96-well 

polypropylene plate at room temperature. Therefore, the linear and the cycle sequences were 

incubated with pronase E, trypsin or -chymotrypsin respectively over a monitored range of time. To 

each well, an aqueous buffer (40 µL; 10 mM TRIS, pH 7.5 for pronase E and trypsin or 10 mM TRIS pH 

8.0 for -chymotrypsin), an enzyme solution (1.7 µL, 1.0 mg/mL pronase E, 0.1 mg/mL for trypsin 

and -chymotrypsin) and a solution of foldamer-peptide-hybrid (8.3 µL; 2.0 mM in the enzyme-

specific buffer) was added in that order.14,15 The concentration of the foldamer-peptide-hybrid 

solution was determined by relying on UV calibration curve and UV absorbance. 

As blank experiments, two control wells were performed meaning in one well no foldamer-peptide 

hybrid stock solution was added and in the second well, the enzyme was missing. During the 

incubation time, the 96-well plate was recovered with aluminum foil to prevent fast evaporation.  

At defined time points, the reaction was quenched with a 5% aqueous TFA solution (200 µL), and the 

progress of foldamer-peptide hybrid’s degradation was monitored by using RP-HPLC.  

Compounds 3 and 16 were analyzed on a C18-analytical column (linear gradient 15% to 65% mobile 

phase B, 7 min, 50 °C). 1 and 14 were analyzed on a C8-analytical column (linear gradient 10% to 

35% D, 35% to 100% in 3 min, 7 min, 50 °C, NH4OAc-NH4OH buffer 15 mM pH 5.5). 4 and 15 were 

analyzed on a C18-analytical column (linear gradient 15% to 45% mobile phase B for 7 min, 45% to 

100% in 3 min, 50 °C). 

All RP-HPLC analyses were performed in duplicates. Peaks and their chromatographic parameters 

were analyzed by Chromeleon 7 software with the Cobra Wizard data processing tool. The relative 

area in % for the intact, undigested foldamer-peptide-hybrid was plotted against the incubation 

time.  

LC-MS studies for foldamer-peptide-hybrids after incubation with proteases 

To identify the fragments formed after incubation with proteases, the 96-well plate used for enzyme 

degradation studies was placed on the LC autosampler and each well was analyzed by RP-LCMS. 5 µL 

 
14 J. D. Sadowsky, J. K. Murray, Y. Tomita and S. H. Gellman, Chembiochem, 2007, 8, 903-916. 
15 E. Teyssieres, J. P. Corre, S. Antunes, C. Rougeot, C. Dugave, G. Jouvion, P. Claudon, G. Mikaty, 
C. Douat, P. L. Goossens and G. Guichard, J Med Chem, 2016, 59, 8221-8232. 
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of the in well solution was injected on a C18 column Kinetex® (2.1 x 50 mm, 2.6 μm, Phenomenex) 

(5% for 1 min, 5 to 100% B in 5 min, 50 °C; mobile phase A: 0.1% formic acid in water, mobile phase 

B: 0.1% formic acid in acetonitrile, 0.5 mL/min). The corresponding total ion count (TIC) profile from 

the TOF-MS detector gave the corresponding m/z values which allowed the identification of the 

foldamer-peptide hybrid fragments.  

In the case of compound 16, the starting material and a degradation product co-eluted. The 

quantification was thus carried out by measuring the extracted ion count (EIC) on the RP-LCMS. 

Therefore, the sample solutions after incubation with a given protease were injected on the LC-MS 

and the EIC ratio between signal 1533.6800 +- 0.5 m/z (starting material) and 1405.6220 +- 0.5 m/z 

(degradation product) was measured. By combining the UV trace (λ = 254 nm) of the signal (which 

corresponded to the sum of the UV signal of the two compounds) and selectively quantifying the 

two compounds by EIC, the degradation of compound 16 over time could be monitored.  

microTOF II parameters:  

Source End Plate Offset 500 V 

Capillary 4500 V 

Nebulizer 3.0 bar 

Dry Gas 8.0 L/min 

Dry Temp 200 °C 

 

Tune Capillary Exit 240.0 V 

Skimmer 1 80.0 V 

Hexapole 23.0 V 

Hexapole RF 450.0 V 

Skimmer 2 23.0 V 

  

For the reference experiment, a sample solution (40 l) (after protease degradation, 40 min 

incubation time), was enriched with starting compound (5 µL, 2.0 mM solution). The mixture sample 

was analyzed by RP-LCMS with the above-mentioned parameters and the two EIC signals were 

compared with a reference solution (40 µL protease degradation sample + 5 µL water). After 

calculating the correlation between UV signal, enriched UV signal, EIC signal, and enriched EIC signal, 

a correcting factor was obtained which was used when determining the quantity of starting material 

in the degradation experiment.  
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Figure S12: Enzymatic degradation of foldamer-peptide-hybrid compounds in the presence of 

Trypsin or Pronase E. The decreasing abundance of intact macrocyclic compound 3 (circles) is shown 

with its non-cyclic reference compound 16 (squares). 
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Figure S13: Overlaid chromatograms during the incubation of compound 1 in the presence of 

Pronase E (a) and 14 (b) Analytical HPLC (linear gradient 10% to 35% D in 7 min, 35% to 100% in 3 

min, 50 °C, NH4OAc-NH4OH buffer 15 mM pH 5.5, λ=254 nm). Peptide-foldamer-hybrid fragments 

formed during the degradation process determined by LC-MS. 
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Figure S14: Overlaid chromatograms during the incubation of compound 1 in the presence of Trypsin 

(c) and 14 (d) Analytical HPLC (linear gradient 10% to 35% D in 7 min, 35% to 100% in 3 min, 50 °C, 

NH4OAc-NH4OH buffer 15 mM pH 5.5, λ=254 nm). Peptide-foldamer-hybrid fragments formed during 

the degradation process and determined by LC-MS. 
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Figure S15: Overlaid chromatograms during the incubation of compound 4 in the presence of -

Chymotrypsin (e) and 15 (f). Analytical HPLC (linear gradient 15% to 45% B in 7 min, 45% to 100% in 

3 min, 50 °C, 0.1% TFA, λ=254 nm). Peptide-foldamer-hybrid fragments formed during the 

degradation process and determined by LC-MS 
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Figure S16: Overlaid chromatograms during the incubation of compound 3 in the presence of Trypsin 

(g) and 16 (h). Analytical HPLC (linear gradient 15% to 65% B in 7 min, 65% to 100% in 2 min, 50 °C, 

0.1% TFA, λ=254 nm). Peptide-foldamer-hybrid fragments formed during the degradation process 

and determined by LC-MS. 
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Figure S17: Overlaid chromatograms during the incubation of compound 3 (i) and 16 (j) in the 

presence of Pronase E. Analytical HPLC (linear gradient 15% to 65% B in 7 min, 65% to 100% in 2 min, 

50 °C, 0.1% TFA, λ=254 nm). Peptide-foldamer-hybrid fragments formed during the degradation 

process and determined by LC-MS. 
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7.7. 1H NMR spectra and HPLC profiles 

Compound 1. 

 
 

 
Analytical RP-HPLC profile of 1 crude from SPS. (20 
to 80 vol. % B over 10 min, 25 °C, λ=300 nm) 

Analytical RP-HPLC profile of 1. (10 to 80 vol. 
% B over 10 min, 25 °C, λ=254 nm) 

 

 

 

1H NMR Spectrum (500 MHz, 12.5 mM ammonium acetate buffer at pH 8.5 with 25% acetonitrile-d3, 

water supression, 25 °C) of 1.   
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Compound 2. 

 
 

 
Semi-preparative RP-HPLC profile of 2 crude from 
SPS. (5 to 35 vol. % B over 10 min, 25 °C, λ=300 nm) 

Analytical RP-HPLC profile of 2. (10 to 45 vol. 
% B over 10 min, 25 °C, λ=254 nm) 

 

 

 

1H NMR Spectrum (500 MHz, 12.5 mM ammonium acetate buffer at pH 8.5 with 25% acetonitrile-d3, 

water supression, 25 °C) of 2.  
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Compound 3. 

 
 

 
Analytical RP-HPLC profile of 3 crude from SPS. (20 
to 80 vol. % D over 10 min, 25 °C, λ=254 nm) 

Analytical RP-HPLC profile of 3. (10 to 80 vol. 
% D over 10 min, 25 °C, λ=254 nm) 

 

 

  

1H NMR Spectrum (500 MHz, water/acetonitrile-d3 (3:1, v/v), water supression, 25 °C) of 3.  
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Compound 4. 

 
 

 
Analytical RP-HPLC profile of 4 crude from SPS. (20 
to 80 vol. % B over 10 min, 50 °C, λ=254 nm) 

Analytical RP-HPLC profile of 4. (10 to 80 vol. % 
D over 10 min, 50 °C, λ=300 nm) 

 

 

1H NMR Spectrum (500 MHz, water/acetonitrile-d3 (3:1, v/v), water supression, 25 °C) of 4.  
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Compound 5. 

 
 

 
Analytical RP-HPLC profile of 5 crude from SPS. (10 
to 45 vol. % B over 10 min, 25 °C, λ=254 nm) 

Analytical RP-HPLC profile of 5. (10 to 50 vol. 
% D over 10 min, 25 °C, λ=254 nm) 

 

  

1H NMR Spectrum (500 MHz, 12.5 mM ammonium acetate buffer at pH 8.5 with 25% acetonitrile-d3, 

water suppression, 25 °C) of 5.  
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Compound 6. 

 
 

 
Semi-preparative RP-HPLC profile of 6 crude from 
SPS. (10 to 28 vol. % D over 20 min, 25 °C, λ=300 
nm) 

Analytical RP-HPLC profile of 6. (10 to 30 vol. 
% D over 10 min, 25 °C, λ=254 nm) 

 

 

 

1H NMR Spectrum (400 MHz, 12.5 mM ammonium acetate buffer at pH 8.5 with 25% acetonitrile-d3, 

water suppression, 25 °C) of 6.  
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Compound 7. 

 
 

 
Semi-preparative RP-HPLC profile of 7 crude from 
SPS. (5 to 20 vol. % D over 20 min, 25 °C, λ=300 nm) 

Analytical RP-HPLC profile of 7. (10 to 30 vol. 
% D over 10 min, 25 °C, λ=254 nm) 

 

 

1H NMR Spectrum (400 MHz, 12.5 mM ammonium acetate buffer at pH 8.5 with 25% acetonitrile d3, 

water suppression, 25 °C) of 7.  
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Compound 8. 

 
 

 
Analytical RP-HPLC profile of 8 crude from SPS. (10 
to 45 vol. % B over 10 min, 25 °C, λ=254 nm) 

Analytical RP-HPLC profile of 8. (10 to 45 vol. 
% B over 10 min, 25 °C, λ=254 nm) 

 

 

1H NMR Spectrum (500 MHz, 12.5 mM ammonium acetate buffer at pH 8.5 with 25% acetonitrile d3, 

water suppression, 25 °C) of 8.  
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Compound 9. 

 
 

 
Semi-preparative RP-HPLC profile of 9 crude from 
SPS. (8 to 25 vol. % D over 20 min, 25 °C, λ=300 nm) 

Analytical RP-HPLC profile of 9. (5 to 50 vol. % 
D over 10 min, 25 °C, λ=254 nm) 

 

 

 

1H NMR Spectrum (500 MHz, 12.5 mM ammonium acetate buffer at pH 8.5 with 10% D2O, water 

suppression, 25 °C) of 9.  

 



114 
 

Compound 10. 

 
 

 
Analytical RP-HPLC profile of 10 crude from SPS. (10 
to 45 vol. % D over 10 min, 50 °C, λ=254 nm) 

Analytical RP-HPLC profile of 10. (10 to 80 vol. 
% D over 10 min, 50 °C, λ=254 nm) 

 

 

1H NMR Spectrum (500 MHz, 12.5 mM ammonium acetate buffer at pH 8.5 with 50% acetonitrile d3, 

water suppression, 25 °C) of 10.  
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Compound M-11. 

 
 

 
Semi-preparative RP-HPLC profile of 11 crude from 
SPS. (10 to 35 vol. % D over 15 min, 50 °C, λ=300 
nm) 

Analytical RP-HPLC profile of M-11. (10 to 45 
vol. % D over 10 min, 50 °C, λ=300 nm) 

 

 

 

1H NMR Spectrum (500 MHz, 12.5 mM ammonium acetate buffer at pH 8.5 with 50% acetonitrile d3, 

water suppression, 25 °C) of M-11.  
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Compound P-11. 

 
 

 
Semi-preparative RP-HPLC profile of 11 crude from 
SPS. (10 to 35 vol. % D over 15 min, 50 °C, λ=300 
nm) 

Analytical RP-HPLC profile of P-11. (10 to 45 
vol. % D over 10 min, 50 °C, λ=300 nm) 

 

 

 

1H NMR Spectrum (500 MHz, 12.5 mM ammonium acetate buffer at pH 8.5 with 50% acetonitrile d3, 

water suppression, 25 °C) of P-11. 
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Compound 12. 

 
 

 
Analytical RP-HPLC profile of 12 crude from SPS. (10 
to 100 vol. % D over 10 min, 25 °C, λ=300 nm) 

Analytical RP-HPLC profile of 12. (10 to 100 
vol. % D over 10 min, 25 °C, λ=300 nm) 

 

 

1H NMR Spectrum (400 MHz, 50 mM NaHCO3 buffer with 10% D2O, water suppression, 25 °C) of 12.  
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Compound 13. 

 
 

 
Analytical RP-HPLC profile of 13 crude from SPS. 
(10 to 100 vol. % D over 10 min, 25 °C, λ=300 nm) 

Analytical RP-HPLC profile of 13. (10 to 100 
vol. % D over 10 min, 25 °C, λ=300 nm) 

 

 

1H NMR Spectrum (400 MHz, 12.5 mM ammonium acetate buffer at pH 8.5 with 25% acetonitrile d3, 

water suppression, 25 °C   
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Compound 14. 

 
 

 
Analytical RP-HPLC profile of 14 crude from SPS. (10 
to 100 vol. % D over 15 min, 25 °C, λ=300 nm) 

Analytical RP-HPLC profile of 14. (10 to 45 vol. 
% D over 10 min, 25 °C, λ=300 nm) 

 

 

1H NMR Spectrum (500 MHz, DMSO-d6, 25 °C) of 14.  
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Compound 15. 

 
 

 
Analytical RP-HPLC profile of 15 crude from SPS. (10 
to 100 vol. % B over 10 min, 50 °C, λ=254 nm) 

Analytical RP-HPLC profile of 15. (10 to 45 vol. 
% B over 10 min, 50 °C, λ=254 nm) 

 

 

 

1H NMR Spectrum (500 MHz, DMSO-d6, 25 °C) of 15.  
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Compound 16. 

 

 
 
Analytical RP-HPLC profile of 16 crude from SPS. 
(20 to 50 vol. % D over 10 min, 50 °C, λ=254 nm) 

Analytical RP-HPLC profile of 16. (20 to 80 vol. 
% B over 10 min, 50 °C, λ=254 nm) 

 

1H NMR Spectrum (500 MHz, DMSO-d6, 25 °C) of 16.  
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Compound 17. 

 

 
 
Analytical RP-HPLC profile of 17. (5 to 50 vol. % D 
over 10 min, 50 °C, λ=254 nm) 

 

 

 

1H NMR Spectrum (500 MHz, DMSO-d6, 25 °C) of 17.  
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Abstract: Expanding the chemical diversity of peptide 

macrocycle libraries for display selection is desirable to improve 

their potential at binding biomolecular targets. We now have 

implemented a considerable expansion through a large aromatic 

helical foldamer inclusion. A helical aromatic foldamer was 

identified that undergoes flexizyme-mediated tRNA acylation 

and is capable of initiating ribosomal translation with yields 

sufficiently high to perform an mRNA display selection of 

macrocyclic foldamer-peptide hybrids. A hybrid macrocyle binder 

to the C-lobe of the E6AP HECT domain was selected that 

showed highly converged peptide residues. A crystal structure 

and molecular dynamics simulations revealed that both the 

peptide and foldamer are helical in an intriguing reciprocal 

stapling fashion. The strong residue convergence could be 

rationalized based on their involvement in specific interactions 

with the target protein. The foldamer stabilizes the peptide helix 

through stapling and through contacts with key residues. These 

results altogether represent a significant extension of the 

chemical space amenable to display selection and highlight 

possible benefits of inserting an aromatic foldamer into a peptide 

macrocycle for the purpose of protein recognition. 

Introduction: Peptide and protein display technologies based 

on nucleic acid sequence encoding are a powerful way to 

identify potent and selective ligands for biomolecular targets. 

Such technologies have demonstrated their clinical potential in 

the development of a range of approved antibody therapies from 

phage display platforms,1 and the discovery of peptidic drugs 

such as ecallantide2 and romiplostim.3 Many modern display 

technologies leverage the incorporation of non-natural 

modifications into peptide libraries to expand the chemical 

diversity of these molecules beyond the natural catalogue4 and 

allow the discovery of peptides with desirable pharmacological 

profiles, including resistance to proteolytic degradation, cell 

permeability, and novel modes of binding.5 Incorporation of 

these non-natural modifications, e.g. for the purpose of 

macrocyclization, has been achieved through either post-

synthetic modification,6 exploitation of the ribosome’s 

promiscuity,7 or genetic engineering of library host organisms.8 

The remarkable tolerance of the ribosome to accept amino acids 

with abiotic modifications has recently been highlighted by the 

incorporation of aromatic oligoamide foldamers (AOFs) into the 

nascent peptide chain (Figure 1a). Pyridine (P) and quinoline (Q) 

containing oligomers were charged onto tRNA by flexizymes and 

ribosomally incorporated into the polypeptide chain affording 

AOF-peptide hybrids with up to five P/Q-units as translation 

initiators,9 or up to three P/Q-units as sidechain appendages.10 

Functionalization of the N-terminus as a chloroacetamide also 

allowed for spontaneous macrocyclization with a downstream 

cysteine thiol.9a, 10 The main interest of introducing AOF 

segments within a peptide macrocycle lies in their inherent 

folding information. The propensity of Qn and (PQ)n oligomers to 

adopt stable helical conformations is well-documented.11 Within 

a hybrid macrocycle, folding of the helical aromatic segment 

prevails and alters the peptide conformation, for example by 

stretching the peptide backbone.9a, 12 It also confers resistance 

towards proteolytic degradation of the peptide.12 In addition, 

AOFs themselves have potential for directly interacting with 

proteins13 and they exist as natural products.14 It was therefore a 

logical next step to challenge ribosomal translation not just with 

the production of one AOF-peptide macrocycle, but with an 

entire DNA-encoded library of such macrocycles.  

Here we show that FIT-synthesized macrocyclic AOF-peptide 

hybrids are compatible with mRNA display selection using the 

random nonstandard peptides integrated discovery (RaPID) 

platform. Translation initiators containing the foldamer element 

were optimized for tRNA acylation and translation efficiency, and 

one initiator was successfully utilized in a selection experiment, 

generating the first biologically evolved AOF-peptide hybrid 

macrocycle against a protein target, the catalytic C-lobe of the 

E6AP HECT domain (Figure S4).15 This E3 ligase was chosen 

as a proof-of-concept bait protein given its use in a previously 

successful peptide affinity selection campaign with the RaPID 

platform.16 A crystal structure of the macrocycle-protein complex 

revealed that both the peptide and foldamer are helical in an 

intriguing reciprocal stapling fashion.  

Results and Discussion: We first set out to identify a foldamer 

giving sufficiently high yields of both flexizyme-mediated tRNA 

acylation and ribosomal peptide initiation for the purpose of 

display selection. 
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Figure 1. a) Schematic of incorporation of aromatic oligoamide foldamers by 

the flexible in vitro translation (FIT) system into macrocyclic peptide-foldamer 

hybrids that can undergo selection against a molecular target by mRNA 

display. b) Nomenclature of the quinoline/pyridine foldamer units used in this 

study. c) Aromatic foldamer substrates tested for their suitability as translation 

initiators. 

N-acylated P/Q-based helical oligoamides 1–6 were 

prepared (Figure 1b,c). The P units serve to introduce some 

flexibility,9a, 17 and side chains on Q units were selected to be 

either cationic (QDap), neutral (QAla), or anionic (QHyd), though all 

were kept small to reduce possible steric hindrance in the 

ribosome exit tunnel. The terminal Phe cyanomethyl ester 

serves as a substrate for the flexizyme. Acylation was assessed 

using a tRNA mimic, microhelix RNA (mhRNA), demonstrating 

acylation efficiencies ranging from 0 to 85 % (Table 1, Figure 

S1). Initiator-charged tRNAfMets, i.e. Ac-foldamer-GF-tRNAfMetCAU, 

were then prepared and each was supplemented into a Met-

deficient in vitro translation system along with an mRNA 

template. Expression of the desired foldamer-peptide hybrids 

was demonstrated by MALDI-TOF MS and quantified using 

autoradiographic gel electrophoresis (Table 1, Figures S2,3). 

These experiments allowed for the identification of top 

performers 3, 5 and 6, which give satisfactory yields of both 

tRNA acylation and translation. Oligoamides 7–9 were then 

prepared as N-chloroacetylated (ClAc) analogues of 3, 5 and 6. 

tRNA acylation and expression efficiency - including cyclization 

with a downstream Cys - were determined again (Table 1). The 

results led to the selection of 7, which showed the highest 

expression efficiency, as an initiator for display selection 

experiments (Figure 2a,b). Two independent RaPID selections 

were carried out from NNK (N = A/C/G/T, K = G/T) libraries 

having randomized windows of either 4-9 or 10-15 peptide 

residues, all including a mandatory Cys and using 7 as the 

initiator (Figure 2c).  

 

Figure 2. a) Flexizyme-assisted loading of 7 onto truncated tRNA (mhRNA,) 

assessed by SDS-PAGE; yields were determined by band intensity ratio 

(mhRNA-7 vs. unmodified mhRNA). b) MALDI MS spectrum of a successfully 

translated peptide-foldamer macrocycle (see SI for sequence); right inset = 

zoom; left inset = quantification of translation (P, 8% yield) by radioisotope 

incorporation. c) General structure of the library of macrocycle-mRNA 

conjugates. d) Most enriched sequence from the library of smaller 

macrocycles; sequence conservation after alignment of the top 20 hits is 

shown; left inset = recovery of DNA after each round of selection as compared 

to the input library; right inset = recovery of DNA when RaPID selection was 

performed once with the clonal mRNA of the top hit, using 7 or ClAc-Trp-CME 

(W) as the initiator, against blank beads (-) or C-lobe modified beads (+); e) 

Fluorescence polarization of an analogue of 10 labelled with fluorescein or 

fluorescein alone (both at 20 nM) against C-lobe; data were fit to a 1:1 binding 

isotherm (Kd = 107 ± 5 µM). f) SPR sensorgrams of C-lobe (analyte) against a 

biotin-functionalized analogue of 10 (ligand) on streptavidin chips. 

We surmised that the PQPQ segment would have a larger effect 

on the structure of shorter peptides,9a, 12 but did not know 

whether this would represent a selection advantage. After five 

rounds of in vitro selection and amplification, a clear increase in 

the number of peptides selectively captured by C-lobe-bound 

magnetic beads was observed for both libraries (Figure 2d, left, 

Figure S5), suggesting the emergence of selective binders. 
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Table 1. Yields of tRNA acylation and peptide translation with foldamer 

initiators. 

Initiator N-terminus Acylation (%) Translation[a] (%) 

1 Ac 0 - 

2 Ac 16 5 

3 Ac 75 12 

4 Ac 14 N/D[b] 

5 Ac 85 12 

6 Ac 14 13 

7 ClAc 38 8[c] 

8 ClAc 35 2[c] 

9 ClAc 67 6[c] 

[a] relative to the same reaction with canonical amino acids only (no 

reprogramming). [b] Smearing did not allow accurate quantification. [c] The 

template used for quantification is different from that used for other entries. 

Next-generation sequencing of the recovered DNA 

libraries hinted at an influence of the abiotic segment. The short 

library converged into a practically unique sequence with a 

randomized region of seven amino acid residues (Figure 2d, 

middle, Figure S6). With the longer library, no such convergence 

was observed (Figure S6). To assess selectivity for C-lobe and 

the necessity of the foldamer segment, we conducted 

independent rounds of selection with only the top mRNA 

sequence of each library. Challenging the translation products of 

these sequences against beads with and without C-lobe (so-

called clone assay) resulted in the binding and recovery of 

material only when C-lobe was present, suggesting binding of 

these sequences to the target (Figure 2d right, Figure S7). When 

the experiment was conducted substituting the ClAc-foldamer-

GF-tRNAfMet initiator with ClAc-Trp-tRNAfMet, binding of the 

shorter peptide macrocycle was abolished, highlighting a direct 

or indirect, but essential role of the foldamer in the binding 

interactions. The effect was lower in the case of the peptide from 

the larger macrocycle library. Given these results, further studies 

focused on a hit from the enriched species of smaller 

macrocycle library. 

Foldamer-peptide macrocycle 10 (Figure 2d), an analogue 

of the top hit from library NNK4–9, was then chemically 

synthesized, first by automated solid-phase synthesis of the 

peptide segment, followed by automated solid-phase foldamer 

synthesis to install the PQDapPQAla tetramer. Subsequent manual 

incorporation of the N-terminal chloroacetamide was performed 

on-resin before cleavage and side chain deprotection, thioether 

macrocyclization, and purification by reverse-phase HPLC. As 

shown in Figure 2e and 2f, the binding of 10 to C-lobe was 

demonstrated by surface plasmon resonance (SPR), with C-lobe 

immobilized on the SPR chip through its histidine tag, in the 

same manner it was immobilized during RaPID selection. A Kd of 

0.92 ± 0.26 µM was extracted from curve fitting of the 

sensorgrams with a 1:1 binding isotherm. However, when C-lobe 

was not immobilized, attempts to measure Kd values using e.g. 

biotinylated or fluorescein-labelled derivatives of 10 (Scheme 

S1) were hampered by protein aggregation. C-lobe solutions 

were notably viscous and no reliable Kd values could be 

extracted neither by SPR with an immobilized macrocycle nor by 

fluorescence polarization. C-lobe has been reported to dimerize 

via domain swapping (Figure 3a).15b Yet is unknown whether this 

dimerization mode contributes to the observed aggregation and 

viscosity.  

 
Figure 3. a) Two views of the swapped-domain dimer of the C-lobe of the 
E6AP HECT domain (PDB #6TGK).15b One C-lobe is shown in green and the 
other in gray. The red and orange patches highlight amino acids involved in 
foldamer-peptide macrocycle binding in the structure shown in c). In the 
swapped-dimer, these residues are found in a different arrangement; b) 
Structure of the E6AP HECT domain (PDB #1C4Z).15a The C-lobe and N-lobe 
are shown in green and gray, respectively. The red and orange patches within 
the circle highlight the same amino acids as in a). c) Structure of the disulfide-
bridged dimer of the C-lobe of the E6AP HECT domain (PDB #7QPB, this 
work). The two C-lobes shown in gray and green have the same structure as 
the C-lobe of the native HECT domain. Each has a macrocycle binding site 
shown by the encircled orange and red residues, but only one macrocycle 
binds to the C-lobe shown in green in the structure (see Figure 4). 

 

The 1H NMR spectrum of 10 exhibited characteristics of a 

helically-folded foldamer component (Figure S8).12 In presence 

of 25% acetonitrile in water the circular dichroism (CD) spectrum 

of 10 was flat in the quinoline absorption region (300-400 nm, 

Figure S8) indicating no preference for either P or M foldamer 

helicity. In water containing 0.5% DMSO, a weak positive band 

was observed indicating some handedness bias in favor of the P 

helix. However, the band intensity, and thus the extent of 

handedness bias, was weak in comparison to that observed with 

PQPQ-peptide macrocycles with shorter peptide loops,9a, 12 

suggesting modest handedness bias. Upon adding C-lobe to 10, 

the CD spectrum at 300-400 nm remained unchanged (Figure 

S9). This may reflect that the P and M conformers of 10 bind 

equally well to C-lobe, or that complex formation is hampered by 

aggregation. 
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Figure 4. Crystal structure of the complex between C-lobe and macrocycle 10 (PDB #7QPB). a) View of the macrocycle alone showing the peptide and foldamer 

helices. b) Overall view of the complex. Macrocycle 10 is shown in space filling representation. Carbon atoms in green belong to the foldamer. c) Top view of the 

macrocycle binding site on the protein. Hydrogen bonds, salt-bridges, and hydrophobic contacts are highlighted in orange and longer distance hydrophobic 

contacts are shown in red. d–g) Specific macrocycle protein contacts. Residues of interest are shown in space filling representation. Residues of 10 are numbered 

starting from the N-terminus of the foldamer segment (P1, Q2, P3, Q4, Gly5, Phe6… Cys14, Gly15). 

We next attempted to decipher the interactions between 10 and 

C-lobe. The complex was successfully crystallized and its 

structure in the solid state was solved in space group C2 at 2.3 

Å resolution (Figures S10-17). The asymmetric unit contains two 

molecules of 10 and four of C-lobe. The protein has the same 

structure as the C-lobe of an intact E6AP HECT domain whose 

coordinates were used for molecular replacement (Figure 3b, 

PDB #1C4Z).15a The four proteins are in fact two disulfide-

bridged dimers (Figure 3c, Figure S13). Oxidation of Cys820 

presumably occurred during crystallization. Yet this dimerization 

is unrelated to the domain swapping dimerization mentioned 

above15b (Figure 3a) as it does not alter the native C-lobe fold. 

The macrocycle 10 was found in a remarkable conformation in 

which both the peptide and foldamer segments are helically 

folded (Figure 4a, Figure S14), as if stapling each other. The 

peptide forms a slightly distorted α-helix, e.g. with some 

bifurcated hydrogen bonds (Figure S15). With only eight 

residues involved (WRYVYQKC), the peptide helix would not be 

expected to be stable without an intramolecular staple.18 The 

PQPQ helix matches well with earlier structures.9a, 12 In contrast 

with its conformation in solution, the foldamer helix is exclusively 

P in the solid state, indicating induction of handedness during 

crystallization. Crystal packing is relatively tight. As shown in 

detail in the supporting information, each macrocycle 10 makes 

contacts with four distinct proteins (Figures S10-13, S16-17). 

However, most of the peptide residues that converged during 

display selection, i.e. the α-helix, form an extended and intimate 

binding area with one of these four proteins (Figure 4b,c), 

whereas other contacts are limited and mostly concern the 

peptide residues that were not selected and one Q unit of the 

foldamer. It can therefore be inferred that the largest contact 

area – ca 400 Å2 – constitutes the actual binding region. The 

proximity between the binding region and the disulfide bridge 

makes it impossible for two macrocycles to simultaneously bind 

a C-lobe disulfide dimer (Figure S13), shedding light on the 2:1 

C-lobe-macrocycle stoichiometry in the crystal. The protein-

macrocycle interface of the complex involves extended 

hydrophobic contacts (with Gly755, Gly756, Ala805, Ile 803, 

Phe821, Val823), salt bridges and hydrogen bonds (Figure S16). 

Several of the highly converged peptide residues show high 

shape and interaction complementarity with the protein surface, 

notably Trp7, Arg8, Tyr9, Val10 and Lys13 (Figure 4d-g). The 

most converged residue, Arg8, is clamped by Asp754 and 

Glu752 of C-lobe. Val10 occupies the core of the macrocycle 

and is in contact with both C-lobe and the foldamer. Altogether, 

the high convergence of the selection is largely explained by the 

involvement of the converged residues into a well-defined α-

helical fold that forms extended, tight, and shape-

complementary contacts with the selection target. As the only 

exception, Tyr11 displays high selection convergence yet it 

points away from the cognate C-lobe in the crystal structure. MD 

simulations were used to shed further light on the macrocycle-

protein interactions (Figure 5, Figures S18–25). The complex 

found in the solid state was used as a starting point of MD runs. 

The complex underwent little change for some time. Upon 

prolonged simulation, the main interactions could be disrupted 

and other configurations were observed. In particular, direct 
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contacts of the foldamer to the hydrophobic protein area 

occurred while the α-helix was still folded but exposed to water 

(Figure 5d). Such configuration might play a role as pre-

associated states along the coordinates that lead to tight 

complex formation. 

 

Figure 5. Representative snapshots of MD simulations of 10 in complex with 

C-lobe. a) View of M-helical 10 (the protein has been removed for clarity). b) 

Binding of M-helical 10 C-lobe in a mode similar to that of the crystal structure. 

c) Alternate binding mode of M-helical 10 showing extensive protein-foldamer 

contacts. d) Same as c) but with P-helical 10. The α-helix of 10 is shown as a 

solid ribbon in a), c) and d). Some remarkable hydrogen bonds are shown as 

dashed lines. 

MD runs of a V10A mutant showed a destabilization of the α-

helix (Figure S25, Table S2), highlighting the structural 

contribution of Val10 to the stabilization of the macrocycle 

conformation. A model of the macrocycle with an M foldamer 

helix was also built (Figure 5a) and energy minimized in complex 

with C-lobe while keeping the α-helix essentially intact.  

MD runs showed that the complex was kept in place with the 

same key peptide-protein interactions observed in the solid state 

for at least as long as with the P helix. The macrocycle with the 

M helix then also explored alternate configurations involving 

hydrophobic foldamer-protein contacts (Figure 5c). A notable 

feature was the tight and persistent stacking of Tyr11 on the M 

foldamer helix at the core of the macrocycle (Figure 5b, S24), in 

a role similar to that of Val10 with the P foldamer helix. 

Conversely, with the M foldamer helix, the V10A mutation did 

not result in a collapse of the -helix (Figure S25, Table S2). 

These results thus suggest that Tyr11 and Val10 may play a 

similar role of macrocycle conformation stabilizer through the 

mediation of foldamer-peptide contacts. The role of Val10 is 

critical to the P-helical foldamer conformation whereas Tyr11 

stabilizes the structure with the M-helical foldamer. 

Conclusion: We have presented the first successful display 

selection of a macrocyclic peptide containing a large aromatic 

helical foldamer segment against a protein target, the C-lobe of 

the E6AP HECT domain. Selection was made possible by the 

sufficient yields of tRNA acylation and expression, despite the 

size – equivalent to a decapeptide – of the foldamer-containing 

initiator unit, highlighting the great tolerance of the ribosome to 

non-natural appendages during peptide translation. Display 

selection showed remarkable convergence toward a rather short 

peptide (seven residues) among the various peptide lengths 

available in the two libraries used (5-9 and 10-15 residues). The 

observed affinity between macrocycle 10 and C-lobe (Kd = ~1 

µM) was not as high as we aimed, compared with many of 

RaPID peptides that frequently deliver nanomolar or sub-

nanomolar binders, and cell studies were not undertaken. 

However, a crystallographic structure and MD simulations 

provide a basis to improve the foldamer and the peptide to 

enhance interactions. The structure and simulations revealed an 

unexpected macrocycle conformation in which both the peptide 

and foldamer are helical, as if stapling each other. The stapling 

of an α-helix by a foldamer helix is a new concept that will 

deserve further investigation to assess its potential general 

applicability. Structural studies also shed light on the role of the 

selected peptide residues. Most were found to be involved in 

tight contacts and interactions with the protein target. Others 

mediate foldamer-peptide contacts within the macrocycle. The 

foldamer thus appears to stabilize the peptide α-helix not only by 

firmly holding its two ends but also via other contacts with 

residues of the α-helix. In the conformation bound to C-lobe, the 

foldamer helix protrudes as a large and rigid handle that can in 

principle be modified to further enhance functions, including to 

promote further contacts with the protein target or with other 

protein partners, or to improve bioavailability such as e.g. cell 

penetration. A key advantage of the aromatic foldamer unit 

would then be that it can be decorated with various substituents 

without altering its shape nor the shape and function of the 

peptide residues. New selection experiments against other 

protein targets are in progress to further explore these possible 

benefits. 
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9.1. Supporting figures 

Figure S1 

 

 

 

Figure S1 part 1. Assessment of tRNA acylation was carried out using mhRNA (microhelix RNA, a 

tRNA mimic) over the course of 24 hours, at two different pH values, 7.5 and 8.4, in green and blue, 

respectively. mhRNA acylated with the foldamer substrate is shown with an arrow while the lower 

band corresponds to “free” mhRNA. Acid-PAGE gels corresponding to the N-acetylated compounds 

1–6 are shown. In all cases the first band corresponds to the acylation of ClAc-Trp-CME which is used 

as a control. The band which is not labelled is a reaction in which DMSO has been added instead of 

the activated substrate.  

 



 

133 
 

 

Figure S1 part 2. Assessment of tRNA acylation was carried out using mhRNA (microhelix RNA, a 

tRNA mimic) over the course of 24 hours, at two different pH values, 7.5 and 8.4, in green and blue, 

respectively. mhRNA acylated with the foldamer substrate is shown with an arrow while the lower 

band corresponds to “free” mhRNA. Acid-PAGE gels corresponding to the N-chloroacetylated 

compounds 7–9 are shown. In all cases the first band corresponds to the acylation of ClAc-Trp-CME 

which is used as a control. The band which is not labelled is a reaction in which DMSO has been 

added instead of the activated substrate.  
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Figure S2 

 

Figure S2 part 1. MALDI-TOF spectra of the translation reactions, demonstrating the successful 

incorporation of the foldamer substrates into peptide sequences. N-acetylated compounds 2–6 

substituted the initiator Met residue in the MGGGTYY-flag sequence. The peaks ([M+H]+) 

corresponding to the desired peptide sequences are shown with the green arrow. Flag stands for an 

octapeptide with the sequence DYKDDDDK. 

 



 

135 
 

 

Figure S2 part 2. MALDI-TOF spectra of the translation reactions, demonstrating the successful 

incorporation of the foldamer substrates into peptide sequences. N-chloroacetylated compounds 7–

9 substituted the initiator Met residue in MYAATAACA-flag with which the ClAc functionality of the 

downstream Cys residue readily cyclizes. The peaks corresponding to the desired peptide sequences 

are shown with the green arrow. Flag stands for an octapeptide with the sequence DYKDDDDK. 
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Figure S3 

 

Figure S3. Quantification of the translation reactions by means of radioisotopes. Upper part: 

Substrates 2–6 were incorporated into the MGGGTYY-flag sequence, with and without elongation 

factor P (EF-P), a translation factor that was previously shown to facilitate the incorporation of 

“difficult” amino acids. In our case this factor had no effect on the incorporation efficiency. Lower 

part: Substrates 7–9 were incorporated in the MYAATAACA-flag sequence to yield macrocyclic 

foldamer-peptide hybrids. Lane 2 (unlabelled) corresponds to a translation reaction in which 

“uncharged” tRNAfMet
CAU (initiator tRNA) was added instead, demonstrating that the observed band 

corresponds to a peptide sequence lacking the initiating (foldamer) residue (highlighted in orange). 

Std stands for standard and it is a reaction in which Met has been added, allowing a direct 

comparison of the foldamer-initiated sequences with their “natural” counterparts. Yields are a 

comparison of the concentration of the foldamer-peptide hybrid and its “natural” counterpart. The 

intense band at the bottom of the gels corresponds to unreacted 14C Asp. 
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Figure S4 

 

 

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGAAGTTCTGTTCCAGGGGCCCCATATGGCTA

GCAATCTAGATTTCCAAGCACTAGAAGAAACTACAGAATATGACGGTGGCTATACCAGGGACTCTGTTCTGAT

TAGGGAGTTCTGGGAAATCGTTCATTCATTTACAGATGAACAGAAAAGACTCTTCTTGCAGTTTACAACGGGC

ACAGACAGAGCACCTGTGGGAGGACTAGGAAAATTAAAGATGATTATAGCCAAAAATGGCCCAGACACAGA

AAGGTTACCTACATCTCATACTTGCTTTAATGTGCTTTTACTTCCGGAATACTCAAGCAAAGAAAAACTTAAAG

AGAGATTGTTGAAGGCCATCACGTATGCCAAAGGATTTGGCATGCTGTAA 

MGSSHHHHHHSSGLEVLFQ|GPHMASNLDFQALEETTEYDGGYTRDSVLIREFWEIVHSFTDEQKRLFLQFTTGTD

RAPVGGLGKLKMIIAKNGPDTERLPTSHTCFNVLLLPEYSSKEKLKERLLKAITYAKGFGML 

 

Figure S4. pET28a(+) plasmid map (top), coding sequence (middle), and “C-lobe” protein expression 

product (bottom) used in this study; | indicates the HRV3C protease cleavage site. 
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Figure S5 

 

 

Figure S5. The recovery (%) for the 5 rounds of the selection experiment for the NNK4–9 (top) and 

NNK 10–15 (bottom) libraries as determined by qPCR for both positive (protein-modified beads, 

shown also in Figure 2d) and negative (non-modified beads). 
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Figure S6 

 

 

Figure S6. A clustal alignment of the 20 most abundant sequences for both libraries, NNK4–9 (top) 

and 10–15 (bottom), in which: (x) stands for the Foldamer-G-F- segment, (*) for the G-S-G-S-G-S 

linker followed by the amber stop codon (TAG) and (-) in the middle of the sequence (sequences 

11,16 & 19 in short library) indicates the appearance of the amber stop codon (TAG). The number on 

the right indicates the appearance frequency (number of reads/total number of reads x 100). 

Alignment of the top 50 sequences can be found in Extended Data 1. 
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Figure S7 

 

Figure S7. The top sequences of each library from the sequencing data, linked to their genotype, 

were exposed to protein-modified (Pos) and unmodified beads (Neg), and recovery determined by 

qPCR, highlighting the selectivity attributed to the scaffold from the abiotic residue (7-Neg vs 7-Pos). 

In a subsequent experiment, the abiotic initiator was substituted with Trp (capable of undergoing 

cyclization). While in the large peptide some binding could be retained, in the case of the shorter 

peptide was completely abolished, hinting on the significance of the peptide’s foldamer-imposed 

orientation.  
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Figure S8 

 

 

 

Figure S8. (a) Part of the 1H NMR spectrum of 10 between 12.0–9.0 ppm in CD3CN (25% (v/v) in H2O, 

water suppression). The helically-folded, downfield-shifted protons of the quinoline amides are at 

~11.5 ppm, and one of the two pyridine amides is at ~9.7 ppm. This significant downfield shift of 

amide proton resonances is a result of a strong hydrogen-bonded structure which is a typical 

indicator for helical folding.1 The adjacent signal at ~10.0 ppm belongs to the Trp7 N–H signal, and 

the asterisk (*) denotes an impurity. (b) CD spectrum of 10 at 25 °C in different solvents: recorded at 

a concentration of 242 µM in H2O/MeCN (75:25 v/v); recorded at a concentration of 15 µM in 20 

mM PBS buffer pH 7.4, containing 0.5% DMSO used for the initial dissolution of 10. CD Exact 

experimental parameters (incl. path length and other machine settings) are described fully in 

Extended Data 2. CD spectrum of a previously reported macrocyclic peptide-foldamer hybrid (CH2–

C(O)–PQAspPQAspGlyPhe(Lys)3CysGly–OH, compound 3 from Dengler et al; italics represent elements 

connected by thioether macrocyclization)2 with P handedness bias is included for comparison.  
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Figure S9 

 

 

Figure S9. (Top) CD spectrum of 10 with the indicated equivalents of cleaved C-lobe at 10 °C. The 

solution was prepared by addition of 10 from a stock solution in DW (top panel) or DMSO (bottom 

panel) to buffered protein solution. No change in the CD spectrum of 10 between 300–400 nm is 

observed. Exact experimental parameters (incl. buffer conditions, path length, and other machine 

settings) are described fully in Extended Data 2. The CD spectrum of the previously reported 

macrocyclic peptide-foldamer hybrid described in Figure S9 with P handedness bias is included for 

comparison. 
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Figure S10 
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Figure S10. Extended fluorescence polarization data. All experiments were run in technical triplicate 

in RaPID selection buffer (Tris-HCl (50 mM) pH 7.6, NaCl (150 mM), DTT (5 mM), Tween-20 (0.05% 

(v/v)), NaN3 (0.05% (w/v))) with 20 nM of the respective fluorescent tracer and blanked against a 

buffer-only control. All error bars represent standard deviation of n = 3 technical replicates. Full data 

and fitting results can be found in Extended Data 2. (a) Figure 2e re-drawn with visible error bars. (b) 

Fluorescence polarization of 11 or fluorescein with varying concentrations of lysozyme. (c) Biological 

replicate 2 (black) of the fluorescence polarization of 11 with varying concentrations of His6-C-lobe, 

including measurements taken after longer incubation times (colors): minimal variation in data 

points and fitted Kd were observed suggesting binding had reached equilibrium. 
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Figure S11 

 

Figure S11. (a–b) SPR sensorgrams (a: replicate 1, b: replicate 2, also shown in Figure 2f) of the 

interaction between the His6-tagged C-lobe of the HECT domain of E6AP (analyte) and biotinylated 

macrocycle 12 (surface-bound ligand, biotin-functionalized analogue of 10). Measurements were 

recorded on a Biacore T200 using a streptavidin sensor chip in SPR analysis buffer (Tris-HCl (50 mM) 

pH 7.5, NaCl (150 mM), DTT (1 mM), NaN3 (0.05% (v/v)), Tween-20 (0.05% (v/v))) and spectra were 

plotted after subtraction from the signal on the reference flow cell. Data (solid lines) were fit 

(dashed lines) using Biacore T200 Evaluation Software 3.1. (c–d) Maximum response unit values 

plotted against protein concentration (c: replicate 1, d: replicate 2) and fit to the quadratic binding 

isotherm with a factor to account for non-specific binding. Kd was found to be consistent across 

replicates. Full data and fitting results can be found in Extended Data 2. 
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Figure S12 

 

 

Figure S12. The crystal lattice of the C-lobe and ligand 10 complex. The asymmetric units in the unit 
cells are shown in green, red, cyan, and blue. 
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Figure S13 

 

Figure S13. Crystal packing of the C-lobe and ligand 10 complex. Two views of a cluster of four 

macrocycles 10 showing stacking between (A) foldamers and (B) between Tyr11 residues. C) Cube 

formed by eight C-lobe proteins surrounding the cluster of four macrocycles.   
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Figure S14 

 

Figure S14. Representation of the contacts between the residues Phe6 and Gly15 in 10 and the C-

lobe surface of chains A and B in the asymmetric unit, respectively. 
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Figure S15 

 

Figure S15. The disulfide bridge between Cys820 of chain C and Cys820 of the symmetry-related 

chain A’ (right) in the crystal packing. The stacking of Phe821 (chain A’) and foldamer units of the 

macrocyclic ligand 10 prevents binding of a second macrocycle on the cognate site of A’ and 

promotes the 2:1 protein-ligand stoichiometry in the crystal. The Cys820 and Phe821 amino acid 

residues are shown with the 2Fo-2Fc electron density map at 1.0 σ for the disulfide. 
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Figure S16 

 

 

Figure S16. The weighted 2Fo-Fc electron density maps (black mesh) for the bound ligand 10 in the 

crystal structure are shown contoured at 1.0 σ. 

 

  



 

151 
 

Figure S17 

 

Figure S17. a) Intramolecular hydrogen bond network of the α-helix in 10; B) Ramachandran plots 

obtained from MolProbity and C) Tables of Phi, Psi and Z data for each of the residues involved in the 

α-helix conformation and corresponding to the two hybrid molecules of 10 present in the 

asymmetric unit.  
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Figure S18 

 

Figure S18. LigPlot representation of the crystal contacts between macrocycle 10 (chain H) and four 

distinct C-lobe protein chains (chains A, A’, C and B). The top panel shows contacts between protein 

residues of chain C and the peptide residues that were converged during the display selection, 

constituting a binding area of 396 Å2. The middle left panel show contacts between protein residues 

of chain B and the Gly15, Gln12, and Cys14 residues of the ligand, contact area of 5 Å2. The middle 

right panel shows contacts between protein residues of chain A and Phe6, Gly5, and Trp7 of the 

ligand, contact area of 201 Å2. The bottom panel shows interactions between the chain A’ and the 

ligand 10, contact area of 173 Å2.The plots were generated using LigPlot v.14.5 software and the 

7QPB PDB file.[3]  
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Figure S19 

 

 

Figure S19. Overview of contacts between macrocycle 10 (chain H) and four C-lobe protein chains of 

the crystal lattice (A, A’, B, C). The actual macrocycle binding site is on chain C. For more details, see 

Figure S18. 
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Figure S20 

 

 

Figure S20. a) Overlay of 10 with a P-helical foldamer as found in complex with C-lobe in the crystal 

structure (dark blue) and of 10 with an M-helical foldamer as found in a snapshot of an MD 

simulation of its complex with C-lobe (gray). b) Snapshot of an MD simulation of 10 with a P-helical 

foldamer (green) showing a binding mode where the foldamer is in contact with the protein. c) 

Snapshot of an MD simulation of 10 with an M-helical foldamer (green) showing a binding mode 

where the foldamer is in contact with the protein. 
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Figure S21 

 

Figure S21. Root mean square displacement (RMSD) along a 1000 ns MD simulation trajectory for a 

M 10 with C-lobe complex. Purple line is RMSD with respect to the crystal structure (C-lobe and α-

helix backbone atoms included in RMSD calculation). Green line is RMSD with respect to an average 

structure of all conformations in the alternative binding mode (as shown in Figure 4c of the main 

text, C-lobe, α-helix and foldamer backbone atoms included in RMSD calculation). Two snapshots 

represent the structures of crystal mode (left) and alternative mode (right, with foldamer helix in 

contact with the protein), in which the α-helix in crystal structure is shown in a transparent yellow 

representation as reference. 
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Figure S22 

 

Figure S22. Snapshot and distance histograms for the M 10-C-lobe complex at the binding mode 

similar to the crystal structure. Left: Representative snapshot. Middle: Salt bridge and hydrogen 

bond (Hbond) distance histograms, in which the side chain N atom in QDap2 and guanidinium C atom 

in Arg8 of the macrocycle, and the carboxylate C atoms in Glu752 or Asp754 of C-lobe are used in 

the distance calculation. Hbond distance is between Gln12 side chain N of the macrocycle and 

Met802 backbone O atom of C-lobe. Right: Distance histograms for other contacts, in which the 

centers of masses of hydrophobic side chain groups of C-lobe (Val823, Leu825, Phe821, His818) and 

the macrocycle (Tyr9, Val10) are used in calculating the residue-residue distance. The probability of 

occurrence is normalized by the total number of conformations in this binding mode. 
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Figure S23 

 

Figure S23. Snapshot and distance histograms for the M 10-C-lobe complex at an alternative binding 

mode as shown in Figure 4c in the main text. Left: Representative snapshot. Middle: Salt bridge 

distance histograms, in which the side chain N atom in QDap and guanidine C atom in Arg8 of the 

macrocycle, and the carboxylate C atoms in Glu752 or Asp754 of C-lobe are used in the distance 

calculation. Right: Distance histograms for other contacts, in which the centers of masses of 

hydrophobic side chain groups of C-lobe (Val823, Phe821, His818, Ile803) and of the macrocycle 

(QAla4, P3, Phe6) are used in calculating the residue-residue distance. The probability of occurrence is 

normalized by the total number of conformations in this binding mode. 
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Figure S24 

 

Figure S24. Snapshot and distance histograms for the P 10-C-lobe complex at the binding mode 

resembling the crystal structure. Left: Representative snapshot. Middle: Salt bridge distance 

histograms, in which the guanidine C atom in Arg8 of the macrocycle and the carboxylate C atoms of 

Glu752 or Asp754 are used in the distance calculation. Right: Distance histograms for other contacts, 

in which the centers of masses of hydrophobic side chains of C-lobe (Ile803, Ala805, Val823, Leu825, 

Phe821) and of macrocycle residues (Trp7, Tyr9, Val10) are used in calculating the residue-residue 

distance. The probability of occurrence is normalized by the total number of conformations in this 

binding mode. 
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Figure S25 

 

Figure S25. Snapshot and distance histograms for the P 10-C-lobe complex at an alternative binding 

mode as shown in Figure 4d in the main text. Left: Representative snapshot. Middle: Salt bridge 

distance histograms, in which the side chain N atom in QDap and the carboxylate C atoms in Glu752 

or Asp754 are used in the distance calculation. Right: Distance histograms for other contacts, in 

which the centers of masses of hydrophobic side chain groups of C-lobe (Ile803, Val823, His818, 

Phe821) and foldamer residues (P1, QDap2, Val10) are used in calculating the residue-residue 

distance. The probability of occurrence is normalized by the total number of conformations in this 

binding mode. 
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Figure S26 

 

Figure S26. Histogram of the distance between COMs of aromatic rings of QDap2 and Tyr11 for M 10 

foldamer macrocycles. The insert in the graph is a snapshot showing stacking of Tyr11 and QDap2 in 

the M Foldamer macrocycle. All MD trajectories are included (i.e. including all binding modes). 
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Figure S27 

 

Figure S27. Snapshots of 10 in the first 200ns with C-lobe removed for clarity on macrocycle 

structures. The α-helix in transparent yellow is the crystal structure, used here as a reference. 
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9.2. Biochemistry and Structural Biology 

Materials and general methods 

All chemicals were purchased from Sigma-Aldrich at molecular biology grade or higher unless 

otherwise indicated. The pET28a(+) vector containing isoform I of human E6AP741–852 (“C-lobe”) with 

an N-terminal HRV3C protease-cleavable His6-tag[4] (sequence and plasmid map: Figure S4) was a 

kind gift from Dr. Sonja Lorenz (Max Planck Institute for Biophysical Chemistry) and sequence fidelity 

was confirmed by Sanger sequencing. One Shot™ BL21(DE3) Chemically Competent E. coli (C600003) 

and HisPur™ Ni-NTA Superflow Agarose (25217) were purchased from ThermoFisher Scientific. 

Econo-Column® gravity flow columns (7372551) were purchased from BioRad. Color Prestained 

Protein Standard (P7718S) was purchased from New England Biolabs.  

Exclusively ultrapure water from an OmniaTap system (Stakpure) was used. Bacterial culture media 

and equipment were sterilized by autoclaving. Bacterial cultures were grown using a MaxQ-6000 

shaking incubator (ThermoFisher Scientific). UV-Vis determination of protein concentration (280 

nm), protein purity (260/280 nm), and OD600 were all measured on a NanoDrop™ OneC 

(ThermoFisher Scientific). Bacterial centrifugation was carried out on an Avanti JXN-26 Centrifuge 

(Beckman Coulter) using a JLA-8.1000 or JA-25.50 rotor. Probe sonication was carried out on a 

UP200St Ultrasonic Processor fitted with a S26d14 Sonotrode (Hielscher Ultrasonics) using 5 cycles 

of 2 min on (100% amplitude, 90% pulse) and 5 min rest.  

Sodium-dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out on a BioRad 

system, including a PowerPac™ HC High-Current Power Supply and a Mini-PROTEAN® Tetra Vertical 

Electrophoresis Cell. 2× 10-, 12-, or 15-well gels with a 15% resolving gel and 4% stacking gel were 

prepared as follows: 

Reagent 
Resolving gel 

(15%) 

Stacking gel 

(4%) 

H2O 3.625 mL 3.25 mL 

Resolving/Stacking Buffer (SureCast, Thermo) 2.5 mL 1.25 mL 

Acrylamide 30% (SureCast, Thermo) 3.75 mL 0.5 mL 

Ammonium Persulfate (10% (w/v) in H2O) 100 µL 25 µL 

N,N,N',N'-tetramethylethylenediamine (TEMED) 10 µL 5 µL 

 

Gel samples were prepared by mixing 3:1 with sample loading buffer (4×: Tris-HCl (200 mM) pH 6.8, 

bromophenol blue (0.04% (w/v)), glycerol (24% (v/v)), SDS (8% (w/v), β-mercaptoethanol (20% 

(v/v))) and boiling for 10 min. Gels were run at 85 V for 10 min then 180 V for 50 min and stained 

with Coomassie Brilliant Blue.  

Size-exclusion chromatography (SEC) was carried out in a cold cabinet (Unichromat 1500) 

maintained at 15 °C on a custom Knauer fast protein liquid chromatography (FPLC) system coupled 

with a HiLoad® 16/600 Superdex® 75 pg column (Cytiva, 28989333). The column eluent was 

monitored by UV detection at 200, 220, 260, and 280 nm with a diode array detector and fractions 

were collected by a Foxy R1 Fraction Collector (Teledyne ISCO). Protein concentration and buffer 

exchange were performed using spin concentrators of various volume capacities (Amicon, 3 kDa 

MWCO) according to manufacturer’s instructions. Dialysis was performed using 3 kDa MWCO Slide-

A-Lyzer™ G2 dialysis cassettes of various volume capacities (ThermoFisher Scientific) according to 

manufacturer’s instructions. 
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Protein expression and purification 

Isoform I of human E6AP741–852 (“C-lobe”) was expressed from a pET28a(+) vector with an N-terminal 

HRV3C protease-cleavable His6-tag (Figure S4). The protein was expressed recombinantly from E. coli 

BL21(DE3) cells overnight at 18 °C in LB broth supplemented with kanamycin (50 µg mL-1; Janssen) 

and induced at an OD600 of 0.6 with isopropyl-β-ᴅ-1-thiogalactopyranoside (IPTG, 0.5 mM). All 

subsequent steps were performed at 4 °C where possible. The cells were harvested by centrifugation 

(7,548 × g, 20 min), resuspended in lysis buffer (17.5 mL per 1 L culture; 50 mM Tris-HCl, pH 8.0, 100 

mM NaCl, 5 mM imidazole, 1 mM ᴅʟ-dithiothreitol (DTT), 0.1% (v/v) Triton X-100, 4% (v/v) glycerol), 

and lysed by probe sonication. The lysate was cleared by centrifugation (43,667 × g, 40 min) and 

incubated for 30 min with pre-equilibrated HisPur™ Ni-NTA Superflow Agarose (~2.5 mL slurry per 1 

L culture). The agarose resin was applied to a gravity column, washed with wash buffer (100 mL; 50 

mM Tris-HCl, pH 8.0, 400 mM NaCl, 5 mM imidazole, 1 mM DTT), and His6-tagged protein eluted 

with elution buffer (50 mM Tris-HCl, pH 8.0, 400 mM NaCl, 250 mM imidazole, 1 mM DTT) by 

monitoring the absorption of the eluent at 280 nm. The purity of the eluent was determined by SDS-

PAGE. 

For isolation of protein with its associated His-tag, the eluate from the Ni-NTA column was further 

purified by SEC at a flow rate of 0.3–0.8 mL.min-1 in SEC buffer (50 mM Tris-HCl, pH 7.4, 150 mM 

NaCl, 1 mM DTT) over Superdex 75 pg. Fractions corresponding to the protein of interest were 

analysed by SDS-PAGE for purity, combined, and concentrated. 

For isolation of protein without its associated His-tag, the eluate from the Ni-NTA column was 

digested overnight by addition of HRV3C protease (Merck 71493; 20U per 1 mL crude protein) during 

dialysis into SEC buffer at 4 °C. The digested protein was incubated with Ni-NTA agarose as described 

above and eluted from the column with SEC buffer. The eluate was concentrated and purified 

further by SEC as described above. 

In vitro translation 

Preparation of eFx and tRNAfMet
CAU 

All oligonucleotides were purchased from Operon (Japan). DNA templates were assembled using 

reported protocols and after transcription, using T7 RNA polymerase, they resulted in the desired 

sequences.[5–8] 

 

Microhelix 

Microhelix RNA (mhRNA) was purchased from GeneDesign (Japan), being a mimic of the acceptor 

stem of tRNA (the site of aminoacylation), originally based on the acceptor stem of E. coli Asn tRNA. 

 

Aminoacylation of mhRNA 

3 µL H2O, 1 µL mhRNA (250 µM), 1 µL eFx (250 µM) and 1 µL HEPES-KOH pH 8.4 (500 mM) were 

mixed, heated to 95 °C for 2 min and cooled to room temperature for 5 min. 2 µL MgCl2 (3 M) was 

added and left for 5 min at room temperature. Solution was placed on ice until cold and the 

aminoacylation was initiated by adding 2 µL cyanomethyl substrate (25 µM) in DMSO. Reaction was 

incubated on ice for 2–12 hours, depending on the substrate; final concentrations: 25 µM 

microhelix, 25 µM eFx and 5 mM cyanomethyl ester in 50 mM HEPES-KOH pH 8.4, 600 mM MgCl2, 

20% DMSO. The reaction was stopped by pelleting any insoluble substrate, collecting the substrate, 

adding 4 reaction volumes (40 µL) of 0.3 M NaOAc pH 5.2, and the product precipitated using 10 

reaction volumes of EtOH (100 µL). The pellet was washed with 0.1 M NaOAc pH 5.2, 70% EtOH and 
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analyzed by 20% denaturing acid PAGE (50 mM sodium acetate, 6 M urea). The RNA was stained 

with ethidium bromide and analyzed on an FLA-5100 (Fuji, Japan) and results are shown in Figure S1.  

 

Aminoacylation of tRNAfMet
CAU with foldamer substrates 

25 µM tRNAfMet
CAU, 25 µM eFx and 5 mM cyanomethyl ester substrate were incubated in 50 mM 

HEPES-KOH pH 8.4, 600 mM MgCl2 in 20% DMSO using the time originating from the 

“Aminoacylation of mhRNA” for each substrate (Figure S1). 

 

Model mRNA templates (encoding for fMGGGTYY-flag & fMYAATAACA-flag) 

The following primers were purchased by Eurofins genomics (Japan): 

 

Template encoding for fMYAATAA-flag 

P1: GGCGTAATACGACTCACTATAG 

P2: TAATACGACTCACTATAGGGTTAACTTTAACAAGGAGAAAAACATGTAC 

P3:  

CGTCGTCGTCCTTGTAGTCAGCACAAGCAGCGGTAGCAGCGTACATGTTTTTCTCCTTGTTAAAG 

P4: CGAAGCTTACTTGTCGTCGTCGTCCTTGTAGTC 

 

Template encoding for fMGGGTYYCA-flag 

P1: GGCGTAATACGACTCACTATAG 

P2’: TAATACGACTCACTATAGGGTTAACTTTAACAAGGAGAAAAACATGGGC 
P3’: CGTCGTCGTCCTTGTAGTCGTAGTAGGTGCCGCCGCCCATGTTTTTCTCCTTGTTAAAG 

P4: CGAAGCTTACTTGTCGTCGTCGTCCTTGTAGTC 

 

P2(’) was annealed with P3(’) and extended using Taq DNA polymerase. The resulting product was 

diluted 200 times with PCR reaction buffer and amplified by using P1 and P4 as the 5'- and 3'-

primers, respectively. The DNA product was transcribed by T7 RNA polymerase and purified by 10% 

denaturing PAGE. The mRNA template was dissolved in water and its concentration was adjusted to 

10 µM. 

 

In vitro translation and MALDI-TOF-MS 

A custom-made in vitro translation mixture was used, with the final concentrations of individual 

components: 1.2 µM ribosome, 0.1 μM T7 RNA polymerase, 4 µg mL-1 creatine kinase, 3 µg mL-1 

myokinase, 0.1 μM pyrophosphatase, 0.1 μM nucleotidediphosphatase kinase, 2.7 µM IF1, 0.4 µM 

IF2, 1.5 µM IF3, 30 µM EF-Tu, 30 µM EFTs, 0.26 µM EF-G, 0.25 µM RF2, 0.17 µM RF3, 0.5 µM RRF, 0.6 

µM MTF, 0.73 µM AlaRS, 0.03 µM ArgRS, 0.38 µM AsnRS, 0.02 µM CysRS, 0.06 µM GlnRS, 0.23 µM 

GluRS, 0.09 µM GlyRS, 0.02 µM HisRS, 0.4 µM IleRS, 0.04 µM LeuRS, 0.03 µM MetRS, 0.68 µM PheRS, 

0.16 µM ProRS, 0.04 µM SerRS, 0.09 µM ThrRS, 0.03 µM TrpRS, 0.02 µM ValRS, 0.13 µM AspRS, 0.11 

µM LysRS, 0.02 µM TyrRS.  Additionally, 50 mM HEPES-KOH (pH 7.6), 100 mM potassium acetate, 2 

mM GTP, 2 mM ATP, 1 mM CTP, 1 mM UTP, 20 mM creatine phosphate, 12 mM Mg(OAc)2, 2 mM 

spermidine, 2 mM DTT, and 1.5 mg mL-1 E. coli total tRNA (Roche).  

• For MALDI-TOF analysis (Figure S2): 5 of the 20 canonical amino acids were included at 500 µM, 

including Met, Asp, Tyr, Lys and Ala. Solutions containing the above plus 1.5 µM mRNA template 

and 25 µM foldamer-tRNAPro1E2
GGU (prepared using eFx, above) were incubated for 30 min at 37 

°C. The foldamer-peptide hybrid was isolated using anti-FLAG M2 affinity agarose gel (Sigma) 
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and eluted using 0.2% TFA. Solution was mixed, 1:1, with a half-saturated solution (80% MeCN, 

19.5% H2O, 0.5% AcOH) of α-cyano-4-hydrocinnamic acid prior to spotting on a MALDI plate. 

Foldamer-peptide MALDI-TOF-MS analysis was performed by an UltrafleXtreme (Bruker 

Daltonics) in reflector/positive mode. 

• For radioisotope quantification (Figure S3): 4 of the 20 canonical amino acids were included at 

500 µM: Met, Tyr, Lys and Ala. 50 µM [14C]Asp was added. In vitro translation was carried out as 

above. Translation reactions were stopped by adding an equal volume of stop solution [0.9 M 

Tris-HCl (pH 8.45), 8% SDS, 30% glycerol and 0.001% xylene cyanol] and incubating at 95 °C for 2 

min. Then, the samples were analyzed by 15% tricine SDS-PAGE and autoradiography analyzed 

using a Typhoon FLA 7000 imager (GE Healthcare). Peptide yield was normalized by intensity of 

[14C]Asp band. Note that FLAG-tag purification is not carried out during this experiment. 

 

RaPID selection protocol 

Two RNA libraries, consisting of 4–9 and 10–15 NNK codons, were prepared as previously 

described.[9] Briefly, RNA molecules were synthesized by T7 RNA polymerase reactions from DNA 

templates assembled by PCR and purified by PAGE. Furthermore, puromycin-linked mRNA was 

prepared by incubation with puromycin-linked oligonucleotide and T4 RNA ligase and was purified 

by phenol/chloroform extraction and ethanol precipitation. Oligonucleotides for both libraries and 

puromycin-linked oligonucleotide were previously reported.[10] 

Ribosomal synthesis of the macrocyclic peptide libraries was performed as previously described. [9] In 

brief, for the initial selection, 1.2 mM puromycin-linked mRNA library was translated in a Met-

deficient FIT reaction containing 25 mM of 7-tRNAfMet for 30 min at 37 °C. The reaction was 

incubated at 25 °C for 12 min before disruption of the ribosome–mRNA complex by incubation at 37 

°C for 30 min in the presence of 20 mM EDTA. The resulting peptide-linked mRNAs were then 

reverse-transcribed using RNase H-reverse transcriptase (Promega) for 1 h at 42 °C. The mixture was 

desalted by means of Sephadex G-25. Subsequently, brief passage of the reaction over His-Tag 

Dynabeads (Life Technologies) thrice was carried out to remove translation proteins from the library.  

Affinity screening was performed by three serial passages (counterselections, 30 min each at 4 °C) of 

the library over His-Tag Dynabeads (Life Technologies), followed by affinity selection against 200 nM 

His6-C-lobe immobilized on the same beads for 30 min at 4 °C. cDNA was eluted from the beads by 

heating to 95 °C for 5 min and fractional recovery from the final counterselection (negative control) 

and affinity selection step were assessed by quantitative PCR using Sybr Green I on a LightCycler 

thermal cycler (Roche) and results are shown in Figure 2d and Figure S5. Enriched DNA libraries 

were recovered by PCR and used as input for transcription reactions to generate the mRNA library 

for the subsequent round of screening. After five iterative rounds of library synthesis, affinity 

selection, and recovery, the final DNA library was sequenced to identify C-lobe binders. 

For high-throughput sequencing of the selections carried out, DNA samples were PCR-amplified with 

nesting primers,[10] purified using a Nucleospin column (Machery-Nagel), and sequenced using a 

MiSeq high-throughput sequencer (Illumina). Data analysis was performed using CLC sequence 

viewer 8 software (Qiagen). Results for the top 20 hits from each library are shown in Figure S6, and 

for the top 50 hits is shown in Extended Data 1.  

Clone assay: In this experiment we demonstrate the effect of the foldamer initiator on the binding to 

the protein modified beads, for the two different library sizes. mRNA sequences encoding for the top 

hits from the sequencing data underwent an additional round of selection. Peptides, linked to their 
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genotype, were exposed sequentially to unmodified (Neg) and protein-modified (Pos) beads and 

recovery was again determined by qPCR in a manner similar to the selection experiment. In a 

subsequent experiment, the abiotic initiator was substituted with Trp (capable of undergoing 

cyclization) and the resulting peptides were treated as their “abiotic” counterparts. The results are 

shown in Figure 2d and Figure S7.  

 

Circular dichroism (CD) 

CD data were recorded on a Jasco J-810 spectrometer with 1 or 2 mm quartz cuvette. Exact 

experimental parameters, including sample solvent conditions, path length, and other machine 

settings, and all data and subsequent calculations, are described sample by sample in Extended Data 

2. The exact concentration of macrocycle 10 in each sample was determined by taking the average 

absorbance value between 374.8–375.2 nm (𝐴375) and applying it to the Beer-Lambert law: 

[𝟏𝟎] (µ𝑀) =  
𝐴375 ∙ 106

𝜀375 ∙ 𝑙
 

Where 𝜀375 is the extinction coefficient at 375 nm contributed by the Q monomers as previously 

reported (2 × 2,678 M-1 cm-1), and 𝑙 is the path length (cm) of the cuvette. The raw CD data in 

millidegrees (mdeg) was converted to molar extinction per number of quinoline (Q) residues (∆𝜀) by 

the following equation: 

∆𝜀 (𝐿 𝑚𝑜𝑙−1𝑐𝑚−1𝑄𝑟𝑒𝑠
−1) =

𝑚𝑑𝑒𝑔

[𝟏𝟎] ∙ 10−6 ∙ 𝑙 ∙ 32980 ∙ 𝑛𝑄𝑟𝑒𝑠

 

Where 𝑛𝑄𝑟𝑒𝑠
 is the number of Q residues in the compound. 

Protein-macrocycle crystallization 

For co-crystallisation of C-lobe with compound 10, the solutions of these components were kept at 

4 °C and pre-mixed as follows. HRV3C-cleaved C-lobe was buffer exchanged into NaN3 (0.05% (v/v)) 

in H2O, concentrated, and mixed (final concentration: 6.7 mg mL-1) with 1.1 eq. compound 10 in H2O. 

The mixture was centrifuged (17,000 × g, 5 min, 4 °C) and the complex crystallized using the hanging 

drop technique in polyethylene glycol (PEG) 8,000 (7.2% (w/v)), sodium cacodylate (0.06 mM), 

Ca(OAc)2 (0.06 mM), pH 5.5 at 4 °C with a complex solution to reservoir solution ratio of 1:1. The 

plate-like crystals were mounted in nylon loops, cryoprotected with glycerol (15% (v/v)) and flash 

cooled in liquid nitrogen. 

Data collection and structure refinement 

X-ray diffraction data were collected at beamline ID23-1 of the European Synchrotron Radiation 

Facility (ESRF, Grenoble) on a Dectris Eiger2 X 16M detector.[11] Data was processed using XDS 

package and the structure was solved by molecular replacement in Phase-MR using the C-lobe from 

the E6AP-UBCH7 complex as a search model (PDB ID: 1C4Z).[12] The structure was further refined in 

iterative rounds of manual model building and refinement in Coot[13] and Phenix.[14] Jligand[15] was 

used to produce restrain files for the foldamer-peptide hybrid, and the ligand was modelled into 

clearly feasible electron density map at the final stages of refinement. The structure was validated 

with MolProbity and deposited in the PDB under accession code 7QPB.  The statistics of data 

collection and structure refinement are summarized in Table S1. 
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Table S1.  Data collection and refinement statistics 

Wavelength  

Resolution range 29.53  - 2.342 (2.426  - 2.342) 

Space group C 1 2 1 

Unit cell 149.91 59.05 67.3 90 95.466 90 

Total reflections 84596 (8078) 

Unique reflections 24491 (2402) 

Multiplicity 3.5 (3.4) 

Completeness (%) 0.98 (0.97) 

Mean I/sigma(I) 11.91 (1.91) 

Wilson B-factor 50.30 

R-merge 0.06614 (0.6111) 

R-meas 0.07841 (0.7249) 

CC1/2 0.998 (0.673) 

CC* 0.999 (0.897) 

Reflections used in refinement 24488 (2402) 

Reflections used for R-free 1225 (120) 

R-work 0.2152 (0.2840) 

R-free 0.2632 (0.3344) 

CC(work) 0.939 (0.770) 

CC(free) 0.912 (0.679) 

Number of non-hydrogen atoms 3753 

macromolecules 3586 

ligands 110 

Protein residues 422 

RMS(bonds) 0.015 

RMS(angles) 1.05 

Ramachandran favored (%) 98 

Ramachandran allowed (%) 2.3 

Ramachandran outliers (%) 0 

Rotamer outliers (%) 0.26 

Clashscore 3.31 

Average B-factor 52.79 

macromolecules 53.19 

ligands 41.55 
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solvent 49.32 

Statistics for the highest-resolution shell are shown in parentheses. 

 

Fluorescence polarization 

In an F-bottom, black 96-well plate (Greiner, 738-0026), a serial dilution in triplicate of the indicated 

protein was prepared in RaPID selection buffer (Tris-HCl (50 mM) pH 7.6, NaCl (150 mM), DTT 

(5 mM), Tween-20 (0.05% (v/v)), NaN3 (0.05% (w/v))). Compound 11 or 5(6)-carboxyfluorescein 

(Sigma-Aldrich, 21877) was added to each well to a final concentration of 20 nM and a final well 

volume of 200 µL. Buffer-only and fluorophore-only (no protein) controls were also included on the 

plate. The plates were incubated at 4 °C for a minimum of 30 min before measurement. Polarization 

data were measured on a TECAN Infinite M1000 Pro at ambient temperature with the following 

parameters: λex = 475 nm (bandwidth = 5 nm), λex = 525 nm (bandwidth = 5 nm), gain/z-position 

calculated from well with highest protein concentration (Extended Data 2), flashes = 12, settle time 

= 50 ms, G-factor (calibrated from 1 nM fluorescein standard in 10 mM NaOH) = 1.084. For the 

calculation of Kd values, dose-response data were fit in OriginPro 2019b software to the quadratic 

1:1 binding model[16] using the following equation. Full data and fitting results can be found in 

Extended Data 2. 

𝑃𝑜𝑙𝑎𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = 𝐵𝑂𝑇𝑇𝑂𝑀 + (𝑇𝑂𝑃 − 𝐵𝑂𝑇𝑇𝑂𝑀) (
([𝟏𝟏] + 𝐾𝑑 + [𝑃]) − √(𝐴0 + 𝐾𝑑 + [𝑃])2 − 4[𝟏𝟏][𝑃]

2[𝟏𝟏]
) 

Where [𝑃] is total protein concentration (µM), BOTTOM is minimum polarization (mP, unbound), 

TOP is maximum polarization (mP, fully bound), Kd is the dissociation constant (µM), and [𝟏𝟏] is total 

11 concentration (µM), constrained to 0.02. 

Surface plasmon resonance (SPR) 

SPR assays were performed on a Biacore T200 (Cytiva) using a carboxymethyl dextran sensor chip 

pre-coated with streptavidin (SA Sensor Chip Series S; Cytiva). All experiments were carried out at a 

constant temperature of 25 °C in SPR analysis buffer (Tris-HCl (50 mM) pH 7.5, NaCl (150 mM), DTT 

(1 mM), NaN3 (0.05% (w/v)), Tween-20 (0.05% (v/v)). Before immobilizing 12, the chip was 

equilibrated by three injections of NaCl (1 M), NaOH (50 mM) at a flow rate of 10 μL min-1. Then 12 

(10 nM) was injected at a flow rate of 10 μL min-1 for a total contact time of 240 s on flow cell 2. The 

chips were then washed by injecting NaCl (1 M), NaOH (50 mM), propan-2-ol (50% (v/v)). 170 

response units (RU) of 12 were bound per flow cell. Analyses of the kinetics of interaction of His6-C-

lobe with 12 was performed at a flow rate of 30 μL min-1 in SPR analysis buffer at 25°C. Various 

concentrations of the His6-C-lobe (0.073–1200 µM), dissolved in running buffer, were passed over 

the flow cells for 420 s, and the complexes formed were allowed to dissociate for 600 s before the 

next cycle started. After each cycle, the surface was regenerated by injection of NaCl (2.5 M) for 

30 s, followed by SDS (0.05% (w/v)) for 30 s at a flow rate of 30 μL min-1. Sensorgrams were recorded 

using the Biacore T200 Control Software 2.0.2 and analyzed with the Biacore T200 Evaluation 

Software 3.1. The surface of flow cell 1 was not coated and used to obtain blank sensorgrams for 

subtraction of the bulk refractive index background. The referenced sensorgrams were normalized 

to a baseline of 0. Peaks in the sensorgrams at the beginning and the end of the injection are due to 

the run-time difference between the flow cells for each chip. For the calculation of Kd values, 
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maximum response units for each sensorgram curve were plotted against concentration and fit in 

OriginPro 2019b software to the quadratic 1:1 binding model[16] using the following equation, 

including a linear factor to account for non-specific binding and/or aggregation. Full data and fitting 

results can be found in Extended Data 2. 

𝑅𝑈 = 𝐵𝑂𝑇𝑇𝑂𝑀 + 𝐵[𝑃] + (𝑇𝑂𝑃 − 𝐵𝑂𝑇𝑇𝑂𝑀) (
(𝐴0 + 𝐾𝑑 + [𝑃]) − √(𝐴0 + 𝐾𝑑 + [𝑃])2 − 4𝐴0[𝑃]

2𝐴0

) 

Where RU is SPR response units, [𝑃] is total protein concentration (µM), BOTTOM is the minimum 

RU value (unbound), constrained to 0, TOP is the maximum RU value (fully bound) B is a linear 

coefficient, Kd is the dissociation constant (µM), and A0 is a factor relating to total ligand 

concentration. 

Molecular dynamics simulation setup 

We carried out MD simulations on four macrocycle-C-lobe complexes. These are the two by two 

combinations of the M or P foldamer helix, with the α-helix or its V10A mutant. We built the initial 

structures of all four systems by adopting the positions and structures of C-lobe and α-helix in the 

crystal structure. The macrocycle with a foldamer helix was built using previously developed 

arylamide building blocks,[17] in combination with amino acid residues, including a modified cysteine 

residue, with the AMBER20 software package.[18] The α-helix structure (in both M and P 

macrocycles), as well as the P foldamer helix structure, were adjusted to reproduce and align with 

the crystal structure. Before solvation and equilibration, the foldamer helix also undergoes 

minimization while C-lobe and α-helix are kept fixed. 

Each macrocycle-C-lobe complex was then solvated by explicit TIP3P water molecules in a periodic 

box measuring about 70 Å along each side. The ff14SB force field[19] was used for amino acid 

residues. The general AMBER force field (GAFF),[20] with improved torsional parameters,[17] was used 

for the aromatic foldamer. Following a standard RESP[21] charge fitting procedure, we also created a 

new cysteine unit with modified side chain to connect to the N-terminus of the foldamer helix. All 

systems were equilibrated using the same procedure involving minimization with solvent, heating 

and NPT simulation at 1 atm and 300K. Production runs using the NVT ensemble at 300K were then 

carried out for 500 to 1500 ns per run. For each system, 2-3 production runs were carried out in 

parallel using slightly different equilibrated structures (extracted at different times of the NPT 

equilibration run). The trajectories were then analyzed mainly using the cpptraj program in the 

AMBER20 package in terms of RMSD, distance, hydrogen bonding etc. as discussed. 

Binding mode analysis 

Binding mode analysis was carried out using a combination of visual inspection, RMSD calculations 

with respect to different reference structures (crystal structure or average structure of sections of 

trajectories with alternative binding mode), as well as analysis of specific residue to residue 

distances. Figure S21 illustrates an example of a MD trajectory exhibits two binding modes. We then 

consolidated the conformations (i.e. sections of MD trajectories from all runs for the system) that 

belong to each binding mode for further analysis of the binding interactions. Figure S22–S25 

illustrate different binding modes found in the MD simulations of the P and M foldamer with Val10 

α-helix macrocycle-C-lobe complexes. Residues that contribute to binding between macrocycle and 

C-lobe are shown and labelled specifically in the snapshot. Also shown in Figure S22–S25 are 

distance histograms illustrating formation of salt bridges, as well as contacts between the aromatic 

and/or hydrophobic groups of the macrocycle and protein surface.  
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Role of Tyr11 in M foldamer macrocycles 

The distance histogram in Figure S26 clearly shows the persistent stacking of Tyr11 with QDap2 in the 
M foldamer macrocycle with Val10. The stacking is not so constant in the macrocycle with the V10A 
mutant. 

Destabilization of the α-helix in macrocycle with P foldamer and V10A 

mutation 

Secondary structure analysis (Table S2) gives evidence on a significant destabilization of the α-helix 
(unwinding as shown in row 2 of Figure S27) upon the V10A mutation. For each 10-C-lobe, the 
analysis is carried out on all MD trajectories, thus including all binding modes. The fraction of helicity 
is based on average over time and all parallel runs of each system. The same mutation has a 
moderate effect on the M macrocycle helix. 

Table S2. Fraction of helicity (3-10 and α-helix) obtained from residue by residue secondary 
structure analysis.[22] 

Macrocycles 
P foldamer 

Val10 
Total (3-10/α) 

M foldamer 
Val10 

Total (3-10/α) 

P Foldamer 
V10A 

Total (3-10/α) 

M foldamer 
V10A 

Total (3-10/α) 

Trp7 0.01 (0.01/0.00) 0.00 0.00 0.00 

Arg8 0.67 (0.07/0.60) 0.84 (0.00/0.84) 0.19 (0.06/0.14) 0.59 (0.03/0.56) 

Tyr9 0.68 (0.07/0.61) 0.88 (0.01/0.87) 0.22 (0.06/0.16) 0.61 (0.03/0.58) 

Val10 or Ala10 0.78 (0.14/0.64) 0.92 (0.02/0.90) 0.62 (0.41/0.21) 0.81 (0.15/0.66) 

Tyr11 0.87 (0.21/0.66) 0.95 (0.05/0.90) 0.69 (0.43/0.26)  0.87 (0.20/0.67) 

Gln12 0.57 (0.21/0.36) 0.75 (0.07/0.68) 0.62 (0.42/0.20) 0.66 (0.21/0.45) 

Lys13 0.44 (0.14/0.31) 0.53 (0.06/0.47) 0.47 (0.21/0.16) 0.46 (0.16/0.30) 

Cys14 0.15 (0.02/0.13) 0.31 (0.02/0.29) 0.08 (0.00/0.08) 0.14 (0.03/0.11) 
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9.3. Chemical synthesis 

 

Scheme S1. Foldamer-peptide hybrid sequences synthesized in the context of this study. The α-
amino acid residues are written in one-letter code e.g. GF stands for Gly-Phe dipeptide and P in 
brown color stands for the pyridine unit. 

 

Materials 

Fmoc-QAla-OH, Fmoc-QOH-OH, Fmoc-QDap-OH and P monomers were prepared following reported 

synthetic protocols.[23–25] 

If not otherwise mentioned, chemical reagents were purchased from Sigma-Aldrich. Fmoc-N-

protected amino acids, benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate 
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(PyBOP), benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP), 2-(1H-

benzotriazol-1-yl)-1,1,3,3-tetramethyl-uronium-hexafluorophosphate (HBTU) and Biotin-PEG4-COOH 

were purchased from IRIS Biotech. Solvents were purchased from Fisher Scientific (cyclohexane, 

ethyl acetate, dichloromethane (DCM), methanol and acetone, analytical grade), IRIS (N-methyl-2-

pyrrolidinone (NMP)) or Carlo Erba (N,N-dimethylformamide (DMF) peptide grade) and used without 

further purification. Anhydrous tetrahydrofuran (THF) and anhydrous dichloromethane were 

obtained from MBRAUN SPS-800 solvent purification system. N,N’-diisopropylethylamine (DIPEA) 

was distilled over CaH2 prior to use. Exclusively ultrapure water was used. Rink amide MBHA resin 

was purchased from CEM. SASRIN resin was purchased from IRIS biotech. H-(ʟ)-Phe-2-CT-resin was 

purchased from Novabiochem. Silica column chromatography was performed on silica gel (230-400 

mesh, 40-63 μm, Merck) and thin-layer chromatography (TLC) was performed on silica gel 60-F254 

plates (Merck).  

9.4. General methods for solid-phase synthesis 

9.5. Solid-phase peptide synthesis (SPPS) 
The peptide segments of compounds 1-9 were synthesized manually in a syringe reactor equipped 

with a filter on pre-loaded H-(ʟ)-Phe-Chlorotrityl resin (manufacturer’s loading: 0.54 mmol.g−1; scale 

between 11 and 100 µmol). Fmoc-Gly-OH (3 eq. relative to resin loading) was coupled in the 

presence of HBTU (2.9 eq.) and DIPEA (6 eq.) in DMF at r.t. for 1 h and coupling was repeated once 

for 2 h.  

The peptide segment for compounds 10–12 (P10–P12 respectively) was synthesized using a Liberty 

Blue CEM® synthesizer at a scale of 100 µmol. Microwave couplings were performed twice at 50°C 

for 10 min with Fmoc-N-α-amino acid (5 eq. relative to the resin loading, 0.5 mmol), PyBOP (5 eq., 

0.5 mmol), and DIPEA (10 eq. 1.0 mmol) in DMF (4 mL in total). Fmoc deprotection was performed 

twice with 20% (v/v) piperidine in DMF (2.0 mL) at 75°C (1 × 30 s and 1 × 180 s). The resin was 

washed with DMF (2 × 2 mL) after the two consecutive deprotection steps and one time with DMF (3 

mL) in between coupling and deprotection steps.  

9.6. Solid-phase foldamer synthesis (SPFS) for compounds 1–9, 11–12 
SPFS for compounds 1–9 (including acid chloride activation, HBTU coupling and Fmoc deprotection) 

was undertaken according to reported protocols.[26] 

9.7. Solid-phase foldamer synthesis (SPFS) of F10 
The SPFS of foldamer fragment of 10 (F10) was carried out on a Discover-Bio CEM® microwave oven 

in open vessel mode as previously described[2] on Fmoc-Gly-SASRIN resin (manufacturer’s loading: 

0.79 mmol g−1) by using the in situ activation strategy on a 200 µmol scale. 

9.8. Fragment condensation 
F10 was next coupled via a fragment condensation approach (Figure S2) on the resin-bound peptide 

P10 on a 0.050 mmol scale. To remove any remaining moisture, F10 was lyophilized prior to 

coupling. F10 (50 mg, 0.047 mmol, 0.94 eq.) was then dissolved in dry NMP (0.4 mL) and dry THF (1.0 

mL) together with DIPEA (35 µL, 0.2 mmol, 4 eq.) and BOP (44 mg, 0.1 mmol, 2 eq.). After pre-

activation for 3 min, the coupling solution was added to the resin-bound H-Phe-peptide P10 under 

N2 atmosphere. The mixture was stirred for 24 h at r.t. by monitoring the progress of the reaction via 

HPLC analysis. The resin solution was filtered off and washed with DMF (3 x 3 mL). To facilitate HPLC 

purification, remaining unreacted resin-bound H-Phe-peptide P10 was acetylated (Method 9.9). 
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9.9. N-terminal acetylation 
Unreacted N-terminal aliphatic amines were acetylated with a solution of acetic anhydride in DCM 

(50% (v/v), 1 mL per 100 mg resin). The resin was incubated with this reaction mixture for 10 min 

with mechanical shaking at r.t. For the N-terminal aromatic amines of the Q monomers, the reaction 

time was extended to 16 h at r.t. and DIPEA (5 eq.) was added to the reaction mixture.  

9.10. N-terminal chloroacetylation 
For N-terminal chloroacetylation, the resin was incubated with a solution of chloroacetic anhydride 

(10 eq.) together with DIPEA (20 eq.) in dry DCM or DMF for 15 min at r.t. with mechanical shaking. 

This step was repeated once without washing in between. For the aromatic amine of Q monomers, 

the reaction time was extended to 30 min (twice). The resin solution was filtered off, washed with 

DCM and dried under a stream of nitrogen.  

9.11. Cleavage of resin-bound oligomers 
For Cys-containing foldamer-peptide hybrids (10a–12a), the Rink amide resin was treated with the 

cleavage cocktail (10-15 mL per gram of resin) consisting of trifluoroacetic acid 

(TFA)/triisopropylsilane (TIS)/ethane-1,2-dithiol (EDT)/H2O (92.5:2.5:2.5:2.5, v/v/v/v) at r.t. for 120 

min. Precipitation and subsequent centrifugation of the foldamer-peptide hybrids and fragments 

were performed in cold Et2O. The precipitates were dried under a stream of nitrogen, dissolved in an 

acetonitrile/water mixture and lyophilized. 

For the cleavage of protected foldamer fragments (1a–9a), the corresponding chlorotrityl or SASRIN 

resin was treated with a solution (20 mL per gram of resin) of hexafluoroisopropanol (HFIP) in dry 

DCM (60% (v/v)) for 60 min at r.t. This cleavage step was repeated once giving a better recovery 

yield without loss of purity of the crude. Foldamer fragment F10 was cleaved with a solution of HFIP 

in dry DCM (30:70, v/v) for 2 x 60 min at r.t. 

9.12. Cyanomethyl ester (CME) installation 
The CME ester was installed on the crude cleavage products of foldamer-Gly-Phe-OH fragments 

(precursors of 1-6 and 7-9). The foldamer-Gly-Phe-OH was dissolved in anhydrous DMF directly 

followed by the addition of freshly distilled DIPEA (6 eq.) or pre-dried potassium carbonate (6 eq.) 

and bromo acetonitrile (6 eq.). The reaction mixture was stirred for 2 h at r.t. under inert N2 

atmosphere. The progression of the reaction was monitored by TLC (EtOAc/cyclohexane mixtures). 

The crude protected CME adducts were extracted with EtOAc and washed once with 5% (v/v) citric 

acid in water and twice with saturated aqueous (sat. aq.) NaCl. The organic layer was dried over 

MgSO4, filtered over cotton, and concentrated under reduced pressure. The remaining DMF was 

azeotroped with toluene (3×) and crude CME esters were purified by silica column chromatography 

(ethylacetate/cyclohexane mixtures or MeOH/DCM mixtures, yields: 37%-89%).  

9.13. Boc/tert-Bu deprotection of CME containing foldamer-peptide 

hybrids 
Deprotection of Boc and tBu protecting groups was performed by dissolving the foldamer-Gly-Phe-

CEM esters in a mixture of TFA:DCM:TIS (50:48:2 v/v/v) and stirring at r.t. for 2 h. The solvents were 

removed by evaporation and the pure solid compounds were obtained after trituration in Et2O.  

9.14. General methods for NMR, HRMS, HPLC analysis and purification 
1H NMR spectra were recorded on Avance III HD 400 MHz Bruker BioSpin and Avance III HD 500 MHz 

Bruker BioSpin spectrometers. All chemical shifts are reported in ppm and calibrated against residual 



 

174 
 

solvent signals of DMSO-d6 (δ 2.50 ppm) and CDCl3 (δ 7.26 ppm). In the case of 1H NMR spectra 

recorded in H2O/CH3CN, 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TPS) was added to 

the medium and calibrated against δ 0.00. Coupling constants (J) are reported in Hz. Signal 

multiplicities were abbreviated as s, singlet; d, doublet; t, triplet; q, quartet, and m, multiplet. 

High-resolution electrospray mass spectra for compounds 1–9 were recorded on a Thermo Finnigan 

LTQ FT Ultra FourierTransform Ionen Cyclotron Resonance Mass Spectrometer by direct infusion of 

the analyte dissolved in either DCM or aqueous media in positive or negative ionization mode. Mass 

spectra for compounds 10–12 were recorded on a Bruker microTOF II by direct infusion from 

aqueous media in either positive or negative ionization mode. The instrument was calibrated in 

positive and negative mode by direct infusion of a calibration solution (Agilent Technologies ESI-L 

Low Concentration Tuning Mix). 

RP-HPLC analyses, as well as semi-preparative purification, were performed on an Ultimate 3000 

HPLC System (ThermoFisher Scientific). Preparative RP-HPLC purification was performed on a Waters 

system with a 2707 Autosampler, a 2489 UV/Visible detector, a 2545 Quaternary Gradient Module 

and a Fraction Collector III. For analytical analysis, a Nucleodur C18 Gravity column (4 × 100 mm, 5 

μm, Macherey-Nagel) was used, and semi-preparative purifications were performed on a Nucleodur 

C18 Gravity column (10 × 250 mm, 5 μm, Macherey-Nagel). A Nucleodur C8 Gravity column (4 × 50 

mm, 5 μm, Macherey-Nagel) was also used in analytical mode and for semi-preparative purification, 

the Nucleodur C8 Gravity column (10 × 100 mm, 5 μm, Macherey-Nagel) was employed. Semi-

preparative purification was performed with an automated fraction collector system from 

ThermoFisher Scientific. Preparative purifications were performed on a VP 125/21 Nucelodor C18 

HTec column (21 × 125 mm, 5 μm, Macherey-Nagel). When using acidic conditions 0.1% (v/v) TFA 

was added to the aqueous mobile phase (referred to as mobile phase A) and to acetonitrile (referred 

to as mobile phase B). For analytical RP-HPLC analysis, a flow rate of 1.0 mL.min-1 was applied, semi-

preparative purification on RP-HPLC was performed at a flow rate of 5.0 mL.min-1, and preparative 

purification was performed at 25 mL.min-1. The column eluent was monitored by UV detection at 

214, 254, and/or 300 nm with a diode array detector. 
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9.15. Experimental procedures for chemical synthesis 

 

Compound 1a: Compound 1a was prepared on a preloaded H-(ʟ)-Phe-2-CT resin (0.60 mmol/g) using 

SPPS (Method 9.5) and SPFS (Method 9.6) synthesis protocols on an 0.011 mmol scale. After final 

acetylation (Method 9.9) and resin cleavage (Method 9.11) with HFIP:DCM (60:40, v/v), a crude 

brown powder was recovered in 44% yield (3.9 mg) and was used directly in subsequent reactions 

without further purification steps. 

Compound 1: Compound 1 was synthesized from carboxylic acid 1a (3.9 mg, 4.9 µmol) using the 

general cyanomethyl installation protocol (Method 9.12). The obtained crude residue was purified 

by silica gel column chromatography using a mixture of EtOAc and cyclohexane starting from 50% to 

100% (v/v) EtOAc. After evaporating the corresponding fractions, compound 3 was obtained as a 

white solid (1.7 mg, 41%). 1H NMR (500 MHz, Chloroform-d) δ 11.93 (s, 1H), 9.60 (s, 1H), 9.46 (s, 1H), 

9.06 (dd, J = 7.7, 1.3 Hz, 1H), 8.67 (d, J = 7.7 Hz, 1H), 8.59 (t, J = 5.5 Hz, 1H), 8.31 (dd, J = 7.6, 1.1 Hz, 

1H), 7.98 – 7.94 (m, 2H), 7.84 (dd, J = 16.3, 8.1 Hz, 2H), 7.74 (s, 1H), 7.64 (t, J = 8.1 Hz, 1H), 7.55 (s, 

1H), 7.50 – 7.45 (m, 1H), 7.18 (p, J = 3.6 Hz, 3H), 6.92 – 6.86 (m, 2H), 4.96 – 4.90 (m, 1H), 4.76 (dd, J = 

15.0, 6.2 Hz, 1H), 4.69 (d, J = 15.6 Hz, 1H), 4.61 – 4.52 (m, 1H), 4.45 (d, J = 15.7 Hz, 1H), 4.36 (dd, J = 

17.0, 6.4 Hz, 1H), 4.29 – 4.21 (m, 1H), 4.15 (s, 3H), 4.13 (s, 3H), 2.94 (dd, J = 14.0, 5.5 Hz, 1H), 2.82 

(dd, J = 14.0, 7.6 Hz, 1H), 1.88 (s, 3H). HRMS (ESI+): m/z calculated for C44H39N9O9 [M+H]+ 838.2944 

found 838.2945. 

 

 

 

Compound 2a: Compound 2a was prepared on a preloaded H-(ʟ)-Phe-2-CT resin (0.60 mmol/g) using 

SPPS (Method 9.5) and SPFS (Method 9.6) synthesis protocols on an 0.011 mmol scale. After final 

acetylation (Method 9.9) and resin cleavage (Method 9.11) with HFIP:DCM (60:40, v/v), a crude 

brown powder was recovered in 42% yield (4.1 mg) and was used directly in subsequent reactions 

without further purification steps. 

Compound 2b: Compound 2b was synthesized from carboxylic acid 2a (4.1 mg, 4.6 µmol) using the 

general cyanomethyl installation protocol (Method 9.12). The obtained crude residue was purified 
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by silica gel column chromatography using a mixture of EtOAc in cyclohexane starting from 30% to 

100% (v/v) EtOAc. After evaporating the corresponding fractions, compound 2b was obtained as a 

white solid (3.8 mg, 89%). 1H NMR (500 MHz, CDCl3/DMSO) δ 11.75 (s, 1H), 9.67 (s, 1H), 9.45 (t, J = 

6.1 Hz, 1H), 8.83 (dd, J = 7.7, 1.3 Hz, 1H), 8.49 (dd, J = 15.6, 8.2 Hz, 2H), 8.39 (d, J = 6.0 Hz, 1H), 8.10 

(s, 1H), 8.05 (dd, J = 7.6, 1.2 Hz, 1H), 7.76 – 7.72 (m, 2H), 7.67 (dd, J = 7.7, 1.2 Hz, 1H), 7.49 (dd, J = 

8.5, 1.2 Hz, 1H), 7.43 – 7.38 (m, 1H), 7.38 – 7.34 (m, 2H), 6.98 – 6.96 (m, 3H), 6.71 – 6.65 (m, 2H), 

6.14 (s, 1H), 4.62 (d, J = 5.6 Hz, 2H), 4.55 (dd, J = 9.0, 5.0 Hz, 1H), 4.48 (dd, J = 15.0, 8.0 Hz, 2H), 4.28 

(d, J = 6.2 Hz, 1H), 4.23 (d, J = 15.7 Hz, 1H), 4.12 (d, J = 5.2 Hz, 2H), 3.93 (s, 3H), 2.65-2.55 (m, 2H), 

1.60 (s, 3H), 1.30 (s, 9H). HRMS (ESI+): m/z calculated for C49H48N10O10 [M+H]+ 937.3628 found 

937.3626. 

Compound 2: Compound 2 was synthesized from cyanomethyl ester 2b (1.4 mg, 1.5 µmol) using the 

general deprotection protocol (Method 9.13) in a TFA:DCM:TIS mixture. The obtained white powder 

was used without further purification (0.7 mg, 0.7 µmol, 50%).1H NMR (500 MHz, DMSO-d6) δ 12.12 

(s, 1H), 10.23 (s, 1H), 10.18 (t, J = 6.1 Hz, 1H), 8.96 (dd, J = 7.7, 1.3 Hz, 1H), 8.90 (t, J = 6.2 Hz, 1H), 

8.79 (d, J = 7.6 Hz, 1H), 8.74 (dd, J = 7.8, 1.2 Hz, 1H), 8.51 (s, 3H), 8.37 (s, 1H), 8.19 (dd, J = 7.6, 1.2 Hz, 

1H), 8.13 (t, J = 7.7 Hz, 1H), 7.92 (dd, J = 8.4, 1.4 Hz, 1H), 7.86 (dd, J = 8.5, 1.3 Hz, 1H), 7.79 – 7.69 (m, 

4H), 7.61 (s, 1H), 7.11 – 7.05 (m, 5H), 4.92 – 4.82 (m, 4H), 4.69 (s, 2H), 4.59 (td, J = 8.1, 6.0 Hz, 1H), 

4.23 (dd, J = 16.9, 6.3 Hz, 1H), 4.17 (s, 3H), 4.16 – 4.12 (m, 1H), 2.96 (dd, J = 13.7, 6.0 Hz, 1H), 2.90 

(dd, J = 13.8, 8.6 Hz, 1H), 2.13 (s, 3H). HRMS (ESI+): m/z calculated for C44H41N10O8 [M+H]+ 837.3103 

found 837.3100. 
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Compound 3a: Compound 3a was prepared on a preloaded H-(ʟ)-Phe-2-CT resin (0.60 mmol/g) using 

SPPS (Method 9.5) and SPFS (Method 9.6) synthesis protocols on an 0.011 mmol scale. After final 

acetylation (Method 9.9) and resin cleavage (Method 9.11) with HFIP/DCM (60:40, v/v), a crude 

brown powder was recovered in 54% yield (5.0 mg) and was used directly in subsequent reactions 

without further purification steps. 

Compound 3b: Compound 3b was synthesized from carboxylic acid 3a (5.0 mg, 5.0 µmol) using the 

general cyanomethyl installation protocol (Method 9.12). The obtained crude residue was purified 

by silica gel column chromatography using a mixture of EtOAc in cyclohexane starting from 50% to 

100% (v/v) EtOAc. After evaporating the corresponding fractions, compound 3b was obtained as a 

white solid (1.2 mg, 37%). 1H NMR (500 MHz, Chloroform-d) δ 11.97 (s, 1H), 9.61 (s, 1H), 9.43 (t, J = 

6.1 Hz, 1H), 9.07 (dd, J = 7.7, 1.3 Hz, 1H), 8.69 – 8.60 (m, 2H), 8.30 (dd, J = 7.7, 1.1 Hz, 1H), 7.99 – 

7.93 (m, 2H), 7.89 – 7.85 (m, 2H), 7.83 (dd, J = 7.7, 1.2 Hz, 1H), 7.64 (t, J = 8.1 Hz, 1H), 7.56 (s, 1H), 

7.49 – 7.44 (m, 1H), 7.20 – 7.15 (m, 3H), 6.89 (dd, J = 6.5, 2.8 Hz, 2H), 6.41 (d, J = 8.8 Hz, 1H), 4.92 

(ddd, J = 8.7, 7.5, 5.6 Hz, 1H), 4.76 – 4.68 (m, 2H), 4.62 (dd, J = 14.8, 5.9 Hz, 1H), 4.37 (d, J = 15.6 Hz, 

1H), 4.35 – 4.25 (m, 2H), 4.13 (s, 3H), 2.93 (dd, J = 14.1, 5.7 Hz, 1H), 2.82 (dd, J = 14.0, 7.5 Hz, 1H), 

1.88 (s, 3H), 1.71 (s, 9H). HRMS (ESI+): m/z calculated for C47H45N9O9 [M+H]+ 880.3413 found 

880.3416  

Compound 3: Compound 3 was synthesized from cyanomethyl ester 3b (1.2 mg, 1.3 µmol) using the 

general deprotection protocol (Method 9.13) in a TFA:DCM:TIS mixture. The obtained white powder 

was used without further purification (0.5 mg, 0.6 µmol, 54%). 1H NMR (500 MHz, DMSO-d6) δ 12.16 

(s, 1H), 11.93 (s, 1H), 10.10 (s, 1H), 10.06 (t, J = 6.2 Hz, 1H), 8.97 (dd, J = 7.7, 1.3 Hz, 1H), 8.88 (t, J = 

6.2 Hz, 1H), 8.79 (d, J = 7.5 Hz, 1H), 8.65 (dd, J = 7.8, 1.3 Hz, 1H), 8.18 (dd, J = 7.6, 1.2 Hz, 1H), 8.12 (t, 

J = 7.7 Hz, 1H), 7.93 (dd, J = 8.4, 1.3 Hz, 1H), 7.81 (dd, J = 8.4, 1.4 Hz, 1H), 7.76 – 7.71 (m, 2H), 7.65 (s, 

2H), 7.52 (t, J = 8.1 Hz, 1H), 7.11 – 7.04 (m, 5H), 4.86 (d, J = 4.4 Hz, 2H), 4.84 – 4.79 (m, 2H), 4.59 (td, J 

= 8.0, 6.4 Hz, 1H), 4.25 (dd, J = 17.0, 6.4 Hz, 1H), 4.17 (s, 3H), 4.17 – 4.12 (m, 1H), 2.99 – 2.84 (m, 2H), 

2.12 (s, 3H). HRMS (ESI–): m/z calculated for C43H37N9O9 [M–H]– 822.2641 found 822.2641. 
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Compound 4a: Compound 4a was prepared on a preloaded H-(ʟ)-Phe-2-CT resin (0.60 mmol/g) using 

SPPS (Method 9.5) and SPFS (Method 9.6) synthesis protocols on an 0.011 mmol scale. After final 

acetylation (Method 9.9) and resin cleavage (Method 9.11) with HFIP:DCM (60:40, v/v), a crude 

brown powder was recovered in 25% yield (2.5 mg) and was used directly in subsequent reactions 

without further purification steps. 

Compound 4: Compound 4 was synthesized from carboxylic acid 4a (2.5 mg, 2.7 µmol) using the 

general cyanomethyl installation protocol (Method 9.12). The obtained crude residue was purified 

by silica gel column chromatography using a mixture of MeOH in DCM starting from 1% to 6% (v/v) 

MeOH. After evaporating the corresponding fractions, compound 4 was obtained as a white solid 

(2.0 mg, 76%). 1H NMR (500 MHz, Chloroform-d) δ 11.73 (s, 1H), 11.63 (s, 1H), 9.51 (d, J = 5.3 Hz, 1H), 

8.58 (ddd, J = 14.6, 7.7, 1.3 Hz, 2H), 8.32 (s, 1H), 8.19 (d, J = 7.6 Hz, 1H), 8.03 (t, J = 7.7 Hz, 1H), 8.00 

(d, J = 7.6 Hz, 1H), 7.97 (dd, J = 8.5, 1.3 Hz, 1H), 7.93 (dd, J = 8.4, 1.3 Hz, 1H), 7.86 (t, J = 7.7 Hz, 1H), 

7.76 (s, 1H), 7.71 (d, J = 7.7 Hz, 1H), 7.61 – 7.57 (m, 1H), 7.51 – 7.46 (m, 1H), 7.29 (d, J = 9.7 Hz, 1H), 

7.23 (d, J = 4.9 Hz, 1H), 7.12 – 7.06 (m, 3H), 6.96 (dd, J = 6.7, 2.9 Hz, 2H), 6.44 (d, J = 7.7 Hz, 1H), 6.36 

(s, 1H), 5.04 (d, J = 5.0 Hz, 2H), 4.82 – 4.77 (m, 1H), 4.65 (d, J = 15.6 Hz, 1H), 4.54 (d, J = 15.6 Hz, 1H), 

4.21 (s, 3H), 4.09 (s, 3H), 3.93 (t, J = 5.9 Hz, 2H), 3.90 – 3.83 (m, 1H), 3.75 (dd, J = 16.0, 5.1 Hz, 1H), 

3.02 – 2.93 (m, 2H), 1.77 (s, 3H). HRMS (ESI+): m/z calculated for C51H45N11O10 [M+H]+ 972.3424 

found 972.3419. 

 

 

 

Compound 5a: Compound 5a was prepared on a preloaded H-(ʟ)-Phe-2-CT resin (0.60 mmol/g) using 

SPPS (Method 9.5) and SPFS (Method 9.6) synthesis protocols on an 0.011 mmol scale. After final 

acetylation (Method 9.9) and resin cleavage (Method 9.11) with HFIP:DCM (60:40, v/v), a crude 

brown powder was recovered in 27% yield (3.0 mg) and was used directly in subsequent reactions 

without further purification steps. 

Compound 5b: Compound 5b was synthesized from carboxylic acid 5a (3.0 mg, 3.0 µmol) using the 

general cyanomethyl installation protocol (Method 9.12). The obtained crude residue was purified 
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by silica gel column chromatography using a mixture of MeOH in DCM starting from 1% to 5% (v/v) 

MeOH. After evaporating the corresponding fractions, compound 5b was obtained as a white solid 

(1.5 mg, 48%). 1H NMR (500 MHz, DMSO-d6) δ 11.83 (s, 1H), 11.78 (s, 1H), 9.53 (d, J = 5.8 Hz, 1H), 

8.57 (d, J = 7.3 Hz, 1H), 8.54 (dd, J = 7.8, 3.4 Hz, 2H), 8.46 (t, J = 5.9 Hz, 1H), 8.19 (s, 1H), 8.14 – 8.10 

(m, 2H), 8.06 (d, J = 7.5 Hz, 1H), 7.99 (t, J = 7.7 Hz, 1H), 7.90 (d, J = 7.6 Hz, 1H), 7.86 (dd, J = 8.5, 1.6 

Hz, 2H), 7.79 (d, J = 7.7 Hz, 1H), 7.63 (dt, J = 11.7, 7.9 Hz, 3H), 7.37 (dd, J = 7.7, 1.1 Hz, 1H), 7.20 (s, 

1H), 7.12 – 7.07 (m, 5H), 4.97 (d, J = 5.4 Hz, 2H), 4.85 (d, J = 1.0 Hz, 2H), 4.75 (d, J = 5.9 Hz, 2H), 4.50 

(q, J = 7.2 Hz, 1H), 4.10 (s, 3H), 3.84 (qd, J = 16.8, 5.7 Hz, 2H), 3.62 (d, J = 5.8 Hz, 2H), 2.91 (dd, J = 7.3, 

3.9 Hz, 2H), 1.64 (s, 3H), 1.44 (s, 9H). HRMS (ESI–): m/z calculated for C56H54N12O11 [M–H]– 1069.3962 

found 1069.3979. 

Compound 5: Compound 5 was synthesized from cyanomethyl ester 5b (1.5 mg, 1.4 µmol) using the 

general deprotection protocol (Method 9.13) in a TFA:DCM:TIS mixture. The obtained white powder 

was used without further purification (0.6 mg, 0.6 µmol, 40 %). 1H NMR (500 MHz, DMSO-d6) δ 11.77 

(s, 1H), 11.76 (s, 1H), 9.61 (t, J = 5.2 Hz, 1H), 8.55 – 8.46 (m, 7H), 8.40 (s, 1H), 8.17 – 8.11 (m, 2H), 

8.06 (d, J = 7.5 Hz, 1H), 8.01 (t, J = 7.7 Hz, 1H), 7.91 (dd, J = 10.3, 8.0 Hz, 2H), 7.85 (dd, J = 8.4, 1.3 Hz, 

1H), 7.80 (d, J = 7.9 Hz, 1H), 7.71 (t, J = 8.1 Hz, 1H), 7.62 (t, J = 8.1 Hz, 1H), 7.38 (d, J = 7.7 Hz, 1H), 

7.12 – 7.06 (m, 6H), 4.99 (d, J = 5.1 Hz, 2H), 4.86 (s, 2H), 4.72 (s, 2H), 4.48 (q, J = 7.2 Hz, 1H), 4.09 (s, 

4H), 3.89 – 3.78 (m, 2H), 3.57 (d, J = 5.9 Hz, 2H), 2.96 – 2.86 (m, 2H), 1.67 (s, 3H). HRMS (ESI+): m/z 

calculated for C51H48N12O9 [M+H]+ 971.3583 found 971.3587. 

 

 

 

Compound 6a: Compound 6a was prepared on a preloaded H-(ʟ)-Phe-2-CT resin (0.60 mmol/g) using 

SPPS (Method 9.5) and SPFS (Method 9.6) synthesis protocols on an 0.011 mmol scale. After final 

acetylation (Method 9.9) and resin cleavage (Method 9.11) with HFIP:DCM (60:40, v/v), a crude 

brown powder was recovered in 28% yield (3.0 mg) and was used directly in subsequent reactions 

without further purification steps. 

Compound 6b: Compound 6b was synthesized from carboxylic acid 6a (3.0 mg, 3.1 µmol) using the 

general cyanomethyl installation protocol (Method 9.12). The obtained crude residue was purified 

by silica gel column chromatography using a mixture of MeOH in DCM starting from 1% to 5% (v/v) 

MeOH. After evaporating the corresponding fractions, compound 4b was obtained as a white solid 

(1.5 mg, 48%). 1H NMR (500 MHz, Chloroform-d) δ 11.79 (s, 1H), 11.66 (s, 1H), 9.45 (t, J = 5.2 Hz, 1H), 

8.63 (dd, J = 7.7, 1.3 Hz, 1H), 8.57 (dd, J = 7.7, 1.3 Hz, 1H), 8.34 (t, J = 5.6 Hz, 1H), 8.20 (dd, J = 7.6, 1.0 

Hz, 1H), 8.02 (t, J = 7.2 Hz, 1H), 8.00 – 7.96 (m, 2H), 7.92 (dd, J = 8.5, 1.3 Hz, 1H), 7.90 (s, 1H), 7.83 (t, 

J = 7.7 Hz, 1H), 7.70 (dd, J = 7.8, 1.0 Hz, 1H), 7.59 (dd, J = 8.4, 7.7 Hz, 1H), 7.48 – 7.43 (m, 1H), 7.10 – 

7.05 (m, 3H), 6.96 – 6.91 (m, 2H), 6.45 (d, J = 7.8 Hz, 1H), 6.31 (t, J = 5.4 Hz, 1H), 5.05 (t, J = 4.5 Hz, 

2H), 4.78 (dt, J = 7.8, 6.1 Hz, 1H), 4.60 (d, J = 15.6 Hz, 1H), 4.49 (d, J = 15.6 Hz, 1H), 4.09 (s, 3H), 3.91 
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(dd, J = 5.6, 4.3 Hz, 2H), 3.85 (dd, J = 16.2, 5.4 Hz, 1H), 3.74 (dd, J = 16.4, 5.3 Hz, 1H), 2.99 – 2.90 (m, 

2H), 1.76 (s, 8H), 1.74 (s, 3H). HRMS (ESI+): m/z calculated for C54H51N11O11 [M+H]+ 1014.3893 found 

1014.3894. 

Compound 6: Compound 6 was synthesized from cyanomethyl ester 6b (1.5 mg, 1.5 µmol) using the 

general deprotection protocol (Method 9.13) in a TFA:DCM:TIS mixture. The obtained white powder 

was used without further purification (0.5 mg, 0.5 µmol, 35 %). 1H NMR (500 MHz, DMSO-d6) δ 12.06 

(s, 1H), 11.89 (s, 1H), 11.73 (s, 1H), 9.49 (t, J = 5.3 Hz, 1H), 8.62 (d, J = 7.3 Hz, 1H), 8.51 (ddd, J = 16.7, 

7.7, 1.3 Hz, 2H), 8.46 (t, J = 5.7 Hz, 1H), 8.15 – 8.05 (m, 3H), 7.97 (t, J = 7.7 Hz, 1H), 7.90 – 7.82 (m, 

3H), 7.80 – 7.75 (m, 1H), 7.65 (s, 1H), 7.62 (t, J = 8.0 Hz, 1H), 7.50 (t, J = 8.0 Hz, 1H), 7.35 (dd, J = 7.8, 

1.1 Hz, 1H), 7.21 (s, 1H), 7.15 – 7.06 (m, 6H), 4.93 (d, J = 5.4 Hz, 2H), 4.86 (d, J = 0.9 Hz, 2H), 4.49 (q, J 

= 7.3 Hz, 1H), 4.08 (s, 3H), 3.92 (dd, J = 17.0, 5.8 Hz, 1H), 3.83 (dd, J = 17.1, 5.6 Hz, 1H), 3.59 (d, J = 6.0 

Hz, 2H), 2.93 (dd, J = 13.8, 6.5 Hz, 1H), 2.88 (dd, J = 13.7, 8.0 Hz, 1H), 1.63 (s, 3H). HRMS (ESI–): m/z 

calculated for C50H43N11O10 [M–H]– 956.3122 found 956.3123. 

 

 

 

Compound 7a: Compound 7a was prepared from H-(ʟ)-Phe-2-CT resin on a 0.1 mmol scale (185 mg, 

manufacturer’s loading: 0.54 mmol g−1) using SPPS (Method 9.5) and SPFS (Method 9.6) synthesis 

protocols followed by final chloroacetylation (Method ). The crude product obtained from resin 

cleavage (Method 9.11) was used directly in subsequent reaction without further purification (100 

mg, 94%). 1H NMR (500 MHz, DMSO-d6) δ 12.67 (s, 1H), 11.78 (s, 1H), 11.75 (s, 1H), 9.54 (t, J = 5.2 Hz, 

1H), 8.52 – 8.49 (m, 2H), 8.43 (t, J = 5.8 Hz, 1H), 8.22 (d, J = 7.8 Hz, 1H), 8.18 (s, 1H), 8.14 (t, J = 7.7 

Hz, 1H), 8.05 (t, J = 7.7 Hz, 2H), 8.01 (t, J = 7.7 Hz, 1H), 7.91 (dd, J = 7.6, 1.1 Hz, 1H), 7.85 (dt, J = 8.5, 

1.8 Hz, 2H), 7.79 (dd, J = 7.8, 1.0 Hz, 1H), 7.67 – 7.64 (m, 1H), 7.63 – 7.59 (m, 2H), 7.38 (dd, J = 7.8, 

1.1 Hz, 1H), 7.16 (s, 1H), 7.10 – 7.05 (m, 5H), 4.97 (t, J = 4.5 Hz, 2H), 4.75 (d, J = 5.9 Hz, 2H), 4.43 – 

4.34 (m, 1H), 4.09 (s, 3H), 3.93 (s, 2H), 3.89 – 3.81 (m, 1H), 3.75 (dd, J = 16.8, 5.6 Hz, 1H), 3.67 (d, J = 

5.9 Hz, 2H), 2.92 (dd, J = 13.7, 5.7 Hz, 1H), 2.83 (dd, J = 13.7, 7.7 Hz, 1H), 1.44 (s, 9H). HRMS (ESI–): 

m/z calculated for C53H50ClN11O11 [M–H]– 1064.3464 found 1064.3445. 

Compound 7b: Compound 7b was synthesized from carboxylic acid 7a (100 mg, 0.1 mmol) the 

general cyanomethyl installation protocol (Method 9.12). The obtained crude residue was purified 

by silica gel column chromatography using a mixture of acetone in DCM starting from 20% to 40% 

(v/v) acetone. After evaporating the corresponding fractions, compound 8b was obtained as a white 

solid (52 mg, 52%). 1H NMR (500 MHz, DMSO-d6) δ 11.78 (s, 1H), 11.75 (s, 1H), 9.55 (t, J = 5.3 Hz, 1H), 

8.57 (d, J = 7.3 Hz, 1H), 8.53 – 8.48 (m, 3H), 8.40 (t, J = 5.8 Hz, 1H), 8.19 (s, 1H), 8.14 (t, J = 7.7 Hz, 

1H), 8.06 (d, J = 7.6 Hz, 1H), 8.01 (t, J = 7.7 Hz, 1H), 7.92 – 7.89 (m, 1H), 7.85 (dt, J = 8.4, 1.5 Hz, 2H), 

7.80 (dd, J = 7.8, 1.0 Hz, 1H), 7.67 – 7.59 (m, 3H), 7.38 (dd, J = 7.7, 1.1 Hz, 1H), 7.15 – 7.07 (m, 6H), 

4.96 (d, J = 5.4 Hz, 2H), 4.86 (d, J = 1.2 Hz, 2H), 4.75 (d, J = 5.9 Hz, 2H), 4.50 (q, J = 7.2 Hz, 1H), 4.09 (s, 
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3H), 3.93 (s, 2H), 3.88 – 3.75 (m, 2H), 3.65 (d, J = 5.9 Hz, 2H), 2.97 – 2.88 (m, 2H), 1.44 (s, 9H). HRMS 

(ESI–): m/z calculated for C56H53ClN12O11 [M–H]– 1103.3573 found 1103.3564. 

Compound 7: For the synthesis of compound 7, the total 7b was directly submitted to the general 

deprotection protocol (Method 9.13) in a TFA:DCM:TIS mixture. The obtained white powder was 

used without further purification (43 mg, 0.042 mmol, 91%). 1H NMR (500 MHz, DMSO-d6) δ 11.72 (s, 

1H), 11.71 (s, 1H), 9.61 (t, J = 5.0 Hz, 1H), 8.56 (s, 3H), 8.52 – 8.43 (m, 5H), 8.40 (s, 1H), 8.16 (t, J = 7.7 

Hz, 1H), 8.07 – 8.01 (m, 2H), 7.91 (td, J = 7.6, 1.1 Hz, 2H), 7.83 (ddd, J = 12.6, 8.1, 1.2 Hz, 2H), 7.73 – 

7.67 (m, 1H), 7.64 – 7.59 (m, 1H), 7.40 (dd, J = 7.8, 1.0 Hz, 1H), 7.14 – 7.05 (m, 6H), 4.98 (d, J = 5.0 Hz, 

2H), 4.87 (d, J = 1.0 Hz, 2H), 4.72 (d, J = 5.8 Hz, 2H), 4.48 (td, J = 7.7, 6.5 Hz, 1H), 4.08 (s, 3H), 3.95 (s, 

2H), 3.86 – 3.76 (m, 2H), 3.59 (d, J = 5.8 Hz, 2H), 2.92 (qd, J = 13.8, 7.1 Hz, 2H). HRMS (ESI–): m/z 

calculated for C51H45ClN12O9 [M–H]– 1005.3194 found 1005.3209. 

 

 

 

Compound 8a: Compound 8a was prepared from H-(ʟ)-Phe-2-CT resin on a 0.1 mmol scale (210 mg, 

manufacturer’s loading: 0.54 mmol g−1) using SPPS (Method 9.5) and SPFS (Method 9.6) synthesis 

protocols followed by final chloroacetylation (Method ). The crude product obtained from resin 

cleavage (Method 9.11) was used directly in subsequent reaction without further purification. 1H 

NMR (500 MHz, DMSO-d6) δ 12.70 (s, 1H), 12.14 (s, 1H), 10.39 (s, 1H), 9.92 (t, J = 6.0 Hz, 1H), 8.96 

(dd, J = 7.7, 1.3 Hz, 1H), 8.83 (t, J = 6.1 Hz, 1H), 8.58 (dd, J = 7.8, 1.3 Hz, 1H), 8.51 (d, J = 8.0 Hz, 1H), 

8.19 (dd, J = 7.7, 1.1 Hz, 1H), 8.14 (t, J = 7.7 Hz, 1H), 8.05 (d, J = 7.6 Hz, 1H), 7.92 (dd, J = 8.4, 1.3 Hz, 

1H), 7.86 (dd, J = 8.5, 1.3 Hz, 1H), 7.81 – 7.77 (m, 2H), 7.75 – 7.70 (m, 1H), 7.62 – 7.55 (m, 2H), 7.09 – 

7.02 (m, 5H), 4.91 – 4.81 (m, 2H), 4.48 (td, J = 8.1, 5.6 Hz, 1H), 4.36 – 4.27 (m, 2H), 4.26 – 4.19 (m, 

1H), 4.15 (s, 3H), 4.09 (dd, J = 17.0, 5.9 Hz, 1H), 2.93 (dd, J = 13.8, 5.6 Hz, 1H), 2.82 (dd, J = 13.8, 8.2 

Hz, 1H), 1.62 (s, 9H). HRMS (ESI–): m/z calculated for C45H42ClN8O9 [M–H]– 873.2769 found 873.2763. 

Compound 8b and 8: Compound 8b was synthesized from carboxylic acid 8a (43 mg, 0.05 mmol) 

using the general cyanomethyl installation protocol (Method 9.12). For the synthesis of compound 

8, the obtained crude residue 8b was directly submitted to the general deprotection protocol 

(Method 9.13) in a TFA:DCM:TIS mixture. The crude compound was dissolved in DCM in which 

impurities precipitated within 24 h. The mixture was filtered and the filtrate was evaporated, 

redissolved and purified by semi-preparative HPLC using a gradient from 55–80% over 15 min at 25 

°C on an RP-18 column. (16 mg, 37 %). 1H NMR (500 MHz, DMSO-d6) δ 12.15 (s, 1H), 12.04 (s, 1H), 

10.37 (s, 1H), 9.89 (t, J = 6.1 Hz, 1H), 8.95 (dd, J = 7.7, 1.3 Hz, 1H), 8.83 (t, J = 6.1 Hz, 1H), 8.76 (d, J = 

7.4 Hz, 1H), 8.57 (dd, J = 7.8, 1.3 Hz, 1H), 8.18 (dd, J = 7.6, 1.1 Hz, 1H), 8.12 (t, J = 7.7 Hz, 1H), 7.92 

(dd, J = 8.5, 1.3 Hz, 1H), 7.87 (dd, J = 8.4, 1.3 Hz, 1H), 7.76 – 7.71 (m, 2H), 7.65 (s, 1H), 7.58 (s, 1H), 

7.55 (t, J = 8.1 Hz, 1H), 7.11 – 7.04 (m, 5H), 4.87 (d, J = 1.5 Hz, 2H), 4.85 (d, J = 6.1 Hz, 2H), 4.56 (td, J 
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= 7.9, 6.6 Hz, 1H), 4.36 (d, J = 1.4 Hz, 2H), 4.20 (dd, J = 17.0, 6.3 Hz, 1H), 4.15 (s, 3H), 4.11 (dd, J = 

17.0, 5.9 Hz, 1H), 2.95 (dd, J = 13.7, 6.4 Hz, 1H), 2.89 (dd, J = 13.8, 8.2 Hz, 1H). HRMS (ESI–): m/z 

calculated for C43H36ClN9O9 [M–H]– 856.2252 found 856.2244.  

 

 

 

Compound 9a: Compound 9a was prepared from H-(ʟ)-Phe-2CT resin on a 0.1 mmol scale (185 mg, 

manufacturer’s loading: 0.54 mmol g−1) using SPPS (Method 9.5) and SPFS (Method 9.6) synthesis 

protocols followed by final chloroacetylation (Method ). The crude product obtained from resin 

cleavage (Method 9.11) was used directly in subsequent reaction without further purification (110 

mg, 98%). 1H NMR (500 MHz, Chloroform-d) δ 11.72 (s, 1H), 11.52 (s, 1H), 9.53 (t, J = 5.1 Hz, 1H), 8.53 

(d, J = 7.6 Hz, 1H), 8.46 – 8.41 (m, 1H), 8.31 (t, J = 5.4 Hz, 1H), 8.13 (d, J = 7.6 Hz, 1H), 7.94 (dd, J = 

14.8, 7.8 Hz, 3H), 7.86 (dd, J = 8.4, 1.3 Hz, 1H), 7.82 (s, 1H), 7.79 (t, J = 7.7 Hz, 1H), 7.62 (d, J = 7.8 Hz, 

1H), 7.54 (t, J = 8.1 Hz, 1H), 7.42 (t, J = 5.5 Hz, 1H), 7.38 (t, J = 8.1 Hz, 1H), 7.20 (d, J = 7.7 Hz, 1H), 7.12 

(s, 1H), 7.05 – 6.99 (m, 5H), 6.74 (d, J = 7.4 Hz, 1H), 5.03 – 4.97 (m, 2H), 4.66 (q, J = 6.5 Hz, 1H), 4.02 

(s, 3H), 3.98 (t, J = 4.0 Hz, 1H), 3.90 (dd, J = 16.8, 5.1 Hz, 1H), 3.85 (s, 2H), 3.79 (dd, J = 15.9, 5.0 Hz, 

1H), 3.70 (dd, J = 15.9, 5.2 Hz, 1H), 3.04 – 2.96 (m, 1H), 2.93 – 2.86 (m, 1H), 1.71 (s, 9H). HRMS (ESI–): 

m/z calculated for C52H48ClN10O10 [M–H]– 1007.3249 found 1007.3232. 

Compound 9b: Compound 9b was synthesized from carboxylic acid 9a (110 mg, 0.1 mmol) the 

general cyanomethyl installation protocol (Method 9.12). The obtained crude residue was purified 

by silica gel column chromatography using a mixture of acetone in DCM starting from 20% to 40% 

(v/v) acetone. After evaporating the corresponding fractions, compound 9b was obtained as a white 

solid (49 mg, 47%). 1H NMR (500 MHz, DMSO-d6) δ 11.83 (s, 1H), 11.62 (s, 1H), 9.55 (t, J = 5.1 Hz, 1H), 

8.66 (d, J = 7.3 Hz, 1H), 8.47 (t, J = 5.9 Hz, 1H), 8.43 (ddd, J = 7.7, 2.9, 1.4 Hz, 2H), 8.34 (t, J = 5.6 Hz, 

1H), 8.16 (t, J = 7.7 Hz, 1H), 8.07 (dd, J = 7.7, 1.0 Hz, 1H), 7.99 (t, J = 7.7 Hz, 1H), 7.87 – 7.80 (m, 4H), 

7.79 (s, 1H), 7.62 – 7.57 (m, 1H), 7.53 – 7.49 (m, 1H), 7.37 (dd, J = 7.8, 1.0 Hz, 1H), 7.17 – 7.10 (m, 

5H), 7.08 (s, 1H), 5.00 – 4.89 (m, 2H), 4.88 (s, 2H), 4.50 (td, J = 7.8, 6.6 Hz, 1H), 4.06 (s, 3H), 3.92 (s, 

2H), 3.82 (qd, J = 17.1, 5.6 Hz, 2H), 3.56 (d, J = 5.9 Hz, 2H), 2.93 (qd, J = 13.8, 7.3 Hz, 2H), 1.69 (s, 9H). 

HRMS (ESI–): m/z calculated for C54H49ClN11O10 [M–H]– 1046.3358 found 1046.3349. 

Compound 9: For the synthesis of compound 9, the total 9b was directly submitted to the general 

deprotection protocol (Method 9.13) in a TFA:DCM:TIS mixture. The obtained white powder was 

used without further purification (47 mg, 0.042 mmol, 87 %). 1H NMR (500 MHz, DMSO-d6) δ 12.05 

(s, 1H), 11.86 (s, 1H), 11.67 (s, 1H), 9.51 (t, J = 5.2 Hz, 1H), 8.63 (d, J = 7.3 Hz, 1H), 8.51 – 8.45 (m, 3H), 

8.40 (t, J = 5.7 Hz, 1H), 8.14 (t, J = 7.7 Hz, 1H), 8.07 (d, J = 7.4 Hz, 1H), 8.00 (t, J = 7.7 Hz, 1H), 7.91 – 

7.81 (m, 3H), 7.79 (d, J = 7.8 Hz, 1H), 7.64 (s, 1H), 7.61 (t, J = 8.1 Hz, 1H), 7.48 (t, J = 8.0 Hz, 1H), 7.37 

(d, J = 7.7 Hz, 1H), 7.16 (s, 1H), 7.15 – 7.07 (m, 5H), 4.92 (d, J = 5.3 Hz, 2H), 4.87 (d, J = 1.1 Hz, 2H), 
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4.49 (q, J = 7.4 Hz, 1H), 4.07 (s, 3H), 3.91 (s, 2H), 3.90 – 3.78 (m, 2H), 3.61 (d, J = 5.9 Hz, 2H), 2.92 (qd, 

J = 13.8, 7.3 Hz, 2H).HRMS (ESI–): m/z calculated for C50H41ClN11O10 [M–H]– 990.2732 found 990.2721. 

 

 

 

Foldamer fragment F10: F10 was synthesized on a preloaded Fmoc-Gly-SASRIN resin (loading: 0.61 

mmol/g) using the general SPFS procedure (Method 9.7) on a 0.2 mmol scale. F10 was recovered in 

70% yield (150 mg) after cleavage (Method 9.11) using 6 mL of HFIP/DCM (30:70, v/v) mixture for 1 

h at r.t. and was used without any further purification. 1H NMR (500 MHz, DMSO-d6) δ 12.67 (s, 1H), 

11.86 (s, 1H), 11.77 (s, 1H), 9.60 (d, J = 6.0 Hz, 1H), 8.52 (d, J = 7.7 Hz, 1H), 8.47 (d, J = 7.8 Hz, 1H), 

8.43 (d, J = 6.2 Hz, 1H), 8.17 (s, 1H), 8.10 (t, J = 7.6 Hz, 1H), 8.02 (dd, J = 14.4, 7.3 Hz, 2H), 7.92 (d, J = 

7.5 Hz, 1H), 7.88 – 7.81 (m, 2H), 7.79 (d, J = 7.7 Hz, 1H), 7.75 (d, J = 7.6 Hz, 2H), 7.70 (t, J = 6.1 Hz, 

1H), 7.64 (t, J = 8.0 Hz, 2H), 7.58 (t, J = 8.1 Hz, 1H), 7.44 (d, J = 7.5 Hz, 2H), 7.32 (t, J = 7.7 Hz, 3H), 7.17 

(dd, J = 14.7, 7.4 Hz, 3H), 5.00 (d, J = 5.2 Hz, 2H), 4.74 (d, J = 5.9 Hz, 2H), 4.19 – 4.16 (m, 1H), 4.12 (d, J 

= 6.9 Hz, 2H), 4.08 (s, 3H), 4.03 (t, J = 6.9 Hz, 1H), 3.87 (d, J = 6.0 Hz, 2H), 3.62 (d, J = 6.0 Hz, 2H), 1.45 

(s, 9H).HRMS (ESI-) m/z calculated for C58H53N10O11 [M+H]+ 1065.3890 found 1065.4042. 

 

Compound 10a: Resin-bound Fmoc-Phe-Trp(Boc)-Arg(Pbf)-Tyr(tBu)-Val-Tyr(tBu)-Gln(Trt)-Lys(Boc)-

Cys(Trt)-Gly-NH- was first prepared from Rink amide resin (0.33 mmol/g) using a CEM Liberty Blue 
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microwave automated peptide synthesizer (Method 9.5) on a 0.1 mmol scale. Fragment 

condensation (Method 9.8) with foldamer fragment F10 was next performed on a 50 µmol scale of 

deprotected resin-bound peptide. After Fmoc deprotection (piperidine (20% (v/v)) in DMF, 2 mL, 2× 

5 min), final chloroacetylation (Method ) and TFA cleavage (Method 9.11), crude 10a (118 mg, 

94%) was directly engaged in the macrocyclization reaction without further purification. HRMS (ESI+): 

m/z calculated for C105H123ClN27O20S [M+H]+ 2149.8875 found 2149.9112 

Compound 10: Total compound 10 was dissolved in 88 mL CH3CN (50% (v/v) in H2O) to a 0.5 mM 

dilution and triethylamine (6 mL, 0.5 M) was added. After 90 min at r.t. without agitation and 

monitoring the reaction by HPLC, the reaction mixture was concentrated under reduced pressure 

and acidified with an equimolar volume of TFA. Remaining solvents were evaporated by 

lyophilization and the crude macrocycle was purified by using semi-preparative RP-HPLC with a 

gradient from 30–50% solvent B over 15 minutes at 50 °C on a 250 mm C18 column to give 10 as a 

colorless solid. For further studies, 2× lyophilization from HCl (0.1 M) provided compound 10 as an 

HCl salt. (12 mg, 10%). 1H NMR was performed in CD3CN (25% (v/v) in H2O) with water suppression. 

1H NMR (500 MHz, Acetonitrile-d3) δ 11.49 (s, 1H), 11.37 (s, 1H), 9.96 (s, 1H), 9.76 (t, J = 4.4 Hz, 1H), 

8.37 (d, J = 7.1 Hz, 1H), 8.28 (s, 1H), 8.25 (s, 1H), 8.14 (d, J = 8.6 Hz, 1H), 8.07 (t, J = 8.1 Hz, 4H), 8.00 

(d, J = 8.2 Hz, 1H), 7.97 – 7.89 (m, 5H), 7.84 – 7.79 (m, 2H), 7.76 (d, J = 7.5 Hz, 1H), 7.62 (dt, J = 19.8, 

8.7 Hz, 3H), 7.52 (dd, J = 14.6, 8.1 Hz, 3H), 7.42 (d, J = 10.9 Hz, 2H), 7.40 – 7.34 (m, 3H), 7.32 (d, J = 

9.3 Hz, 3H), 7.20 (dd, J = 23.5, 8.6 Hz, 1H), 7.04 (m, 9H), 6.96 – 6.89 (m, 6H), 6.85 – 6.77 (m, 1H), 6.74 

– 6.65 (m, 6H), 6.62 (s, 1H), 4.80-4.40 (water suppression region), 3.97 (s, 2H), 3.84 (qd, J = 17.1, 6.5 

Hz, 2H), 3.65 – 3.52 (m, 2H), 3.30 – 3.16 (m, 4H), 3.16 – 3.01 (m, 4H), 3.01 – 2.82 (m, 11H), 2.82 – 

2.64 (m, 4H), 2.34 – 2.16 (m, 3H), 1.95 (q, J = 8.1, 7.5 Hz, 1H), 1.87 – 1.58 (m, 5H), 1.48 – 1.14 (m, 

5H), 0.98 (s, 1H), 0.78 (m, 8H). HRMS (ESI+): m/z calculated for C105H122N27O27S [M+H]+ 2113.9108 

found 2113.9446. 

 

 

 
Compound 11a: Peptide Fmoc-Phe-Trp(Boc)-Arg(Pbf)-Tyr(tBu)-Val-Tyr(tBu)-Gln(Trt)-Lys(Boc)-

Cys(Trt)-Gly-Ser(Trt)-Gly-βAla-Lys(Alloc)-NH- was first prepared from Rink amide resin (0.33 mmol/g) 
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using a CEM Liberty Blue microwave automated peptide synthesizer on a 0.1 mmol scale. The 

foldamer segment was then coupled with standard SPFS (Method 9.6) on a 0.033 mmol scale. After 

Fmoc deprotection (piperidine (20% (v/v)) in DMF, 2 mL, 2× 5 min), and chloroacetylation (Method 

), the Alloc protecting group was removed with Pd(PPh3)4 (0.1 eq., 3.8 mg, 3.3 µmol) and 

phenylsilane (20 eq., 81 µl, 660 µmol) in DCM (2 mL), 2× each for 30 min. Fluorescein was installed 

on the free amine with compound 13 (3 eq., 47 mg, 100 µmol) in DMF (1.5 mL) for 16 h at r.t. After 

final TFA cleavage (Method 9.11), crude 11a (75 mg, 79%) was purified by using preparative RP-HPLC 

with a gradient from 25–45% solvent B over 10 min at r.t. on a 125 mm C18 column to give 11a as a 

yellow solid after lyophilization (8 mg, 10%). HRMS (ESI+): m/z calculated for C140H159ClN32O31S 

[M+2H]2+ 1426.6240 found 1426.6235. 

Compound 11: Compound 11a (8 mg) was dissolved in 21 mL H2O together with 7 mL acetonitrile to 

a 0.1 mM dilution and the solvent was freed from oxygen by freeze-pump-thaw. Independently, a 

solution of 21 mL of NH4HCO3 (60 mM, pH 8.5) and 7 mL acetonitrile was prepared, oxygen removed 

by Freeze-Pump-Thaw and the Foldamer solution added via syringe under inert gas atmosphere. The 

mixture was quickly stirred and left without agitation for 2 h at r.t. The reaction was quenched with 

TFA, solvents were evaporated by lyophilization and the crude macrocycle was purified by using 

preparative RP-HPLC with a gradient from 25–45% solvent B over 10 min at r.t. on a 125 mm C18 

column to give 11 as a yellow solid. For further studies, 2× lyophilization from HCl (0.1 M) provided 

compound 11 as an HCl salt (1 mg, 13%). 1H NMR was performed in CD3CN (50% (v/v) in aq. HCl (0.1 

M)) with water suppression. HRMS (ESI+): m/z calculated for C140H158N32O31S [M+2H]2+ 1408.0757 

found 1408.0915. 

 

Compound 12a: Peptide Fmoc-Phe-Trp(Boc)-Arg(Pbf)-Tyr(tBu)-Val-Tyr(tBu)-Gln(Trt)-Lys(Boc)-

Cys(Trt)-Gly-Ser(Trt)-Gly-βAla-Lys(Alloc)-NH- was first prepared from Rink amide resin (0.33 mmol/g) 

using a CEM Liberty Blue microwave automated peptide synthesizer on a 0.1 mmol scale. The 

foldamer segment was then coupled with standard SPFS (Method 9.6) on a 0.025 mmol scale. The 
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resin was transferred to a syringe reactor and the Alloc protecting group was removed with 

Pd(PPh3)4 (0.1 eq., 2.9 mg, 2.5 µmol) and phenylsilane (20 eq., 62 µL, 500 µmol) in DCM (2 mL), 2× 

each for 30 min. Biotin-PEG4-COOH (1.5 eq., 18.4 mg, 37.5 µmol) was coupled to the free amine with 

BOP (1.7 eq., 18.8 mg, 42.5 µmol) and DIPEA (3 eq., 13 µL, 75 µmol) in DMF (3 mL) for 16 h at r.t. 

After Fmoc deprotection, final chloroacetylation (Method ) and TFA cleavage (Method 9.11), crude 

12a (72 mg, 97%) was directly engaged in the macrocyclization reaction without further purification. 

HRMS (ESI+): m/z calculated for C140H182ClN35O32S2 [M+2H]2+ 1483.1483 found 1483.1458. 

Compound 12: Compound 12a was dissolved in CH3CN (40 mL, 50% (v/v) in H2O) to a 0.5 mM 

dilution and triethylamine (100 µL, 18 mM) was added. After stirring at r.t. for 90 min and 

monitoring the reaction by HPLC, the reaction mixture was acidified with an equimolar volume of 

TFA and concentrated under reduced pressure. Remaining solvents were evaporated by 

lyophilization and the crude macrocycle was purified by using preparative RP-HPLC with a gradient 

from 28–40% solvent B over 20 min at r.t. on a 125 mm C18 column to give 12 as a white solid. For 

further studies, 2× lyophilization from HCl (0.1 M) provided compound 12 as an orange HCl salt. 

(4.80 mg, 1.51 µmol, 6%). 1H NMR was performed in CD3CN (50% (v/v) in H2O) with water 

suppression. HRMS (ESI+): m/z calculated for C140H182ClN35O32S2 [M+2H]2+ 1465.1600 found 

1465.1919. 
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Compound 13: 5-Carboxyfluorescein (250 mg, 0.66 mmmol) was suspended in dry THF (2.5 mL) and 

a solution of N-hydroxysuccinimide (1.3 eq., 99 mg, 0.86 mmol) dissolved in dry THF (0.5 mL) was 

added, followed by the addition of a solution of N,N′-dicyclohexylcarbodiimide (1.3 eq., 177 mg, 0.86 

mmol) in dry THF (0.5 mL). After 16 h stirring at r.t. the mixture was filtered and the precipitate 

washed with Et2O (2 × 10 mL) and EtOAc (1 x 10 mL). The filtrate was concentrated under reduced 

pressure and remaining solvents azeotroped with toluene (3 x 5 mL) providing 13 as an orange solid 

(270 mg, 90%). 1H NMR (400 MHz, DMSO-d6) δ 10.18 (s, 2H), 8.54 (d, J = 1.7 Hz, 1H), 8.43 (dd, J = 8.1, 

1.6 Hz, 1H), 7.56 (d, J = 8.1 Hz, 1H), 6.71 (s, 1H), 6.70–6.68 (m, 3H), 6.55 (d, J = 2.3 Hz, 1H), 6.53 (d, J = 

2.3 Hz, 1H), 2.93 (s, 4H). HRMS (ESI+): m/z calculated for C25H15NO9 [M+H]+ 474.0820 found 474.1079. 

 

.  
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9.16. 1H NMR spectra and HPLC profiles 

 

 

1H NMR spectrum (500 MHz, CDCl3, 25 °C) of 1. 
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1H NMR spectrum (500 MHz, CDCl3, 25 °C) of 2b. 
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1H NMR spectrum (500 MHz, DMSO-d6, 25 °C) of 2. 
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1H NMR spectrum (500 MHz, CDCl3, 25 °C) of 3b. 
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1H NMR spectrum (500 MHz, DMSO-d6, 25 °C) of 3. 
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1H NMR spectrum (500 MHz, CDCl3, 25 °C) of 4. 
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1H NMR spectrum (500 MHz, CDCl3, 25 °C) of 5b. 
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1H NMR spectrum (500 MHz, DMSO-d6, 25 °C) of 5. 
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1H NMR spectrum (500 MHz, CDCl3, 25 °C) of 6b. 
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1H NMR spectrum (500 MHz, DMSO-d6, 25 °C) of 6. 
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1H NMR spectrum (500 MHz, DMSO-d6, 25 °C) of 7a. 
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1H NMR spectrum (500 MHz, DMSO-d6, 25 °C) of 7b. 
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1H NMR spectrum (500 MHz, DMSO-d6, 25 °C) of 7. 
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1H NMR spectrum (500 MHz, DMSO-d6, 25 °C) of 8a. 
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1H NMR spectrum (500 MHz, DMSO-d6, 25 °C) of 8. 
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1H NMR spectrum (500 MHz, CDCl3, 25 °C) of 9a. 
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1H NMR spectrum (500 MHz, DMSO-d6, 25 °C) of 9b. 
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1H NMR spectrum (500 MHz, DMSO-d6, 25 °C) of 9. 
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1H NMR spectrum (500 MHz, DMSO-d6, 25 °C) of F10. 
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Analytical RP-HPLC profiles of 10 as a crude (left) and purified (right). RP-HPLC gradient: 10–100% 

(v/v) B over 10 min, 50 °C, λ = 254 nm). 

 

  

1H NMR spectrum (500 MHz, water with 25% (v/v) acetonitrile-d3, water supression, 25 °C) of 10. 
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Analytical RP-HPLC profile of 11 as a crude (left) and purified (right). RP-HPLC gradient: 10–100% 

(v/v) B over 10 min, 50 °C, λ = 254 nm). 

 

 

 

 

 

1H NMR spectrum (500 MHz, 0.1 M HCl with 50% (v/v) acetonitrile-d3, water supression, 25 °C) of 11. 
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Analytical RP-HPLC profiles of 12 as a crude (left) and purified (right). RP-HPLC gradient: 10–100% 

(v/v) B over 10 min, 50 °C, λ = 254 nm). 

 

 

1H NMR spectrum (500 MHz, water with 50% (v/v) acetonitrile-d3, water supression, 25 °C) of 12. 
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1H-NMR Spectrum (400 MHz, DMSO-d6, 25°C) of 13. 
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11.1. Supporting Figures and Tables 

RP-HPLC and LC-MS monitoring of reactions and product analysis 

 

Figure S1 - Ac-QSul-NH2 monomer (21) used as an internal standard for RP-HPLC analyses 

 
Figure S2 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 1. 

Overlay of RP-HPLC profiles measured from each synthetic step of compound 1Q synthesized from 

compound 1 measured with standard HPLC conditions. Compound 1 after SPS/SPFS as a crude (a), 

after purification co-injected with internal standard 21(b), after cyclization and co-injected with 21 

(1C, c) and after benzyl mercaptan installation (1Q, d). Chromatograms a), c) and d) obtained after 

the reaction without prior purification. a) and d) recorded at 300 nm, b) and c) at 375 nm. 

21 

21 
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Figure S3 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence R1: 

Overlay of RP-HPLC profiles measured from each synthetic step of compound 1Q synthesized from 

compound R1 measured with standard HPLC conditions. Compound R1 after SPS/SPFS as a crude 

(a), after purification (b), after cyclization (1Q, c) and after final purification d). Chromatograms a), 

and c) obtained after the reaction without prior purification. All chromatograms were recorded at 300 

nm. 
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Figure S4 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 2. 

Overlay of RP-HPLC profiles measured from each synthetic step of compound 2Q measured with 

standard HPLC conditions. Compound 2 after SPS/SPFS as a crude (a), after purification co-injected 

with internal standard 21 (b), after cyclization co-injected with internal standard 21 (2C, c), after 

benzyl mercaptan installation (2Q, d) and final purification (2Q-a, e and 2Q-b, f). Chromatograms a), 

c) and d) obtained after the reaction without prior purification. a) recorded at 300 nm and b)-f) at 375 

nm. 

21 

21 
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Figure S5 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 3. 

Overlay of RP-HPLC profiles measured from each synthetic step of compound 3Q measured with 

standard HPLC conditions. Compound 3 after SPS/SPFS as a crude (a), after purification co-injected 

with internal standard 21 (b), after cyclization co-injected with internal standard 21 (3C, c), after 

benzyl mercaptan installation d) and final purification (3Q-a, e and 3Q-b, f). Chromatograms a), c) 

and d) obtained after the reaction without prior purification. a) recorded at 300 nm and b)-f) at 375 

nm. 

21 

21 
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Figure S6 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 4. 

Overlay of RP-HPLC profiles measured from each synthetic step of compound 4Q measured with 

standard HPLC conditions. Compound 4 after SPS/SPFS as a crude (a), after purification co-injected 

with internal standard 21 (b), after cyclization co-injected with internal standard 21 (4C, c), after 

reduction of the disulfide inpurity with TCEP (disappearance of disulfide proven by LC-MS) d) and 

acetamide installation (4Q, e). Chromatograms a), c), d) and e) obtained after the reaction without 

prior purification. All chromatograms were recorded at 375 nm. 

 

21 

21 
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Figure S7 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 5. 

Overlay of RP-HPLC profiles measured from each synthetic step of compound 5Q measured with 

standard HPLC conditions. Compound 5 after SPS/SPFS as a crude (a), after purification co-injected 

with internal standard 21 (b), after cyclization co-injected with internal standard 21 (5C, c), after 

reduction of the disulfide inpurity with TCEP (disappearance of disulfide proven by LC-MS) d) and 

acetamide installation (5Q, e). Chromatograms a), c), d) and e) obtained after the reaction without 

prior purification. All chromatograms were recorded at 375 nm. 

  

21 

21 
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Figure S8 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 6. 

Overlay of RP-HPLC profiles measured from each synthetic step of compound 6 measured with 

standard HPLC conditions. Compound 6 after SPS/SPFS as a crude (a), after purification co-injected 

with internal standard 21 (b), after cyclization co-injected with internal standard 21 (6C, c), after 

reduction of the disulfide inpurity with TCEP (disappearance of disulfide proven by LC-MS, d) and 

acetamide installation (6Q, e). Chromatograms a), c), d) and e) obtained after the reaction without 

prior purification. All chromatograms were recorded at 375 nm.  

21 

21 
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Figure S9 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 7. 

Overlay of RP-HPLC profiles measured from each synthetic step of compound 7Q measured with 

standard HPLC conditions. Compound 7 after SPS/SPFS as a crude (a), after purification co-injected 

with internal standard 21 (b), after cyclization co-injected with internal standard 21 (7C, c), after 

benzyl mercaptan installation d) and final purification (7Q, e). Chromatograms a), c) and d) obtained 

after the reaction without prior purification. All chromatograms were recorded at 375 nm. 

  

21 

21 
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Figure S10 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 8. 

Overlay of RP-HPLC profiles measured from each synthetic step of compound 8Q measured with 

standard HPLC conditions. Compound 8 after SPS/SPFS as a crude (a), after purification co-injected 

with internal standard 21 (b), after cyclization co-injected with internal standard 21 (8C, c), after 

benzyl mercaptan installation d) and final purification (8Q, e). Chromatograms a), c) and d) obtained 

after the reaction without prior purification. All chromatograms were recorded at 375 nm. 

21 

21 
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 Figure S11 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 9. 

Overlay of RP-HPLC profiles measured from each synthetic step of compound 9Q measured with 

standard HPLC conditions. Compound 9 after SPS/SPFS as a crude (a), after purification co-injected 

with internal standard 21 (b), after cyclization co-injected with internal standard 21 (9C, c), after 

benzyl mercaptan installation d) and final purification (9Q, e). Chromatograms a), c) and d) obtained 

after the reaction without prior purification. a), d) and e) were recorded at 300 nm and b-c) at 375 nm.  

 

  

21 

21 
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Figure S12 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 10. 

Overlay of RP-HPLC profiles measured from each synthetic step of compound 10Q measured with 

standard HPLC conditions. Compound 10 after SPS/SPFS as a crude (a), after purification co-injected 

with internal standard 21 (b), after cyclization co-injected with internal standard 21 (10C, c), after 

benzyl mercaptan installation d) and final purification (10Q, e). Chromatograms a), c) and d) obtained 

after the reaction without prior purification. All chromatograms were recorded at 375 nm. 

  

21 

21 
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Figure 13 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 11. 

Overlay of RP-HPLC profiles measured from each synthetic step of compound 11Q synthesized from 

compound 11 measured with standard HPLC conditions. Compound 11 after SPS/SPFS as a crude (a), 

after purification co-injected with internal standard 21 (b), after cyclization co-injected with internal 

standard 21 (11C, c), after benzyl mercaptan installation d) and final purification (11Q-a, e and 11Q-

b, f). Chromatograms a), c) and d) obtained after the reaction without prior purification. All 

chromatograms were recorded at 375 nm. 

21 

21 
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Figure S14 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 12. 

Overlay of RP-HPLC profiles measured from each synthetic step of compound 12Q synthesized from 

compound 12 measured with standard HPLC conditions. Compound 12 after SPS/SPFS as a crude (a), 

after purification co-injected with internal standard 21 (b), after cyclization co-injected with internal 

standard 21 (12C, c), after benzyl mercaptan installation d) and final purification (12Q-a, e). 

Chromatograms a), c) and d) obtained after the reaction without prior purification. Single peak 

marked with * interpreted as co-elution of both conformers. All chromatograms were recorded at 375 

nm. 

21 

21 
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Figure S15 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 13. 

Overlay of RP-HPLC profiles of each synthetic step of compound 13Q which were measured with 

standard HPLC conditions. Compound 13 after SPS/SPFS as a crude (a), after purification co-injected 

with internal standard 21 (b), after cyclization co-injected with internal standard 21 (13C, c), after 

benzyl mercaptan installation d) and final purification (13Q, e). Chromatograms a), c) and d) obtained 

after the reaction without prior purification. All chromatograms were recorded at 375 nm. 

21 

21 
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Figure S16 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 14. 

Overlay of RP-HPLC profiles from each synthetic step of compound 14Q synthesized from 14 

measured with standard HPLC conditions. Compound 14 after SPS/SPFS as a crude (a), after 

purification co-injected with internal standard 21 (b), after cyclization co-injected with internal 

standard 21 (14C, c), after benzyl mercaptan installation d) and final purification (14Q, e). 

Chromatograms a), c) and d) obtained after the reaction without prior purification. All chromatograms 

were recorded at 375 nm.

21 

21 
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Figure S17 - Excerpts of the RP-HPLC and ESI-MS traces of the macrocyclization progression 

of 14C with final termination of the unreacted chloroacetamide group with benzyl mercaptan 

(*). The ESI-MS spectra reported correspond to the time segment 2.5 to 5 min. The resolution of the 

LC traces was not good enough to distinguish each peak intermediate on the base peak chromatogram 

(BPC) of the TOF detector. Sodium hydrogen carbonate buffer pH 8.5, 60 mM (#). Chromatograms 

were measured with standard HPLC conditions and recorded at 375 nm. 
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Figure S18 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 14. 

Overlay of RP-HPLC profiles from each synthetic step of compound 14Q synthesized from R14 

measured with standard HPLC conditions. Compound R14 after SPS/SPFS as a crude (a), after 

purification co-injected with internal standard 21 (b), after cyclization co-injected with internal 

standard 21 (14Q, c), and final purification (14Q, d). Chromatograms a), and c) obtained after the 

reaction without prior purification. All chromatograms were recorded at 375 nm. 

21 

21 
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Figure S19 - RP-HPLC analysis of sequence 14. Overlay of RP-HPLC profiles from compound 14 

obtained from the competition experiment (a), synthesized from the reference experiment (b) and as a 

co-injection (c). Chromatograms were measured with standard HPLC conditions. All chromatograms 

were recorded at 375 nm. 
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Figure S20 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 15. 

Overlay of RP-HPLC profiles from each synthetic step of compound 15C synthesized from 15 

measured with standard HPLC conditions. Compound 15 after SPS/SPFS as a crude (a), after 

purification co-injected with internal standard 21 (b), after cyclization co-injected with internal 

standard 21 (15C, c), and after addition of benzylmercaptan (d). The three isomers (15C-a, 15C-b and 

15C-c were separated in e) f) and g). Chromatograms a), c) and d) obtained after the reaction without 

prior purification. All chromatograms were recorded at 375 nm. 

21 

21 
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Figure S21 - Excerpts of the RP-HPLC and ESI-MS traces of the macrocyclization progression 

of 15C with final termination of the unreacted chloroacetamide group with benzyl mercaptan 

(*). The ESI-MS spectra reported correspond to the time segment 2.5 to 4.5 min. The resolution of the 

LC traces was not good enough to distinguish each peak intermediate on the base peak chromatogram 

(BPC) of the TOF detector. Urea buffer pH 8.5, 8 M (#). Chromatograms were measured with 

standard HPLC conditions and recorded at 375 nm. 
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Figure S22 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 16. 

Overlay of RP-HPLC profiles from each synthetic step of compound 16C synthesized from 16 

measured with standard HPLC conditions. Compound 16 after SPS/SPFS as a crude (a), after 

purification co-injected with internal standard 21 (b), after cyclization co-injected with internal 

standard 21 (16C, c), and after addition of benzylmercaptan (d). The three main isomers (16C-a, 16C-

b and 16C-c were separated in e) f) and g). Chromatograms a), c) and d) obtained after the reaction 

without prior purification. All chromatograms were recorded at 375 nm. 

21 

21 
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Figure S23 - Excerpts of the RP-HPLC and ESI-MS traces of the macrocyclization progression 

of 16C with final termination of the unreacted chloroacetamide group with benzyl mercaptan 

(*). The ESI-MS spectra reported correspond to the time segment 2.5 to 4.5 min. The resolution of the 

LC traces was not good enough to distinguish each peak intermediate on the base peak chromatogram 

(BPC) of the TOF detector. Urea buffer pH 8.5, 8 M (#). Chromatograms were measured with 

standard HPLC conditions and recorded at 375 nm. 
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Figure S24 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 17. 

Overlay of RP-HPLC profiles from each synthetic step of compound 17C synthesized from 17. 

Compound 17 after SPS/SPFS as a crude (a), after purification co-injected with internal standard 21 

(b), after cyclization co-injected with internal standard 21 (17C, c), and after addition of 

benzylmercaptan (d). Chromatograms a), c) and d) obtained after the reaction without prior 

purification. Due low amounts, no final purification was carried out. Chromatograms were measured 

with standard HPLC conditions. All chromatograms were recorded at 375 nm. 

21 

21 
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Figure 25 - Excerpts of the RP-HPLC and ESI-MS traces of the macrocyclization progression of 

17C with final termination of the unreacted chloroacetamide group with benzyl mercaptan (*). 

The ESI-MS spectra reported correspond to the time segment 2.5 to 4.5 min. The resolution of the LC 

traces was not good enough to distinguish each peak intermediate on the base peak chromatogram 

(BPC) of the TOF detector. Urea buffer pH 8.5, 8 M (#). Chromatograms were measured with 

standard HPLC conditions and recorded at 375 nm. 
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Figure S26 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 18. 

Overlay of RP-HPLC profiles from each synthetic step of compound 18Q synthesized from 18. 

Compound 18 after SPS/SPFS as a crude (a), after purification co-injected with internal standard 21 

(b), after cyclization co-injected with internal standard 21 (18C, c), after benzyl mercaptan installation 

(18Q, d) and final purification (18Q, e). Chromatograms a), and c) obtained after the reaction without 

prior purification. Chromatograms were measured with standard HPLC conditions. All 

chromatograms were recorded at 375 nm. 

21 

21 
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Figure S27 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence R18. 

Overlay of RP-HPLC profiles from each synthetic step of compound 18Q synthesized from R18. 

Compound R18 after SPS/SPFS as a crude (a), after purification co-injected with internal standard 21 

(b), after cyclization co-injected with internal standard 21 (18Q, c) and final purification (18Q, d). 

Chromatograms a), and c) obtained after the reaction without prior purification. Chromatograms were 

measured with standard HPLC conditions. All chromatograms were recorded at 375 nm. 

21 

21 
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Figure S28 - RP-HPLC analysis of sequences 18. Overlay of RP-HPLC profiles measured from 

compound 18 obtained from the competition experiment (a), synthesized from the reference 

experiment (b) and as a co-injection (c). Chromatograms were measured with standard HPLC 

conditions. All chromatograms were recorded at 375 nm. 
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Figure S29 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 19. 

Overlay of RP-HPLC profiles measured from each synthetic step of compound 19Q. Compound 19 

after SPS/SPFS as a crude (a), after purification co-injected with internal standard 21 (b), after 

cyclization co-injected with 21 (19C, c), after benzyl mercaptan installation d) and final purification 

(19Q, e). Chromatograms a), c) and d) were recorded after the reaction without prior purification. 

Chromatograms were measured with standard HPLC conditions. All chromatograms were recorded at 

375 nm.  

21 

21 
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Figure S30 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 20. 

Overlay of RP-HPLC profiles measured from each synthetic step of compound 20Q. Compound 20 

after SPS/SPFS as a crude (a), after purification co-injected with internal standard b(b), after 

cyclization co-injected with 20 (20C, c), and final purification (20C, d). Chromatograms a), and c) 

were recorded after the reaction without prior purification. Chromatograms were measured with 

standard HPLC conditions. All chromatograms were recorded at 375 nm. 

21 

21 
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Figure S31 - Excerpts of the RP-HPLC and ESI-MS traces of the macrocyclization progression 

of 20C. The ESI-MS spectra reported correspond to the time segment 2.0 to 4.5 min. The resolution 

of the LC traces was not good enough to distinguish each peak intermediate on the base peak 

chromatogram (BPC) of the TOF detector. Urea buffer pH 8.5, 8 M (#). Chromatograms were 

measured with standard HPLC conditions and recorded at 375 nm.  
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NMR identification of products and structural study of 9Q 

 

Figure S32 - NH and aromatic region of the 1H NMR overlaid spectra of 1Q synthesized by two 

different routes. 1H NMR spectra recorded in a solvent mixture of NH4OAc 3mM pH 8.5 in CD3CN 

(50:50, v/v) (500 MHz, 25°C) with TMSP (3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt) of 

1Q synthesized from compound 1 (a); synthesized from compound R1 (b) and the 1:1 mixture of the 

two products synthesized via (a) or (b) route (c).  
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Figure S33 - NH and aromatic region of the 1H NMR overlaid spectra of 14Q synthesized by 

two different routes. 1H NMR spectra recorded in a solvent mixture of NH4OAc 3mM pH 8.5 in 

CD3CN (50:50, v/v) (500 MHz, 25°C) with TMSP of 14Q synthesized from compound 14 (a); from 

compound R14 (b) and the 1:1 mixture of the two products synthesized via (a) or (b) route (c). Signals 

assigned with * are considered as a synthetic impurity (over insertion of a Ser residue was detected by 

LC-MS analysis). Yet the presence of a different conformer cannot be excluded. 
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Figure S34 - NH and aromatic region of the 1H NMR overlaid spectra of 18Q synthesized by 

two different routes. 1H NMR spectra recorded in a solvent mixture of NH4OAc 3mM pH 8.5 in 

CD3CN (50:50, v/v) (500 MHz, 25°C) with TMSP of 18Q synthesized from compound 18 (a); from 

compound R18 (b) and the 1:1 mixture of the two products synthesized via (a) or (b) route (c). Signals 

assigned with * are considered as a synthetic impurity. 
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Figure 35 - Residue numbering of 9Q for full 1H NMR assignment  
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Figure S36 - 1H NOESY spectrum of 9Q. NMR solvent mixture of NH4OAc (5mM pH 8.5) in 

CD3CN (50:50, v/v) (500 MHz, 25°C) with TMSP. 

 

Figure S37 - 1H COSY spectrum of 9Q. NMR solvent mixture of NH4OAc (5mM pH 8.5) in 

CD3CN (50:50, v/v) (500 MHz, 25°C) with TMSP. 
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Figure S38 - 1H TOCSY spectrum of 9Q. NMR solvent mixture of NH4OAc (5mM pH 8.5) in 

CD3CN (50:50, v/v) (500 MHz, 25°C) with the addition of TMSP. 
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Figure S39 – Molecular models of 9Q. Molecular models obtained from MacroModel in the Maestro 

platform (force field potential: MMFFs, solvent: water, mini. method PRCG) of 9Q a) from two 

different perspectives and b) zoom to the peptide region. Non-polar hydrogens are omitted for clarity. 

Foldamer carbon atoms are dyed in dark blue, peptide backbone carbon atoms in green. 
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Res. H3 H4 H5 H6 H7 H8 H9 H11 NH NH(2) Ac H12 Benz. 

Q8 7.58  7.76 7.50 7.67  4.69  8.74  1.43   

Q7 7.74  7.68 7.32 7.40  
4.92 (a), 

4.79 (b) 
3.40 11.22 8.23  3.92 

7.45-

7.39 

Q6 6.52  8.05 7.55 8.42  4.58  11.69     

Q5 6.43  7.92 7.45 7.64  4.56  10.69     

B 6.96 5.80 6.28 6.15 3.53 
-

0.59 
  9.63     

Q3 7.74  7.14 7.20 7.13  
5.05 (a), 

4.34 (b) 

3.92 (a), 

3.27 (b) 
9.08 9.50    

Q2 8.11  8.00 7.96 8.68  
5.25 (a), 

4.64 (b) 

3.41 (a), 

3.04 (b) 
10.42 8.32    

Q1 6.65  8.01 7.54 8.72  4.51  10.41     

Table S1. 1H chemical shift values in ppm for the foldamer segment of compound 9Q 

 

 
     NH 

Gly1 3.13 (2), 2.95 (3)     6.62 

Cys2 4.14 3.05, 3.27    7.84 

Ser3 4.03 3.45, 3.55    7.71 

Lys4 3.66 0.67 0.76 0.99 2.12 6.90 

Ser5 4.00 3.70    7.95 

Cys6 4.64 3.04    8.52 

Gly7 3.78 (2), 3.68 (3)     7.87 

Table S2. 1H chemical shift values in ppm for the peptide segment of compound 9Q  
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Figure S40 – Q3-macrocycle 1H NOESY correlations. Excerpt of 1H NOESY spectrum of 9Q in a 

solvent mixture of NH4OAc (5mM pH 8.5) in CD3CN (50:50, v/v) (500 MHz, 25°C). Colored cross 

peaks relate to the correlation between Gly1 and Q3 side chain as part of a macrocycle. 
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Figure S41 – Q2-macrocycle 1H NOESY correlations. Excerpt of 1H NOESY spectrum of 9Q in a 

mixture of NH4OAc (5mM pH 8.5) in CD3CN (50:50, v/v) (500 MHz, 25°C). Colored cross peaks 

relate to the correlation between Gly7 and Q2 sidechain as part of a macrocycle.  
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Figure S42 – Q7 NOESY correlation. Excerpt of 1H NOESY spectrum of 9Q in a mixture of 

NH4OAc (5mM pH 8.5) in CD3CN (50:50, v/v) (500 MHz, 25°C). Cross peaks correlation on Q7 side 

chain is depicted in blue.  
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Figure S43 – Lys4 1H-NOESY correlations. a) Excerpt of 1H NOESY spectrum of 9Q in a solvent 

mixture of NH4OAc (5mM pH 8.5) in CD3CN (50:50, v/v) (500 MHz, 25°C). Colored cross peaks 

relate to the correlation between Lys4-H (blue), Lys4-H (green), Lys4-H, and Lys4-H and 

neighboring aromatic and amide protons. b) Chemical structure of 9Q and Lys4-H correlations. c) 

Model of 9Q and their correlations of signals shown for Lys4-H exemplarily. NOE signals are 

depicted in purple lines.  
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Figure S44 – BH8 1H-NOESY correlations. a) Excerpt of 1H NOESY spectrum of 9Q in a solvent 

mixture of NH4OAc (5mM pH 8.5) in CD3CN (50:50, v/v) (500 MHz, 25°C). Marked cross peaks 

relate to the correlation between BH8 and neighboring protons. Chemical structure of 9Q and BH8 

correlations. c) Model of 9Q and their correlations of BH8 signals. NOE signals indicated by purple 

lines. 
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Reaction trail analysis of 16 

 

Figure S45 - Molecular models which illustrate the cyclization trail of the mono-, di-, tri- and 

tetracycle. Foldamer shown in blue, peptide loops in green, thioether linker in yellow. Arrows 

indicate N- to C-terminus.  

 

 

Figure S46 - Scheme of the cyclization trail of 16C. Colored schemes are plausible cyclization 

trails.  
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Synthetic schemes 

 Figure S47 - General synthetic scheme exemplarily shown of linear Foldamer-peptide-hybrid 8 

on solid support.  
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Figure S48 - Synthetic routes for the monomer Fmoc-Q(Dap-Alloc)-OH (22) and Fmoc-Q(SBn)-

OH (23) 

Circular dichroism (CD) spectra 

 

Figure S49 – CD spectrum from 14 and 14Q. a) Individual CD spectra for compound 14 (linear) 

and 14Q (cyclic) and CD spectra obtained after substracting the individual spectra of 14-14Q. 

 

11.2. Material and Methods 

RP-HPLC analyses 

Analytical RP-HPLC analyses, were performed on an Ultimate 3000 RP-HPLC System (ThermoFisher 

Scientific). For analytical analysis, a Nucleodur C18 Gravity column (4 x 100 mm, 5 μm, Macherey-
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Nagel) was used at a flow rate of 1 ml/min. Semi-preparative purification was performed on a 

Waters system equipped with a 2545 Quaternary Gradient Module with automated fraction 

collector system on a Nucleodur C18 Htec 5 µm 125/21 column at a flow rate of 25 ml/min. When 

using acidic conditions 0.1 % TFA was added to the aqueous mobile phase (referred to as mobile 

phase A) and to acetonitrile (referred to as mobile phase B). The column eluent was monitored by 

UV detection at 214, 254, and 300 nm with a diode array detector. 

For the quantification of the macrocyclization reaction, a solution of internal standard 21 (0.70 − 

0.77 mM, 0.1 % TFA in H2O/CH3CN (90:10, v/v)) and a foldamer solution (1.5 – 0.5 mM, 0.1 % TFA in 

H2O/CH3CN (90:10, v/v)) was prepared and the concentration of each solution was determined by 

measuring the UV absorbance at 375 nm with the NanoDrop UV-spectrometer and a 1 cm cuvette. 

Prior to RP-HPLC analysis, both solutions were mixed in a 1:1 ratio. The peak areas of standard and 

analysis compounds were determined separately by integration and the correction factor (KF) was 

calculated from the purified non-cyclic foldamer-peptide hybrid compound. Identical analysis and re-

processing were carried out after the macrocyclization step. The area of the macrocycle was 

determined by integration and the % of macrocyclization conversion was calculated via the 

previously determined KF value.  

𝐾𝐹 =
𝐹𝐴 ∗ 𝐶𝐼𝑆

𝐹𝐼𝑆 ∗ 𝐶𝐼
 

𝐶𝐼𝑆 = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 (𝐼𝑆) 

𝐶𝐼 = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 (𝐴) 

𝐹𝐼𝑆 = 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝐼𝑆 

𝐹𝐴 = 𝐴𝑟𝑒𝑎 𝑜𝑓 𝐴 

If not otherwise specified following RP-HPLC profiles were recorded by using a gradient from 10 to 

100 % CH3CN (0.1% TFA) at 50°C. The concentrations of internal standards 21 and analytes were 

determined by UV-VIS spectroscopy before RP-HPLC analysis.  

 

LCMS analyses 

LCMS spectra were recorded on a Bruker microTOF II in either positive or negative ionization mode. 

The instrument was calibrated in positive and negative mode by direct infusion of a calibration 

solution (Agilent Technologies ESI-L Low Concentration Tuning Mix). The HPLC line was an Ultimate 

3000 RP-HPLC System (ThermoFisher Scientific) equipped with a Nucleodur C18 Gravity column (2 x 
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50 mm, 1.8 μm, Macherey-Nagel) at a flow rate of 0.33 ml/min. 0.1 % formic acid was added to the 

aqueous mobile phase (solvent A) and to acetonitrile (solvent B). The column eluent was monitored 

by UV detection at 214, 254, and 300 nm with a diode array detector. 

NMR analyses 

1H-NMR spectra were recorded on Avance III HD 400 MHz Bruker BioSpin and Avance III HD 500 MHz 

Bruker BioSpin spectrometers. All chemical shifts () are reported in ppm and calibrated against 

residual solvent signals of DMSO-d6 (δ 2.50 ppm) and CDCl3 (δ 7.16 ppm). In the case of 1H-NMR 

spectra recorded in H2O/CH3CN or aqueous salt buffered systems, 3-(trimethylsilyl)propionic-2,2,3,3-

d4 acid sodium salt (TMSP) was added to the medium and calibrated against δ 0.00 ppm. Coupling 

constants (J) are reported in Hz. Signal multiplicities were abbreviated as s, singlet; d, doublet; t, 

triplet; q, quartet, and m, multiplet. 

Molecular modeling 

Models were simulated by using Maestro version 11.5 (Schrödinger Inc.). Energy minimized 

structures were obtained using MacroModel energy minimization with the following parameters: 

force field: MMFFs; Solvent: Water; Electrostatic treatment: Constant dielectric; Dielectric constant: 

1.0; Charges from: Force field; Cutoff: Extended; Van der Waals: 8.0; Electrostatic: 20.0; H-bond: 4.0; 

Mini Method: TNCG; Maximum iterations: 2500; converge on: Gradient; Convergence threshold: 

0.05. No other extended options.  

As a starting point, the coordinates of the crystal structure of a previously described peptide-

foldamer hybrid macrocycle (CCDC entry # 2010131) were imported. From the imported structure, 

the peptide was deleted and the helical foldamer part was modified to match the sequence included 

in the molecules synthesized in this study (i.e. DEG- or Ac-QQQBQQQ-OH). The C-terminal peptide 

was built on the foldamer as a growing alanine chain with cysteine residues at positions consistent 

with the sequences from the syntheses. Other amino acids than alanine and cysteine were not used. 

The initial non cyclic model was energy minimized. Acetamidomethyl-containing side chains were 

introduced at positions of interest on the foldamer helix. The cysteine thiol and acetamide were 

then joined by deleting the sulfide hydrogen and one acetyl hydrogen atom and replacing them by a 

sulfur-carbon single bond, thus creating a macrocycle. The initial length of this bond may be very 

long and can eventually be somewhat reduced by adjusting bond rotations in the peptide chain prior 

to creating the bond. Energy minimization was started again leading to a quick adjustment of the 

bond length and translating into conformational changes of the peptide and possibly of the helix. 

Observation of unfavorable conformational patterns in the energy minimized structure, and in 
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particular, even slight distortions of the foldamer conformation were interpreted as strain that 

would make the spontaneous formation of this cycle unfavorable. The process was repeated, placing 

the cysteine residue at different positions in the peptide sequence and the acetamidomethyl group 

on different quinoline rings of the foldamer. When a cysteine residue could cyclize without creating 

strain with different side chains, the nearest reaction site was considered to be favored. These 

iterations were repeated for bi-, tri- and tetra-cycles. The xyz coordinates of representative 

multicycles are provided as an extended data set excel file. 

CD analysis 

All CD curves were recorded on a Jasco J-810 spectrometer with 10 mm quartz cuvette. Following 

parameters were used: Wavelength range from 650 to 180 nm. Scan speed: 50 nm/min, 

accumulation: 2, response time: 1.0 s, bandwidth: 2, temperature: 25 °C, sensitivity: standard, data 

pitch: 1 nm, nitrogen gas flow rate: 500L/h. The sample solution was prepared in degassed ultrapure 

water/acetonitrile solvent mixture 90:10 (v/v). ε values were obtained by using the formula: ∆ε = 

m°/(C.l.32980); ∆ε = cm2.mmol-1, m°= CD value in milli degrees, l = cuvette pathlength in cm, C = 

sample concentration in mol/L.  

 

Chemical Synthesis 

General 

Fmoc-QAsp(OtBu)-OH, Fmoc-QDap(Boc)-OH and Fmoc-BRme-OH monomers were prepared by following the 

reported synthetic protocols.1 If not otherwise mentioned, chemical reagents were purchased from 

Sigma-Aldrich, and solvents from Fisher Scientific and used without further purification. Anhydrous 

tetrahydrofuran (THF) and anhydrous dichloromethane (DCM) were obtained from MBRAUN SPS-

800 solvent purification system. Anhydrous chloroform (CHCl3) and N,N-diisopropylethylamine 

(DIPEA) were distilled over CaH2 prior to use. Exclusively ultrapure water was used. DMF and NMP 

(peptide grade) were purchased from Carlo Erba. Rink amide MBHA, Cl-MPA ProTide®, and low-

loading preloaded Fmoc-Gly-Wang resins were purchased from CEM. Fmoc-Gly-SASRIN resin was 

purchased from Novabiochem. Fmoc-N-protected amino acids, benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), benzotriazol-1-

yloxytris(dimethylamino)-phosphonium hexafluorophos-phate (BOP) and 2-(1H-Benzotriazol-1-yl)-

1,1,3,3-tetramethyl-uronium-hexafluorophosphate (HBTU) were purchased from IRIS Biotech. 2-

(benzylthio)acetic acid was purchased from ABCR. Silica column chromatography purifications were 
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performed on silica gel (230-400 mesh, 40-63 μm, Merck) and thin-layer chromatography was 

performed on silica gel 60-F254 plates (Merck). 

General protocol for SPPS 
The peptide segments were assembled by using a Liberty Blue CEM® synthesizer at a minimum scale 

of 50 µmol. Fmoc deprotection was performed twice with 20% piperidine in DMF at 75°C (1 × 30 sec. 

and 1 × 180 sec.).The coupling cycles of the peptide segments in sequences 1-14 contained two 

coupling steps under microwave irradiation at 50°C for 10 min with N-Fmoc--AA-OH (6 equiv. 

relative to the resin loading), PyBOP (6 equiv.), and DIPEA (12 equiv.) in DMF. In the case of the 

peptide segments present in sequences 15, 16, 17, 20 and 21, the coupling step were performed 

once at RT for 15 min with N-Fmoc--amino acid (10 equiv. relative to the resin loading), PyBOP (10 

equiv.), and DIPEA (20 equiv.) in DMF. After Fmoc deprotection step, the resin was washed with 

DMF (2 × 2 ml) step and following the coupling step, one time with DMF (3 ml). When ProTide® resin 

was used, due to its high swelling property, after Fmoc deprotection the resin was extensively 

washed with DMF (4 × 4 ml) and following the coupling step one time with 4 ml DMF.  

General protocol for SPFS 

The microwave-assisted solid-phase synthesis (SPS) of foldamer-peptide hybrids was carried out on a 

Discover-Bio CEM® microwave oven in an open vessel mode. The temperature of the reaction 

mixture within the reactor vessel was monitored with an optical fiber probe. 

Solid-phase foldamer synthesis (SPFS) for compounds 1–14 and 16-19. 
SPFS for compounds 1–14, 16-19 was undertaken according to reported protocols: 

✓ Fmoc Deprotection. The resin was suspended at room temperature in a solution of 

20 % piperidine in DMF for 1 × 3 min and 1 × 7 min with one DMF washing in between the two 

cycles. The resin was next washed once with DMF (3 mL) and with dry THF (3 × 3 mL) prior to 

perform the in situ coupling. 

✓ Iterative in situ coupling of Fmoc-Q-OH on resin-bound peptide. To the pre-swollen 

resin in dry THF (1 ml) was added 2,4,6-Collidine (9.0 equiv. relative to the resin loading). 

Concurrently, the Fmoc-Q-OH was suspended in 1.25 ml anhydrous CHCl3 together with 

triphenylphosphine (8 equiv). Trichloroacetonitrile (TCAN) was quickly added and the reaction 

mixture was vigorously mixed before to be added to the suspended resin within 60 sec. The reaction 

vessel was then placed under microwave irradiation (25 W, ramp to 50°C over 5 min, then hold at 

50°C for 15 min). The resin was filtered off and washed with anhydrous THF (2 × 3 mL). The coupling 

step was repeated once. The resin was then filtered off and washed with THF (3 × 3 mL) and DMF (2 

× 3 mL). 
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Solid-phase foldamer synthesis (SPFS) of F15 and F20 

The SPFS of foldamer fragment of 15 (F10) and 20 (F20) was carried out on a Discover-Bio CEM® 

microwave oven in open vessel mode as previously described2 on Fmoc-Gly-SASRIN resin by using 

the in situ activation procedure (see above) on a 200 µmol scale. 

Fragment condensation to assemble hybrid 15 and 20 on solid support (exemplified 

with compound 15) 
F15 was next coupled via a fragment condensation approach on the resin-bound peptide P15 on a 

50 mol scale. To remove any remaining moisture, F15 was lyophilized prior to coupling. F15 (50 mg, 

47 mol, 0.94 eq.) was then dissolved in dry NMP (0.4 mL) and dry THF (1.0 mL) together with DIPEA 

(35 µL, 0.2 mmol, 4 eq.) and BOP (44 mg, 100 mol, 2 eq.). After pre-activation for 3 min, the 

coupling solution was added to the resin-bound H-Phe-peptide P10 under N2 atmosphere. The 

mixture was stirred for 24 h at r.t. by monitoring the progress of the reaction via HPLC analysis. The 

resin solution was filtered off and washed with DMF (3 x 3 mL). To facilitate HPLC purification, 

remaining unreacted resin-bound H-Phe-peptide P10 was acetylated (Method 3.2.5). 

General protocol for N-terminal acetylation 
Before performing the N-terminal acetylation step on the resin-bound NH2-oligomer, the resin was 

transferred to a 5 ml syringe equipped with a filter and washed with DCM (3  3 ml). The resin was 

next treated with a solution of acetic anhydride in DCM (50:50, v/v) for 16 h at RT. The resin was 

then filtered off and washed with DCM (3  3 ml).  

General protocol for Alloc deprotection 

The resin was incubated with a solution of Pd(PPh3)4 (0.1 equiv. relative to the number of Alloc 

protecting group), phenylsilane (20 equiv.), and dry DCM (1.5 ml) for 30 min at RT. This deprotection 

step was repeated once without any washing in between. The resin was then filtered off and washed 

with DCM (3  3 ml).  

On resin QDap side-chain chloroacetylation, resin cleavage and purification  
The chloroacetylation step, resin cleavage and purification of crude foldamer-peptide-hybrids were 

carried out by following the reported procedures.2 

Monomer syntheses 

Compound 22a: Fmoc-Q(Dap(Boc))-OH was prepared by established protocol.1a It (0.27 mol, 2 g) was 

dissolved in 60 ml TFA together with 600 µl TIS and stirred at RT for 10 min. The solvent was 

narrowed down to 5 ml TFA by rotary evaporation and the solution was next precipitated in 120 ml 

cold diethylether. The suspension was centrifuged and the supernatant discarded. Compound 22a 

was obtained as a colorless powder in quantitative yield and used without further purification. 1H 

NMR (500 MHz, DMSO-d6) δ 13.77 (s, 1H), 10.51 (s, 1H), 8.58 (s, 3H), 8.35 (s, 1H), 7.94 (dt, J = 7.6, 
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0.9 Hz, 2H), 7.85 (dd, J = 8.5, 1.3 Hz, 1H), 7.78 (m, 3H), 7.44 (tt, J = 7.5, 0.9 Hz, 2H), 7.37 (td, J = 7.5, 

1.2 Hz, 2H), 4.65 (d, J = 6.8 Hz, 2H), 4.46 (t, J = 6.7 Hz, 1H). 13C NMR (126 MHz, DMSO) δ 165.24, 

153.49, 144.85, 143.69, 142.51, 140.84, 136.51, 136.37, 130.11, 127.81, 127.22, 126.91, 125.12, 

120.28, 119.17, 116.75, 116.52, 66.45, 46.59. 38.75. HRMS (ESI+) m/z calcd for [M+1H]+1 C26H21N3O4 

440.1605 found 440.1438. 

Compound 22: Compound 22a (0.27 mmol) was dissolved in 54 ml dioxane and Na2CO3 (18 mmol, 

1.9 g, 5 equiv.) was added together with 18 ml water to reach a concentration of 50 mM. N-

(Allyloxycarbonyloxy)succinimide (4.7 mmol, 720 µl) was added dropwise to the reaction mixture. 

The reaction mixture was stirred at RT for 16h and acidified afterward with an aqueous solution of 

5% HCl. The mixture was extracted with DCM (1 x 40ml, 2 x 20ml), the organic layers were 

combined, dried over MgSO4, filtered through a cotton plug and evaporated to dryness. The 

remaining oily liquid was co-evaporated with toluene (3 × 5 ml) and further dried under high vacuum 

overnight. Compound 22 was obtained in 95 % yield (1.8 g) as a light yellow solid and used without 

further purification. 1H NMR (500 MHz, DMSO-d6) δ 13.63 (s, 1H), 10.47 (s, 1H), 8.37 (s, 1H), 8.11 (d, 

J = 6.3 Hz, 2H), 7.93 (dt, J = 7.6, 0.9 Hz, 2H), 7.87 – 7.82 (m, 1H), 7.78 (dd, J = 7.5, 1.0 Hz, 2H), 7.70 (t, 

J = 8.2 Hz, 1H), 7.44 (tt, J = 7.5, 0.8 Hz, 2H), 7.36 (td, J = 7.4, 1.2 Hz, 2H), 5.95 (ddt, J = 17.2, 10.5, 5.3 

Hz, 1H), 5.33 (dq, J = 17.2, 1.7 Hz, 1H), 5.21 (dq, J = 10.4, 1.5 Hz, 1H), 4.78 (d, J = 6.1 Hz, 2H), 4.62 (d, J 

= 6.9 Hz, 2H), 4.55 (dt, J = 5.3, 1.6 Hz, 2H), 4.45 (t, J = 6.8 Hz, 1H).13C NMR (126 MHz, DMSO) δ 

165.24, 153.49, 144.85, 143.69, 142.51, 140.84, 136.51, 136.37, 130.11, 127.81, 127.22, 126.91, 

125.12, 120.28, 119.17, 116.75, 116.52, 66.45, 46.59, 41.14. HRMS (ESI-) m/z calcd for [M-1H]-1 

C30H25N3O6 522.1671 found 522.1995. 

Compound 23a: For the synthesis of compound 23a, 2-(benzylthio)acetic acid (700 mg, 3.8 mmol) 

and N-hydroxysuccinimide (442 mg, 3.8 mmol) were dissolved in acetonitrile (17 ml) and a solution 

of dicyclohexyl-carbodiimide (783 mg, 3.8 mmol) in acetonitrile (7 ml) was added within 5 minutes. 

After stirring at RT for 16 h under nitrogen atmosphere, solid dicyclohexylurea was removed, by 

filtration and the supernatant was evaporated to dryness. The compound was purified by silica gel 

flash column chromatography with 25% EtOAc in cyclohexane and obtained as a colorless solid after 

evaporation to dryness (900 mg, 85%). 1H NMR (400 MHz, CDCl3) δ 7.39 – 7.31 (m, 4H), 7.30 – 7.27 

(m, 1H), 3.92 (s, 2H), 3.30 (s, 2H), 2.88 (s, 4H). 

Compound 23: Compound 23 was synthesized by slowly adding compound 23a (348 mg, 1.2 mmol) 

dissolved in 10 ml acetonitrile to a solution of 23 (556 mg, 1 mmol) together with Na2CO3 (530 mg, 5 

mmol) in water (10 ml). After stirring at RT for 16 h the reaction was acidified with an aqueous 

solution of 5% HCl and the target compound 23 was recovered after filtration through a glass filter 

as a light yellow powder (490 mg, 81%). 1H NMR (500 MHz, DMSO-d6) δ 13.61 (s, 1H), 10.49 (s, 1H), 
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8.82 (t, J = 6.0 Hz, 1H), 8.37 (s, 1H), 8.17 (s, 1H), 7.93 (dt, J = 7.6, 1.0 Hz, 2H), 7.87 (dd, J = 8.4, 1.2 Hz, 

1H), 7.78 (dd, J = 7.5, 1.0 Hz, 2H), 7.72 (t, J = 8.2 Hz, 1H), 7.44 (tt, J = 7.5, 0.8 Hz, 2H), 7.36 (td, J = 7.4, 

1.2 Hz, 2H), 7.31 (d, J = 4.2 Hz, 5H), 4.86 (d, J = 5.8 Hz, 2H), 4.63 (d, J = 6.9 Hz, 2H), 4.46 (t, J = 6.8 Hz, 

1H), 3.82 (s, 2H), 3.18 (s, 2H). 13C NMR (126 MHz, DMSO-d6) δ 169.82, 165.91, 153.98, 148.09, 

145.49, 144.19, 141.30, 138.36, 137.08, 136.75, 130.08, 129.47, 128.84, 128.27, 127.84, 127.71, 

127.40, 125.63, 120.74, 118.71, 117.20, 116.60, 66.91, 47.07, 40.13, 36.10, 34.37. HRMS (ESI+) m/z 

calcd for [M+H]+1 C35H30N3O5S 604.1901 found 604.1876. 

Hybrid sequence synthesis and macrocyclizations reactions 

 

Compound 1: Foldamer-peptide 1 was built on a 25 µmol scale using Fmoc-Gly-preloaded Wang 

resin (0.33 mmol/g). After terminal acetylation, the Alloc protecting groups were removed, and 

directly followed by the chloroacetylation step. The resin was cleaved with TFA/TIS/H2O/EDT 

(92.5:2.5:2.5:2.5, v/v/v/v) and the crude product (30 mg, 51%, Figure S2a) was purified by semi-

preparative RP-HPLC (gradient: from 25% to 40% solvent B over 15 minutes at 25°C) to give 1 in 14% 

yield (Figure S2 – RP-HPLC analysis of the synthesis, purification and cyclization of sequence 1. 

Overlay of RP-HPLC profiles measured from each synthetic step of compound 1Q synthesized from 
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compound 1 measured with standard HPLC conditions. Compound 1 after SPS/SPFS as a crude (a), 

after purification co-injected with internal standard 21(b), after cyclization and co-injected with 21 

(1C, c) and after benzyl mercaptan installation (1Q, d). Chromatograms a), c) and d) obtained after 

the reaction without prior purification. a) and d) recorded at 300 nm, b) and c) at 375 nm. HRMS 

(ESI+) m/z calcd (most abundant mass peak) for C102H88Cl2N22O25S [M+2H]2+ 1062.2692 found 

1062.2833 

Compound 1C: After lyophilization, compound 1 (8 mg) was dissolved in a 1:1 mixture of acetonitrile 

in water (38 ml total) to reach a 0.1 mM concentration and the solvent was freed from oxygen. 

Freshly distilled TEA (1.32 ml, 0.25 mM) was added and the reaction was kept under nitrogen 

atmosphere without stirring. The progression of the macrocyclization was monitored by RP-HPLC. 

After 30 min, the reaction mixture was concentrated under reduced pressure and the remaining 

solvent lyophilized. The obtained crude product was used in the subsequent reaction without further 

purification (Figure S2c). C102H86ClN22O25S [M+H]+ 2086.5564 found 2086.5457 

Compound 1Q: Compound 1C (7 mg) was dissolved in a 1:1 mixture of acetonitrile in water (0.1 ml 

total) to reach a 50 mM concentration and TEA (2.8 µl, 6 equiv.) was added. While stirring, benzyl 

mercaptan (1.2 µl, 3 equiv.) was added and the reaction mixture was stirred at RT for 60 minutes. 

Solvents were removed, by lyophilization and the colorless product 1Q (1.6 mg, Figure S2d) was 

obtained after semi-preparative RP-RP-HPLC purification using a gradient from 15% to 30% solvent 

D. 1H NMR (500 MHz,CD3CN) δ 11.67 (s, 1H), 11.10 (s, 1H), 10.88 (s, 1H), 10.64 (s, 1H), 10.44 (s, 1H), 

9.85 (s, 1H), 9.24 (d, J = 6.9 Hz, 1H), 9.06 (s, 1H), 8.67 (d, J = 9.9 Hz, 2H), 8.56 (d, J = 7.0 Hz, 1H), 8.36 

(q, J = 8.1, 7.2 Hz, 2H), 8.03 (d, J = 9.2 Hz, 1H), 7.98 (s, 1H), 7.92 (d, J = 8.9 Hz, 2H), 7.87 (d, J = 6.8 Hz, 

2H), 7.76 (t, J = 9.2 Hz, 4H), 7.69 (d, J = 7.8 Hz, 1H), 7.58 (s, 1H), 7.54 (t, J = 6.1 Hz, 2H), 7.49 (t, J = 8.8 

Hz, 2H), 7.41 (d, J = 8.7 Hz, 5H), 7.35 (dd, J = 16.5, 7.7 Hz, 6H), 7.26 (dd, J = 11.8, 6.8 Hz, 2H), 7.11 (t, J 

= 7.7 Hz, 1H), 7.04 (dd, J = 16.8, 7.8 Hz, 2H), 6.97 (d, J = 9.0 Hz, 1H), 6.74 (d, J = 7.4 Hz, 1H), 6.57 (s, 

1H), 6.51 (s, 1H), 6.28 (d, J = 12.0 Hz, 2H), 6.08 (d, J = 8.4 Hz, 1H), 5.87 (t, J = 8.5 Hz, 1H), 5.01 (td, J = 

18.2, 17.1, 7.8 Hz, 1H), 4.90 – 4.56 (m, 2H), 3.67 – 3.49 (m, 1H), 3.45 – 3.20 (m, 7H), 3.13 (q, J = 8.0 

Hz, 1H), 1.41 (s, 4H), 1.35 – 1.19 (m, 3H), -0.60 (d, J = 6.7 Hz, 3H). HRMS (ESI-) m/z calcd (most 

abundant mass peak) for C109H91N22O25S2 [M-H]- 2172.5992 found 2172.6627.  
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Compound R1: Foldamer-peptide R1 was on a 25 µmol scale using the low loading Fmoc-Gly-

preloaded Wang resin (0.33 mmol/g). After terminal acetylation, the Alloc protecting group was 

removed, directly followed by chloroacetylation. The resin was cleaved with TFA/TIS/H2O/EDT 

(92.5:2.5:2.5:2.5, v/v/v/v) and the crude product (61 mg, 99%, Figure S3a) was purified by semi-

preparative RP-HPLC (gradient: from 30% to 50% solvent B over 15 minutes at 25°C, Figure S4b). 

HRMS (ESI+) m/z calcd (most abundant mass peak) for C109H94ClN22O25S2 [M+H]+ 2210.5918 found 

2210.5231. 

Compound 1Q: After lyophilization, compound R1 (13 mg) was dissolved in a 1:1 mixture of 

acetonitrile in water (54 ml total) to a reach 0.1 mM concentration and the solvent was freed from 

oxygen. TEA (1.9 ml, 0.25 mM) was added and the reaction was kept under nitrogen atmosphere 

without stirring. The progression of the macrocyclization was monitored by RP-HPLC. After 20min, 

the reaction mixture was concentrated under reduced pressure and the remaining solvent 

lyophilized. 7.3 mg light yellow product was obtained after purification by semi-preparative RP-HPLC 

(gradient: from 20% to 80% solvent B over 15 minutes at 25°C, Figure S3d). HRMS (ESI+) m/z calcd 

(most abundant mass peak) for C109H94N22O25S2 [M+2H]2+ 1087.8112 found 1087.8214.  
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Compound 2: Foldamer-peptide 2 was built on a 25 µmol scale using a low loading Fmoc-Gly-

preloaded Wang resin (0.33 mmol/g). After terminal acetylation, the Alloc protecting group was 

removed, directly followed by chloroacetylation. The resin was cleaved with TFA/TIS/H2O/DODT 
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(92.5:2.5:2.5:2.5, v/v/v/v) and the crude product (50 mg, 82%, see Figure S4a) was purified by semi-

preparative RP-HPLC (gradient: from 25% to 40% solvent B over 15 minutes at 25°C, see Figure S4b). 

HRMS (ESI+) m/z calcd (most abundant mass peak) for C105H92Cl2N23O27S [M+H]+ 2210.5676 found 

2210.4959 

Compound 2C: After lyophilization, compound 2 (14 mg) was dissolved in a mixture of acetonitrile 

(25 ml) in water (38 ml) to reach a 0.1 mM concentration and the solvent was freed from oxygen. 

TEA (2.1 ml, 0.25 mM) was added and the reaction was kept under nitrogen atmosphere without 

stirring. The progression of the macrocyclization was monitored by RP-HPLC. After 30 min, the 

reaction mixture was concentrated under reduced pressure and the remaining solvent lyophilized. 

The obtained crude product was used in the subsequent reaction without further purification (Figure 

S4c). HRMS (ESI+) m/z calcd (most abundant mass peak) for C105H91ClN23O27S [M+H]+ 2173.6137 

found 2173.5875 

Compound 2Q: Compound 2C (14 mg) was dissolved in a 1:1 mixture of acetonitrile in water (0.13 

ml total) to reach 50 mM concentration and TEA (5 µl, 6 equiv.) was added. While stirring, benzyl 

mercaptan (2.0 µl, 3 equiv.) was added and the reaction mixture was stirred at RT for 60 minutes. 

Solvents were removed, by lyophilization and the two conformational isomers were isolated by 

semi-preparative RP-RP-HPLC with a gradient from 15% to 35% solvent D (see Figure S4e and S4f). 

HRMS (ESI+) m/z calcd (most abundant mass peak) for C112H98N23O27S2 [M+H]+ 2261.6490 found 

2261.7231 for isomer (2Q-a) and 2261.7280 for isomer (2Q-b).  
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Compound 3: Foldamer-peptide 3 was built on a 25 µmol scale using a low loading Fmoc-Gly-

preloaded Wang resin (0.33 mmol/g). After terminal acetylation, the Alloc protecting group was 

removed, directly followed by chloroacetylation. The resin was cleaved with TFA/TIS/H2O/DODT 
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(92.5:2.5:2.5:2.5, v/v/v/v) and the crude product (52 mg, 85%, Figure S5a) was purified by semi-

preparative RP-HPLC (gradient: from 25% to 40% solvent B over 15 minutes at 25°C, Figure S5b). 

HRMS (ESI+) m/z calcd (most abundant mass peak) for C108H97Cl2N24O28S [M+H]+ 2281.5348 found 

2281.6053. 

Compound 3C: After lyophilization, compound 3 (13 mg) was dissolved in mixture of acetonitrile (34 

ml) in water (22 ml) to reach 0.1 mM concentration and the reaction mixture was freed from 

oxygen. TEA (1.9 ml, 0.25 mM) was added and the reaction was kept under nitrogen atmosphere 

without stirring. The progression of the macrocyclization was monitored by RP-HPLC. After 30 min, 

the reaction mixture was concentrated under reduced pressure and the remaining solvent 

lyophilized. The obtained crude product was used in the subsequent reaction without further 

purification (Figure S5c). HRMS (ESI+) m/z calcd (most abundant mass peak) for C108H96ClN24O28S 

[M+H]+ 2244.6490 found 2244.6337. 

Compound 3Q: Compound 3C (14 mg) was dissolved in a 1:1 mixture of acetonitrile in water (0.12 ml 

total) to reach 50 mM concentration and TEA (5 µl, 6 equiv.) was added. While stirring, benzyl 

mercaptan (2.0 µl, 3 equiv.) was added and the reaction mixture was stirred at RT for 60 minutes. 

Solvents were removed, by lyophilization and the two conformational isomers were isolated 

separately after using semi-preparative RP-RP-HPLC with a gradient from 15% to 35% solvent D 

(Figure S5e and S5f). HRMS (ESI+) m/z calcd (most abundant mass peak) for C115H103N24O28S2 [M+H]+ 

2332.6907 found 2332.7634 for isomer (3Q-a) and 2332.7661 for isomer (3Q-b).  
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Compound 4: Foldamer-peptide 4 was built on a 25 µmol scale using a Fmoc-Gly-preloaded Wang 

resin (0.33 mmol/g). After terminal acetylation, the Alloc protecting group was removed, directly 

followed by chloroacetylation. The resin was cleaved with TFA/TIS/H2O/DODT (92.5:2.5:2.5:2.5, 

v/v/v/v) and the crude product (68 mg, 87%, Figure S6a) was purified by semi-preparative RP-HPLC 
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(gradient: from 15% to 30% solvent B over 8 minutes at 25°C, Figure S6b) to afford 28 mg of pure 

compound. HRMS (ESI+) m/z calcd (most abundant mass peak) for C122H124ClN30O34S2 [M+H]+ 

2652.8055 found 2652.8290 

Compound 4C: After lyophilization, compound 4 (12 mg) was dissolved in a mixture of acetonitrile 

(18 ml) in water (27ml) to a reach 0.1 mM concentration and the solvent was freed from oxygen by 

Freeze-Pump-Thaw. TEA (1.5 ml, 0.25 mM) was added and the reaction was kept under nitrogen 

atmosphere without stirring. The progression of the macrocyclization was monitored by RP-HPLC. 

After 60 min, the reaction mixture was concentrated under reduced pressure and the remaining 

solvent lyophilized. The obtained crude product was used in the subsequent reaction without further 

purification (Figure S6c). HRMS (ESI+) m/z calcd (most abundant mass peak) for C122H123N30O34S2 

[M+H]+ 2616.8288 found 2616.8594 

Compound 4Q: To reduce inter molecular disulfides, compound 4C (3.7 mg) was dissolved in a 

mixture of acetonitrile (0.28 ml) in water (0.42 ml, 0.1% formic acid) to reach a 2 mM concentration 

and TCEP (141 µl, 10mM, 1 equiv.) was added. The reaction mixture was stirred at RT and the 

progress of the reaction was monitored by RP-HPLC. The reaction was completed after 3h, 

chloroacetamide (280 µl, 10 mM, 2 equiv.) was added and the solution was basified with TEA (10 µl). 

The progression was monitored by RP-HPLC and completed after 6h (Figure S6d and S6e). Solvents 

were removed, by lyophilization. HRMS (ESI+) m/z calcd (most abundant mass peak) for 

C124H127N31O35S2 [M+2H]2+ 1337.4288 found 1337.4685.  
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Compound 5: Foldamer-peptide 5 was built on a 25 µmol scale using a low loading Fmoc-Gly-

preloaded Wang resin (0.33 mmol/g). After terminal acetylation, the Alloc protecting group was 

removed, directly followed by chloroacetylation. The resin was cleaved with TFA/TIS/H2O/DODT 

(92.5:2.5:2.5:2.5, v/v/v/v) and the crude product (70 mg, 90%, Figure S7a) was purified by semi-

preparative RP-HPLC (gradient: from 15% to 30% solvent B over 8 minutes at 25°C, Figure S7b) to 

afford 18 mg of pure compound. HRMS (ESI+) m/z calcd (most abundant mass peak) for 

C122H124ClN30O34S2 [M+H]+ 2652.8055 found 2652.8274. 

Compound 5C: After lyophilization, compound 5 (9 mg) was dissolved in a mixture of acetonitrile (14 

ml) in water (20 ml) to reach a 0.1 mM concentration and the solvent mixture was freed from 

oxygen. TEA (1.2 ml, 0.25 mM) was added and the reaction was kept under nitrogen atmosphere 

without stirring. The progression of the macrocyclization was monitored by RP-HPLC. After 30 min, 

the reaction mixture was concentrated under reduced pressure and the remaining solvent 

lyophilized. The obtained crude product was used in the subsequent reaction without further 
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purification (Figure S7c). HRMS (ESI+) m/z calcd (most abundant mass peak) for C122H123N30O34S2 

[M+H]+ 2616.8288 found 2616.8458. 

Compound 5Q: To reduce inter molecular disulfides, compound 5C (1.3 mg) was dissolved in a 

mixture of acetonitrile (0.2 ml) in water (0.5 ml, 0.1% formic acid) to reach a 0.5 mM concentration 

and TCEP (38 µl, 10mM, 1 equiv.) was added. The reaction mixture was stirred at RT and the 

progress of the reaction was monitored by RP-HPLC. The reaction was completed after 3h, 

chloroacetamide (45 µl, 10 mM, 2 eq) was added and the solution was basified with TEA (10 µl). The 

progression was monitored by RP-HPLC and was finished after 3h. Solvents were removed, by 

lyophilisation (Figure S7e). HRMS (ESI+) m/z calcd (most abundant mass peak) for C124H127N31O35S2 

[M+2H]2+ 1337.4288 found 1337.4722. 

 

 

Compound 6: Foldamer-peptide 6 was built on a 25 µmol scale using a low loading Fmoc-Gly-

preloaded Wang resin (0.33 mmol/g). After terminal acetylation, the Alloc protecting group was 

removed, directly followed by chloroacetylation. The resin was cleaved with TFA/TIS/H2O/DODT 
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(92.5:2.5:2.5:2.5, v/v/v/v) and the crude product (69 mg, 88%, Figure S8a) was purified by semi-

preparative RP-HPLC (gradient: from 15% to 30% solvent B over 8 minutes at 25°C) to afford 21 mg 

of pure compound (Figure S8b). HRMS (ESI+) m/z calcd (most abundant mass peak) for 

C122H124ClN30O34S2 [M+H]+ 2652.8055 found 2652.8218 

Compound 6C: After lyophilization, compound 6 (13.5 mg) was dissolved in a mixture of acetonitrile 

(21 ml) in water (30 ml) to reach a 0.1 mM concentration and the solvent mixture was freed from 

oxygen by Freeze-Pump-Thaw. Freshly distilled TEA (1.8 ml, 0.25 mM) was added and the reaction 

was kept under nitrogen atmosphere without stirring. The progression of the macrocyclization was 

monitored by RP-HPLC. After 30 min, the reaction mixture was concentrated under reduced 

pressure and the remaining solvent lyophilized. The obtained crude product was used in the 

subsequent reaction without further purification (Figure S8c). HRMS (ESI+) m/z calcd (most abundant 

mass peak) for C122H123N30O34S2 [M+H]+ 2616.8288 found 2616.8203. 

Compound 6Q: To reduce intermolecular disulfides, compound 6C (3.2 mg) was dissolved in a 

mixture of acetonitrile (0.24 ml) in water (0.37 ml, 0.1% formic acid) to reach a 2 mM concentration 

and TCEP (122 µl, 10mM, 1 equiv.) was added. The reaction mixture was stirred at RT and the 

progress of the reaction was monitored by RP-HPLC. The reaction was completed after 3h, 

chloroacetamide (120 µl, 10 mM, 2 eq) was added and the solution was basified with TEA (10 µl). 

The progression was monitored by RP-HPLC and was completed after 3h. Solvents were removed, by 

lyophilisation (Figure S8e). HRMS (ESI+) m/z calcd (most abundant mass peak) for C124H127N31O35S2 

[M+2H]2+ 1337.4288 found 1337.4499. 
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Compound 7: Foldamer-peptide 7 was built on a 25 µmol scale using a low loading Fmoc-Gly-

preloaded Wang resin (0.33 mmol/g). After terminal acetylation, the Alloc protecting groups were 

removed, directly followed by chloroacetylation. The resin was cleaved with TFA/TIS/H2O/DODT 

(92.5:2.5:2.5:2.5, v/v/v/v) and the crude product (64 mg, 82%, Figure S9a) was purified by semi-

preparative RP-HPLC (gradient: from 25% to 45% solvent B over 8 minutes at 25°C) to afford 6 mg of 

pure compound (Figure S9b). HRMS (ESI+) m/z calcd (most abundant mass peak) for 

C125H127Cl3N31O33S2 [M+H]+ 2760.7752 found 2760.7947 

Compound 7C: After lyophilization, compound 7 (1 mg) was dissolved in a mixture of acetonitrile 

(2.4 ml) in water (1.6 ml) to reach a 0.1 mM concentration and TCEP stock solution (4 µl, 10 mM, 1 

equiv.) was added. The solvent mixture was freed from oxygen by Freeze-Pump-Thaw. 

Independently, a solvent mixture of NH4HCO3 (2.4 ml, 60 mM, pH 8.5) in acetonitrile(1.6 ml) was 

prepared and oxygen removed, by Freeze-Pump-Thaw. The Foldamer solution was added via syringe 

to NH4HCO3 solution under N2 atmosphere. The mixture was quickly stirred and left without stirring 

for 2 h at RT. The progression of the macrocyclization was monitored by RP-HPLC. After 2 h, the 

reaction mixture was concentrated under reduced pressure and the remaining solvent lyophilized. 
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The obtained crude product was used in the subsequent reaction without further purification (Figure 

S9c). HRMS (ESI+) m/z calcd (most abundant mass peak) for C125H126ClN31O33S2 [M+2H]2+ 1344.9144 

found 1344.9769. 

Compound 7Q: Compound 7C (1 mg) was dissolved in a 1:1 mixture of NH4HCO3 (60 mM, pH 8.5) in 

acetonitrile (1 ml total) and benzylmercaptan (10.0 µl) was added. The reaction mixture was stirred 

at RT for 3 h. Solvents were removed by lyophilization. Pure compound was isolated after semi-

preparative RP-RP-HPLC purification with a gradient from 25% to 45% solvent B over 10 min at RT 

(Figure S9e). HRMS (ESI+) m/z calcd (most abundant mass peak) for C131H131N31O33S3 [M+2H]2+ 

1388.4431 found 1388.5030. 

 

Compound 8: Foldamer-peptide 8 was built on a 25 µmol scale using a Low loading Fmoc-Gly-

preloaded Wang resin (0.33 mmol/g). After terminal acetylation, the Alloc protecting groups were 

removed, directly followed by chloroacetylation. The resin was cleaved with TFA/TIS/H2O/DODT 

(92.5:2.5:2.5:2.5, v/v/v/v) and the crude product (60 mg, 77%, Figure S10a) was purified by semi-

preparative RP-HPLC (gradient: from 25% to 45% solvent B over 8 minutes at 25°C) to afford 6 mg of 
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pure compound (Figure S10b). HRMS (ESI+) m/z calcd (most abundant mass peak) for 

C125H127Cl3N31O33S2 [M+H]+ 2760.7752 found 2760.8162. 

Compound 8C: After lyophilization, compound 8 (3 mg) was dissolved in a mixture of  acetonitrile (4 

ml) in water (6.0 ml) to reach a 0.1 mM concentration and TCEP stock solution (10 µl, 10 mM, 1 

equiv.) was added. The solvent mixture was freed from oxygen by Freeze-Pump-Thaw. 

Independently, a solution of NH4HCO3 (6 ml, 60 mM, pH 8.5) in acetonitrile (4 ml) was prepared, 

oxygen removed, by Freeze-Pump-Thaw and the Foldamer solution added via syringe under inert gas 

atmosphere. The mixture was quickly stirred and left without stirring for 4 h at RT. The progression 

of the macrocyclization was monitored by RP-HPLC. After 4 h, the reaction mixture was quenched 

with TFA and the remaining solvent lyophilized. The obtained crude product was used in the 

subsequent reaction without further purification (Figure S10c). HRMS (ESI+) m/z calcd (most 

abundant mass peak) for C125H126ClN31O33S2 [M+2H]2+ 1344.9144 found 1345.0008. 

Compound 8Q: Compound 8C (3 mg) was dissolved in mixture of NH4HCO3 buffer (0.15 ml, 60 mM, 

pH 8.5) in acetonitrile (0.1 ml) and benzyl mercaptan (1 µl) was added. The reaction mixture was 

stirred at RT for 3 h. Solvents were removed, by lyophilization. Pure compound was isolated after 

using semi-preparative RP-RP-HPLC with a gradient from 25% to 45% solvent B over 10 min at RT 

(Figure S10e). HRMS (ESI+) m/z calcd (most abundant mass peak) for C131H131N31O33S3 [M+2H]2+ 

1388.4431 found 1388.5030. 
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Compound 9: Foldamer-peptide 9 was built by relying on the CEM Liberty Blue microwave peptide 

synthesizer for the peptide segment and on the Liberty Bio for the stepwise assembly of the 

foldamer part on a 25 µmol scale using a Low loading Fmoc-Gly-preloaded Wang resin (0.33 

mmol/g). After terminal acetylation, the Alloc protecting groups were removed, directly followed by 

chloroacetylation. The resin was cleaved with TFA/TIS/H2O/EDT (92.5:2.5:2.5:2.5, v/v/v/v) and the 

crude product (38 mg, 50%, Figure S11a) was purified by semi-preparative RP-HPLC (gradient: from 

35% to 45% solvent B over 15 minutes at 25°C (Figure S11b). HRMS (ESI+) m/z calcd (most abundant 

mass peak) for C119H115Cl3N27O32S2 [M+H]+ 2604.6709 found 2604.7563 

Compound 9C: After lyophilization, compound 9 (8 mg) was dissolved in a 1:1 mixture of acetonitrile 

in water (30 ml total) to reach a 0.1 mM concentration and the solvent mixture was freed from 

oxygen. TEA (1.0 ml, 0.25 mM) was added and the reaction was kept under nitrogen atmosphere 

without stirring. The progression of the macrocyclization was monitored by RP-HPLC. After 30 min, 

the reaction mixture was concentrated under reduced pressure and the remaining solvent 

lyophilized. The obtained crude product was used in the subsequent reaction without further 

purification (Figure S11c). C119H113ClN27O32S2 [M+H]+ 2531.7202 found 2531.7897. 



 

293 
 

Compound 9Q: 9C (7 mg) was dissolved in 1:1 mixture of acetonitrile in water (0.15 ml total) to 

reach a 50 mM concentration and TEA (3 µl, 6 equiv.) was added. While stirring, benzylmercaptan 

(1.0 µl, 3 equiv.) was added and the reaction mixture was stirred at RT for 60 minutes. Solvents were 

removed, by lyophilization and the colorless product (3.0 mg) was obtained after semi-preparative 

RP-HPLC purification with a gradient from 15% to 30% solvent D (Figure S11e). 1H NMR (500 MHz, 

Acetonitrile-d3) δ 11.70 (s, 1H), 11.23 (s, 1H), 10.69 (s, 1H), 10.42 (d, J = 5.2 Hz, 2H), 9.63 (s, 1H), 9.50 

(s, 1H), 9.08 (s, 1H), 8.73 (s, 1H), 8.73 – 8.66 (m, 2H), 8.52 (d, J = 8.6 Hz, 1H), 8.42 (d, J = 8.1 Hz, 1H), 

8.32 (s, 1H), 8.23 (d, J = 5.8 Hz, 1H), 8.11 (s, 1H), 8.05 (d, J = 9.1 Hz, 1H), 8.03 – 7.98 (m, 2H), 7.96 (t, J 

= 7.8 Hz, 1H), 7.91 (d, J = 9.1 Hz, 1H), 7.89 – 7.83 (m, 2H), 7.77 (d, J = 8.9 Hz, 1H), 7.74 (s, 2H), 7.71 (s, 

1H), 7.66 (dd, J = 13.3, 8.1 Hz, 4H), 7.59 (s, 2H), 7.55 (d, J = 11.6 Hz, 2H), 7.53 – 7.45 (m, 3H), 7.42 (d, 

J = 4.9 Hz, 6H), 7.38 (s, 1H), 7.31 (t, J = 8.3 Hz, 1H), 7.20 (d, J = 7.9 Hz, 2H), 7.13 (t, J = 8.3 Hz, 2H), 

7.07 (s, 1H), 6.96 (d, J = 9.0 Hz, 1H), 6.90 (s, 1H), 6.66 (s, 1H), 6.62 (s, 1H), 6.53 (s, 1H), 6.43 (s, 1H), 

6.28 (t, J = 8.0 Hz, 1H), 6.15 (d, J = 8.3 Hz, 1H), 5.80 (t, J = 8.2 Hz, 1H), 5.24 (t, J = 10.4 Hz, 1H), 5.06 

(dd, J = 17.3, 7.9 Hz, 1H), 4.93 (d, J = 13.0 Hz, 1H), 4.8-4.0 (water suppression region), 3.68 (d, J = 15.2 

Hz, 2H), 3.54 (td, J = 15.1, 13.5, 7.6 Hz, 4H), 3.48 – 3.42 (m, 1H), 3.40 (s, 2H), 3.37 (d, J = 3.3 Hz, 2H), 

3.26 (d, J = 13.9 Hz, 2H), 3.20 – 2.88 (m, 7H), 2.13 (s, 2H), 1.44 (s, 3H), 1.06 – 0.92 (m, 2H), 0.76 (s, 

2H), 0.67 (s, 2H), -0.58 (d, J = 6.9 Hz, 4H). HRMS (ESI-) m/z calcd (most abundant mass peak) for 

C126H118N27O32S3 [M-H]- 2617.7637 found 2617.8408. 
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Compound 10: Foldamer-peptide 10 was built on a 25 µmol scale using a low loading Fmoc-Gly-

preloaded Wang resin (0.33 mmol/g). After terminal acetylation, the Alloc protecting groups were 

removed, directly followed by chloroacetylation. The resin was cleaved with TFA/TIS/H2O/DODT 

(92.5:2.5:2.5:2.5, v/v/v/v) and the crude product (56 mg, 72%, Figure S12a) was purified by semi-

preparative RP-HPLC (gradient: from 25% to 45% solvent B over 8 minutes at 25°C, Figure S12b) to 

afford 4 mg of pure compound. HRMS (ESI+) m/z calcd (most abundant mass peak) for 

C125H127Cl3N31O33S2 [M+H]+ 2760.7752 found 2760.8156 

Compound 10C: After lyophilization, compound 10 (1.5 mg) was dissolved in a mixture of 

acetonitrile (2.4 ml) in water (3.6 ml) to reach a 0.1 mM concentration and TCEP stock solution (6 µl, 

10 mM, 1 equiv.) was added. The solvent mixture was freed from oxygen by Freeze-Pump-Thaw. 

Independently, a solution of NH4HCO3 (3.6 ml, 60 mM, pH 8.5) in acetonitrile (2.4 ml) was prepared, 

oxygen removed, by Freeze-Pump-Thaw and the Foldamer solution added via syringe under inert gas 

atmosphere. The mixture was quickly stirred and left without stirring for 4 h at RT. The progression 

of the macrocyclization was monitored by RP-HPLC. After 4 h, the reaction mixture was quenched 

with TFA and the remaining solvent lyophilized. The obtained crude product was used in the 
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subsequent reaction without further purification (Figure S12b). HRMS (ESI+) m/z calcd (most 

abundant mass peak) for C125H126ClN31O33S2 [M+2H]2+ 1344.9144 found 1344.9144  

Compound 10Q: Compound 10C (1.5 mg) was dissolved in a mixture of NH4HCO3 buffer (150 µl, 60 

mM, pH 8.5) in acetonitrile (100 µl) and benzyl mercaptan (1 µl) was added. The reaction mixture 

was stirred at RT for 3 h. Solvents were removed, by lyophilization. Pure compound was isolated 

after semi-preparative RP-HPLC purification with a gradient from 25% to 45% solvent B over 10 min 

at RT (Figure S12e). HRMS (ESI+) m/z calcd (most abundant mass peak) for C131H131N31O33S3 [M+2H]2+ 

1388.4431 found 1388.5001. 

 

 

Compound 11: Foldamer-peptide 11 was built on a 25 µmol scale using a Low loading Fmoc-Gly-

preloaded Wang resin (0.33 mmol/g). After terminal DEG installation, the Alloc protecting groups 

were removed, directly followed by chloroacetylation. The resin was cleaved with 

TFA/TIS/H2O/DODT (92.5:2.5:2.5:2.5, v/v/v/v) and the crude product (83 mg, 81%, Figure S13a) was 

purified by semi-preparative RP-HPLC (gradient: from 25% to 45% solvent B over 10 minutes at 25°C) 
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to afford 4 mg of pure compound (Figure S14b). HRMS (ESI+) m/z calcd (most abundant mass peak) 

for C138H153Cl4N31O39S3 [M+2H]2+ 1554.9509 found 1555.0461. 

Compound 11C: After lyophilization, compound 11 (3.0 mg) was dissolved in a mixture of 

acetonitrile (5 ml) in water (15 ml) to reach a 0.05 mM concentration and TCEP stock solution (10 µl, 

10 mM, 0.1 equiv.) was added. The solvent mixture was freed from oxygen by Freeze-Pump-Thaw. 

Independently, a solution of NH4HCO3 (15 ml, 60 mM, pH 8.5) in acetonitrile (5 ml) was prepared, 

oxygen removed, by Freeze-Pump-Thaw and the foldamer solution added via syringe under inert gas 

atmosphere. The mixture was quickly stirred and left without stirring for 1d at RT. The progression of 

the macrocyclization was monitored by RP-HPLC. After 1d, the reaction mixture was quenched with 

formic acid and the remaining solvent lyophilized. The obtained crude product was used in the 

subsequent reaction without further purification (Figure S13c). HRMS (ESI+) m/z calcd (most 

abundant mass peak) for C138H150ClN31O39S3 [M+2H]2+ 1499.9869 found 1500.0687 (11C-a) and 

1500.0675 (11C-b). 

Compound 11Q: Compound 11C (1.5 mg) was dissolved in a 1:1 mixture of NH4HCO3 buffer (60 mM, 

pH 8.5) in acetonitrile (0.3 ml total) and benzyl mercaptan (4 µl) was added. The reaction mixture 

was stirred at RT for 3 h. Solvents were removed, by lyophilization. Pure compounds (two 

constitutional isomers) were isolated after semi-preparative RP-RP-HPLC purification with a gradient 

from 30% to 50% solvent B over 10 min at RT (Figure S13e and S13f). HRMS (ESI+) m/z calcd (most 

abundant mass peak) for C145H157N31O39S4 [M+2H]2+ 1543.5156 found 1543.5291 (11Q-a) and 

1543.5275 (11Q-b). 
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Compound 12: Foldamer-peptide 12 was built on a 25 µmol scale using a low loading Fmoc-Gly-

preloaded Wang resin (0.33 mmol/g). After terminal DEG installation, the Alloc protecting groups 

were removed, directly followed by chloroacetylation. The resin was cleaved with 

TFA/TIS/H2O/DODT (92.5:2.5:2.5:2.5, v/v/v/v) and the crude product (70 mg, 68%, Figure S15a) was 

purified by semi-preparative RP-HPLC (gradient: from 25% to 45% solvent B over 10 minutes at 25°C) 

to afford 2 mg of pure compound (Figure S15b). HRMS (ESI+) m/z calcd (most abundant mass peak) 

for C138H153Cl4N31O39S3 [M+2H]2+ 1554.9509 found 1554.4308 

Compound 12C: After lyophilization, compound 12 (1.0 mg) was dissolved in a mixture of 

acetonitrile (2 ml) in water (8 ml) to reach a 0.05 mM concentration and TCEP stock solution (4 µl 10 

mM, 0.1 equiv.) was added .The solvent mixture was freed from oxygen by Freeze-Pump-Thaw. 

Independently, a solution of NH4HCO3 (8 ml, 60 mM, pH 8.5) in acetonitrile (2 ml) was prepared, 

oxygen removed, by Freeze-Pump-Thaw and the Foldamer solution added via syringe under inert gas 

atmosphere. The mixture was quickly stirred and left without stirring for 1d at RT. The progression of 

the macrocyclization was monitored by RP-HPLC. After 1d, the reaction mixture was neutralized with 

formic acid and the remaining solvent lyophilized. The obtained crude product was used in the 
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subsequent reaction without further purification (Figure S15c). HRMS (ESI+) m/z calcd (most 

abundant mass peak) for C138H150ClN31O39S3 [M+2H]2+ 1499.9869 found 1500.0080 (12C-a) and 

1500.0078 (12C-b) 

Compound 12Q: Compound 12C (1.0 mg) was dissolved in 1:1 NH4HCO3 buffer (60 mM, pH 8.5) in 

acetonitrile (1.5 ml total) and benzyl mercaptan (20 µl) was added. The reaction mixture was stirred 

at RT for 3 h. Solvents were removed, by lyophilization. Pure compounds (two constitutional 

isomers) were isolated after semi-preparative RP-HPLC purification with a gradient from 30% to 50% 

solvent B over 10 min at RT (Figure S15e). HRMS (ESI+) m/z calcd (most abundant mass peak) for 

C145H157N31O39S4 [M+2H]2+ 1544.0165 found 1543.9963. Both isomers most likely co-eluted.  

 

Compound 13: Foldamer-peptide 13 was built on a 25 µmol scale using a low loading Fmoc-Gly-

preloaded Wang resin (0.33 mmol/g). After terminal DEG installation, the Alloc protecting groups 

were removed, directly followed by chloroacetylation. The resin was cleaved with 

TFA/TIS/H2O/DODT (92.5:2.5:2.5:2.5, v/v/v/v) and the crude product (65 mg, 63%, Figure S16a) was 

purified by semi-preparative RP-HPLC (gradient: from 25% to 45% solvent B over 10 minutes at 25°C) 
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to afford 3 mg of pure compound (Figure S16b). HRMS (ESI+) m/z calcd (most abundant mass peak) 

for C138H153Cl4N31O39S3 [M+2H]2+ 1554.9509 found 1554.9518 

Compound 13Q: After lyophilization, compound 13 (1.8 mg) was dissolved in a mixture of 

acetonitrile (3 ml) in water (9 ml) to reach a 0.05 mM concentration and TCEP stock solution (4 µl, 10 

mM, 0.1 equiv.) and the solvent mixture was freed from oxygen by Freeze-Pump-Thaw. 

Independently, a solution of NH4HCO3 (9 ml, 60 mM, pH 8.5) in acetonitrile (3 ml) was prepared, 

oxygen removed, by Freeze-Pump-Thaw and the Foldamer solution added via syringe under inert gas 

atmosphere. The mixture was quickly stirred and left without stirring for 1d at RT. The progression of 

the macrocyclization was monitored by RP-HPLC. The reaction mixture was quenched with formic 

acid and the remaining solvent lyophilized. The obtained crude product was used in the subsequent 

reaction without further purification (Figure S16c). HRMS (ESI+) m/z calcd (most abundant mass 

peak) for C138H150ClN31O39S3 [M+2H]2+ 1499.9869 found 1499.9807. 

Compound 13Q: Compound 13C was dissolved in 1:1 mixture of NH4HCO3 buffer (60 mM, pH 8.5) in 

acetonitrile (1.5 ml) and benzyl mercaptan (20 µl) was added. The reaction mixture was stirred at RT 

for 3 h. Solvents were removed, by lyophilization. Pure compound was isolated after semi-

preparative RP-RP-HPLC purification with a gradient from 30% to 50% solvent B over 10 min at RT 

(Figure S16e). HRMS (ESI+) m/z calcd (most abundant mass peak) for C145H157N31O39S4 [M+2H]2+ 

1543.5156 found 1544.0290. 
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Compound 14: Foldamer-peptide 14 was built on a 25 µmol scale using a low loading Fmoc-Gly-

preloaded Wang resin (0.33 mmol/g). After terminal DEG installation, the Alloc protecting groups 

were removed, directly followed by chloroacetylation. The resin was cleaved with 

TFA/TIS/H2O/DODT (92.5:2.5:2.5:2.5, v/v/v/v) and the crude product (68 mg, 64%, Figure S17a) was 

purified by semi-preparative RP-HPLC (gradient: from 25% to 45% solvent B over 10 minutes at 25°C) 

to afford 5 mg of pure compound (Figure S17b). HRMS (ESI+) m/z calcd (most abundant mass peak) 

for C143H161Cl4N33O41S3 [M+2H]2+ 1618.4806 found 1618.4738. 

Compound 14C: After lyophilization, compound 14 (2.0 mg) was dissolved in a mixture of 

acetonitrile  (3 ml) in water (9 ml) to reach a 0.05 mM concentration and TCEP stock solution (4 µl, 

10 mM, 0.1 equiv.) was added. The solvent mixture was freed from oxygen by Freeze-Pump-Thaw. 

Independently, a solution of NH4HCO3 (9 ml, 60 mM, pH 8.5) in acetonitrile (3 ml) was prepared, 

oxygen removed, by Freeze-Pump-Thaw and the Foldamer solution added via syringe under inert N2 

atmosphere. The mixture was quickly stirred and left without stirring for 1d at RT. The progression of 

the macrocyclization was monitored by RP-HPLC. The reaction mixture was quenched with formic 

acid and the remaining solvent lyophilized. The obtained crude product was used in the subsequent 
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reaction without further purification (Figure S17c). HRMS (ESI+) m/z calcd (most abundant mass 

peak) for C143H158ClN33O41S3 [M+2H]2+ 1564.0163 found 1564.0276. 

Compound 14Q: Compound 14C was dissolved in 1:1 mixtture of NH4HCO3 buffer (60 mM, pH 8.5) in 

acetonitrile (0.6 ml total), benzyl mercaptan (8 µl) was added and the reaction mixture was stirred at 

RT for 5 h. Solvents were removed, by lyophilization. Pure compound were isolated after semi-

preparative RP-HPLC purification with a gradient from 30% to 50% solvent B over 10 min at RT 

(Figure S17e). HRMS (ESI+) m/z calcd (most abundant mass peak) for C150H165N33O41S4 [M+2H]2+ 

1608.0458 found 1608.0641. 

 

Compound R14: Foldamer-peptide R14 was built on a 33 µmol scale using a low loading Fmoc-Gly-

preloaded Wang resin (0.33 mmol/g). After terminal DEG installation, the Alloc protecting groups 

were removed, directly followed by chloroacetylation. The resin was cleaved with TFA/TIS/H2O/EDT 

(92.5:2.5:2.5:2.5, v:v:v:v) and the crude product (73 mg, 66%, Figure S18a) was purified by semi-

preparative RP-HPLC (gradient: from 33% to 40% solvent B over 10 minutes at 25°C) to afford 3 mg 

of pure compound (Figure S18b). HRMS (ESI+) m/z calcd (most abundant mass peak) for 

C150H168Cl3N33O41S4 [M+2H]2+ 1662.5087 found 1662.5291 

Compound 14Q: After lyophilization, compound R14 (2.0 mg) was dissolved in a mixture of 

acetonitrile (3 ml) in water (9 ml) to reach a 0.05 mM concentration and TCEP stock solution (4 µl, 10 

mM, 0.1 equiv.) was added. The solvent mixture was freed from oxygen by Freeze-Pump-Thaw. 

Independently, a solution of NH4HCO3 (9 ml, 60 mM, pH 8.5) in acetonitrile (3 ml) was prepared, 

oxygen removed, by Freeze-Pump-Thaw and the Foldamer solution added via syringe under inert gas 

atmosphere. The mixture was quickly stirred and left without stirring for 6h at RT. The progression of 
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the macrocyclization was monitored by RP-HPLC. The reaction mixture was quenched with formic 

acid and the remaining solvent lyophilized. The obtained crude product was purified by semi-

preparative RP-HPLC (gradient: from 30% to 50% solvent B over 10 minutes at 25°C) to afford 1 mg 

of pure compound (Figure S18d). 1H NMR (500 MHz, CD3CN) δ 11.84 (s, 1H), 11.12 (s, 1H), 10.51 (d, J 

= 8.2 Hz, 2H), 9.79 (s, 1H), 9.65 (s, 1H), 9.41 (d, J = 14.9 Hz, 1H), 9.33 (s, 1H), 8.77 (d, J = 9.4 Hz, 3H), 

8.66 (dd, J = 20.3, 8.3 Hz, 2H), 8.49 (dd, J = 20.3, 11.5 Hz, 5H), 8.36 (s, 2H), 8.32 – 8.21 (m, 5H), 8.21 – 

8.00 (m, 11H), 8.00 – 7.84 (m, 11H), 7.81 (q, J = 8.4, 6.4 Hz, 5H), 7.75 – 7.62 (m, 6H), 7.62 – 7.34 (m, 

23H), 7.27 (dd, J = 18.8, 8.6 Hz, 7H), 7.11 (s, 4H), 7.01 (s, 4H), 6.96 – 6.76 (m, 10H), 6.74 (d, J = 24.5 

Hz, 5H), 6.53 (d, J = 18.6 Hz, 2H), 6.41 (t, J = 8.7 Hz, 1H), 6.13 (d, J = 9.4 Hz, 1H), 5.89 (t, J = 8.5 Hz, 

1H), 5.23 (s, 1H), 5.14 (d, J = 22.7 Hz, 1H), 5.0-4.1 (water suppression region), 3.89 (q, J = 12.4, 11.8 

Hz, 7H), 3.62 (d, J = 47.7 Hz, 5H), 3.57 – 3.21 (m, 24H), 3.21 – 2.73 (m, 29H), 2.73 – 2.14 (m, 20H), 

1.71 (q, J = 8.4 Hz, 6H), 1.56 – 1.07 (m, 21H), 0.90 (d, J = 35.1 Hz, 4H), -0.52 (d, J = 7.2 Hz, 3H). HRMS 

(ESI+) m/z calcd (most abundant mass peak) for C150H165N33O41S4 [M+2H]2+ 1608.0468 found 

1608.0455. 

 

 

 

Foldamer fragment F15: F15 was synthesized on a preloaded Fmoc-Gly-SASRIN resin (0.72 mmol/g) 

using general SPFS procedure on a 100 µmol scale. Crude F15 was recovered in 70% yield (150 mg) 

after cleavage using a mixture of HFIP in DCM (6 ml, 40:60, v/v) for 1h at RT. The obtained crude 

product was purified by semi-preparative RP-HPLC (gradient: from 72% to 87% solvent B over 10 

minutes at 25°C) to afford 80 mg of pure compound. HRMS (ESI+) m/z calcd (most abundant mass 

peak) for C110H110N18O28 [M+H]+ 2132.8064 found 2132.7844. 
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Compound 15: Foldamer-peptide 15 was built by relying on the CEM Liberty Blue microwave peptide 

synthesizer for the resin-bound Fmoc-Cys(Trt)-Ser(tBu)-Lys(Boc)-Ser(tBu)-Cys(Trt)-Lys(Boc)-Ala-

Tyr(tBu)-Ser(tBu)-Gln(Trt)-Cys(Trt)-Lys(Boc)-Thr(tBu)-Ser(tBu)-Gln(Trt)-Glu(tBu)-Lys(Boc)-Cys(Trt)-

Glu(tBu)-Tyr(tBu)-Ser(tBu)-Lys(Boc)-Gly peptide on a 100 µmol scale using a low loading Fmoc-Gly-

preloaded Wang resin (0.27 mmol/g). Fragment condensation with foldamer fragment F15 was next 

performed on a 25 µmol scale of resin-bound free amine peptide. Therefore F15 (30 mg, 14 µmol) 

was dissolved in mixture of DCM/THF (1.4 ml, 1:1, v:v) together with BOP (12 mg, 28 µmol) and 

DIPEA (7µl, 42 µmol). After incubating the mixture for 5 min at RT, it was added to the resin and 

mechanical shaking was maintained for 16h at RT. The resin was washed with DCM and the 

remaining resin-bound peptide free amine groups were capped with 1:1 mixture of acetic anhydride 

in DCM (2 ml). 

Alloc protecting groups were removed, directly followed by chloroacetylation. The resin was cleaved 

with TFA/TIS/H2O/EDT (92.5:2.5:2.5:5 v:v:v:v) and the crude product (89 mg, 90%; Figure S20a) was 

purified by semi-preparative RP-HPLC (gradient: from 25% to 35% solvent B over 10 minutes at 25°C) 

to afford 14 mg of pure compound (Figure S20b). HRMS (ESI+) m/z calcd (most abundant mass peak) 

for C198H253Cl4N48O61S4 [M+3H]3+ 1516.8609 found 1516.8608. 

Compound 15C: After lyophilization, compound 15 (7 mg) was dissolved in mixture of acetonitrile 

(8ml) in water (24 ml) to reach a 0.05 mM concentration and TCEP stock solution (60 µl, 10 mM, 0.1 

equiv.) was added. The solvent mixture was freed from oxygen by Freeze-Pump-Thaw. 

Independently, a solution of NH4HCO3 (24 ml, 60 mM, pH 8.5) in acetonitrile (8 ml) was prepared, 

oxygen removed, by Freeze-Pump-Thaw and the Foldamer solution added via syringe under inert gas 

atmosphere. The mixture was quickly stirred and left without stirring for 24h at RT. The progression 

of the macrocyclization was monitored by RP-HPLC and used in the next reaction step without 

further purification (Figure S20c). Benzyl mercaptan (1.5 ml) was added to block unreacted 
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chloroacetamide groups and the reaction mixture was stirred at RT for 5 h. After neutralizing the 

reaction with HCl (0.1 M), the solution was diluted with water (25ml) and the excess of benzyl 

mercaptan was removed by separation in an extraction funnel. Solvents were removed, by 

lyophilization. The obtained crude product was purified by semi-preparative RP-HPLC (hold 100% 

solvent A for 5 min then gradient from 10% to 35% solvent B over 15 minutes at 25°C) to afford 1 mg 

(15C-a), 1 mg (15C-b) and 0.3 mg (15C-c) as pure compounds (Figure S20e, S20f and S20g). 1H NMR 

(500 MHz, CD3CN) for 15C-a: δ 11.85 (s, 1H), 11.14 (s, 1H), 10.64 (d, J = 5.6 Hz, 2H), 9.82 (s, 1H), 9.61 

(s, 1H), 9.45 (s, 1H), 9.32 (s, 1H), 9.14 (d, J = 10.8 Hz, 1H), 8.74 (d, J = 8.6 Hz, 1H), 8.54 (d, J = 8.9 Hz, 

3H), 8.34 (s, 1H), 8.22 – 7.19 (m, 53H), 7.17 – 7.01 (m, 4H), 6.90 (dd, J = 21.2, 8.7 Hz, 4H), 6.72 (dd, J = 

31.9, 7.9 Hz, 7H), 6.51 (d, J = 10.3 Hz, 3H), 6.29 (t, J = 7.9 Hz, 1H), 6.07 (d, J = 8.6 Hz, 1H), 5.91 – 5.84 

(m, 1H), 5.5-4.0 (water suppression region), 3.84 – 3.19 (m, 100H), 3.19 – 2.81 (m, 54H), 2.63 – 2.44 

(m, 13H), 1.77 – 1.25 (m, 68H), 1.20 – 0.79 (m, 23H), -0.49 (d, J = 6.8 Hz, 3H).  

1H NMR (500 MHz, CD3CN)for 15C-b: 1H NMR (500 MHz, Acetonitrile-d3) δ 11.79 (s, 1H), 11.11 (s, 

1H), 10.53 (s, 2H), 9.79 (s, 1H), 9.56 (s, 1H), 9.39 (s, 1H), 9.30 (s, 1H), 8.87 – 8.77 (m, 2H), 8.65 – 6.69 

(m, 100H), 6.51 (d, J = 22.7 Hz, 2H), 6.36 (d, J = 8.5 Hz, 1H), 6.22 (d, J = 8.3 Hz, 1H), 5.86 (t, J = 8.4 Hz, 

1H), 5.57 (s, 13H), 5.35 (s, 1H), 5.21 – 4.88 (m, 3H), 4.8-4.0 (water suppression region), 3.92 – 3.53 

(m, 10H), 3.53 – 2.66 (m, 67H), 2.65 – 2.14 (m, 25H), 1.84 (s, 12H), 1.76 – 1.57 (m, 21H), 1.44 (dd, J = 

20.6, 7.4 Hz, 22H), 1.28 (d, J = 7.3 Hz, 12H), 1.13 (t, J = 6.5 Hz, 9H), -0.44 (d, J = 6.8 Hz, 3H).  

HRMS (ESI+) m/z calcd (most abundant mass peak) for C198H249N48O61S4 [M+3H]3+ 1468.2258 found 

1468.2256 (15C-a), 1468.2227 (15C-b) and 1468.2196 (15C-c). 

 

 

Compound 16: Foldamer-peptide 16 was built by relying on the CEM Liberty Blue microwave peptide 

synthesizer for the peptide segment Fmoc-Cys(Trt)-Ser(tBu)-Lys(Boc)-Ser(tBu)-Cys(Trt)-Lys(Boc)-Ala-
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Tyr(tBu)-Ser(tBu)-Gln(Trt)-Cys(Trt)-Lys(Boc)-Thr(tBu)-Ser(tBu)-Gln(Trt)-Glu(tBu)-Lys(Boc)-Glu(tBu)-

Tyr(tBu)-Cys(Trt)-Ser(tBu)-Lys(Boc)-Gly- on a 100 µmol scale using a low loading Fmoc-Gly-preloaded 

Wang resin (0.27 mmol/g). Fragment condensation with foldamer fragment F15 was next carried out 

in the same way as for the synthesis of foldamer-peptide 15 (see above).  

Alloc protecting groups were removed, directly followed by chloroacetylation. The resin was cleaved 

with TFA/TIS/H2O/EDT (92.5:2.5:2.5:5, v/v/v/v) and the crude product (120 mg, 71%, Figure S22a) 

was purified by semi-preparative RP-HPLC (gradient: from 25% to 35% solvent B over 10 minutes at 

25°C) to afford 30 mg of pure compound (Figure S22b). HRMS (ESI+) m/z calcd (most abundant mass 

peak) for C198H253Cl4N48O61S4 [M+3H]3+ 1516.8609 found 1516.8180. 

Compound 16C: After lyophilization, compound 16 (5 mg) was dissolved in mixture of acetonitrile (6 

ml) in water (16 ml) to reach a 0.05 mM concentration and TCEP stock solution (40 µl, 10 mM, 0.1 

equiv.). The solvent mixture was freed from oxygen by Freeze-Pump-Thaw. Independently, a 

solution mixture of urea-buffer (16 ml, 8M, pH 8.5 with 0.1 M NaH2PO4) in acetonitrile (6 ml) was 

prepared, oxygen removed, by Freeze-Pump-Thaw and the Foldamer solution added via syringe 

under inert gas atmosphere. The mixture was quickly stirred and left without stirring for 24h at RT. 

The progression of the macrocyclization was monitored by RP-HPLC and used in the next reaction 

step without further purification (Figure 22c). Benzyl mercaptan (1 ml) was added to block unreacted 

chloroacetamide groups and the reaction mixture and was stirred at RT for 5 h. After neutralizing the 

reaction with HCl (0.1 M), the solution was diluted with water (30ml) and excess benzyl mercaptan 

was removed by separation in an extraction funnel. Solvents were removed, by lyophilisation (Figure 

S22d). The obtained crude product was purified by semi-preparative RP-HPLC (hold 100% solvent A 

for 5 min than gradient from 10% to 35% solvent B over 15 minutes at 25°C) to afford 1 mg of pure 

compound (16C-a), 2 mg of pure compound (16C-b), and 1mg of pure compound (16C-c) (Figure 

S22d, S22e, S22f). HRMS (ESI+) m/z calcd (most abundant mass peak) for C198H249N48O61S4 [M+3H]3+ 

1468.2258 found 1468.1650 (16C-a), 1468.1661 (16C-b) and 1468.1640 (16C-c). 
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Compound 17: Foldamer-peptide 17 was built by relying on the CEM Liberty Blue microwave peptide 

synthesizer for the peptide segment Cys(Trt)-Ser(tBu)-Lys(Boc)-Ser(tBu)-Cys(Trt)-Lys(Boc)-Ala-

Tyr(tBu)-Ser(tBu)-Gln(Trt)-Cys(Trt)-Lys(Boc)-Thr(tBu)-Ser(tBu)-Gln(Trt)-Glu(tBu)-Lys(Boc)-Glu(tBu)-

Tyr(tBu)-Ser(tBu)-Lys(Boc)-Cys(Trt)-Gly- on a 100 µmol scale using a low loading Fmoc-Gly-preloaded 

Wang resin (0.27 mmol/g). Fragment condensation with foldamer fragment F15 was next carried out 

in the same way as for the synthesis of foldamer-peptide 15 (see above).  

Alloc protecting groups were removed, directly followed by chloroacetylation. The resin was cleaved 

with TFA/TIS/H2O/EDT (92.5:2.5:2.5:5, v/v/v/v) and the crude product (56 mg, Figure S24a) was 

purified by semi-preparative RP-HPLC (gradient: from 25% to 35% solvent B over 10 minutes at 25°C) 

to afford 1 mg of pure compound (Figure S24b). HRMS (ESI+) m/z calcd (most abundant mass peak) 

for C198H253Cl4N48O61S4 [M+3H]3+ 1516.8609 found 1516.8877. 

Compound 17C: After lyophilization, compound 17 (0.5 mg) was dissolved in a mixture of 

acetonitrile (0.6 ml) in water (1.6 ml) to reach a 0.05 mM concentration and TCEP stock solution (4 

µl, 10 mM, 0.1 equiv.) was added. The solvent mixture was freed from oxygen by Freeze-Pump-

Thaw. Independently, a solution mixture of urea-buffer (1.6 ml, 8M, pH 8.5 with 0.1 M NaH2PO4) in 

acetonitrile (0.6 ml) was prepared, oxygen removed, by Freeze-Pump-Thaw and the Foldamer 

solution added via syringe under inert gas atmosphere. The mixture was quickly stirred and left 

without stirring for 24h at RT. The progression of the macrocyclization was monitored by RP-HPLC. 

Benzyl mercaptan (12 µl) was added to block unreacted chloroacetamide groups and the reaction 

mixture and was stirred at RT for 5 h. After neutralizing the reaction with HCl (0.1 M) solvents were 
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removed, by lyophilisation (Figure S24c). HRMS (ESI+) m/z calcd (most abundant mass peak) for 

C198H249N48O61S4 [M+3H]3+ 1468.2258 found 1468.2336. No final purification was performed.  
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Compound 18: Foldamer-peptide 18 was built on a 25 µmol scale using a Low loading Fmoc-Gly-

preloaded Wang resin (0.33 mmol/g). After terminal DEG installation, the Alloc protecting groups 

were removed, directly followed by chloroacetylation. The resin was cleaved with 

TFA/TIS/H2O/DODT (92.5:2.5:2.5:2.5, v/v/v/v) and the crude product (57 mg, 85%, Figure S26a) was 

purified by semi-preparative RP-HPLC (gradient: from 25% to 45% solvent B over 8 minutes at 25°C) 

to afford 8 mg of pure compound (Figure 26b). HRMS (ESI+) m/z calcd (most abundant mass peak) 

for C119H127Cl3N28O35S2 [M+H]+ 2679.7612 found 2679.8652 

Compound 18C: After lyophilization, compound 18 (7 mg) was dissolved in a mixture of acetonitrile 

(6 ml) in water (19 ml) to reach a 0.1 mM concentration and TCEP stock solution (25 µl, 10 mM, 0.1 

equiv.). The solvent mixture was freed from oxygen by Freeze-Pump-Thaw. Independently, a 

solution of NH4HCO3 (37 ml, 60 mM, pH 8.5) in acetonitrile (13 ml) was prepared, oxygen removed, 

by Freeze-Pump-Thaw and the Foldamer solution added via syringe under inert gas atmosphere. The 

mixture was quickly stirred and left without stirring for 3 h at RT. The progression of the 

macrocyclization was monitored by RP-HPLC. After 3 h, the reaction mixture was quenched with TFA 
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and the remaining solvent lyophilized. The obtained crude product was used in the subsequent 

reaction without further purification (Figure S26c). HRMS (ESI+) m/z calcd (most abundant mass 

peak) for C119H125ClN28O35S2 [M+2H]2+ 1304.4085 found 1304.4665. 

Compound 18Q: Compound 18Q (6.8 mg) was dissolved in 1:1 mixture of NH4HCO3 buffer (60 mM, 

pH 8.5) in acetonitrile (0.4 ml total), benzyl mercaptan (4 µl) was added and the reaction mixture 

was stirred at RT for 16 h. Solvents were removed, by lyophilization. Pure compound was isolated 

after semi-preparative RP-HPLC purification with a gradient from 25% to 45% solvent B over 10 min 

at RT (Figure S26e). HRMS (ESI+) m/z calcd (most abundant mass peak) for C126H132N28O35S3 [M+2H]2+ 

1347.9373 found 1348.0021. 

 

Compound R18: Foldamer-peptide R18 was built on a 25 µmol scale using a Low loading Fmoc-Gly-

preloaded Wang resin (0.33 mmol/g). After terminal DEG installation, the Alloc protecting groups 

were removed, directly followed by chloroacetylation. The resin was cleaved with 

TFA/TIS/H2O/DODT (92.5:2.5:2.5:2.5, v/v/v/v) and the crude product (50 mg, 72%, Figure S27a) was 

purified by semi-preparative RP-HPLC (gradient: from 30% to 50% solvent B over 10 minutes at 25°C) 

to afford 5 mg of pure compound (Figure S27b). HRMS (ESI+) m/z calcd (most abundant mass peak) 

for C126H136Cl2N28O35S2 [M+2H]2+ 1384.4136 found 1384.4135. 
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Compound 18Q: After lyophilization, compound R18 (5 mg) was dissolved in a mixture of 

acetonitrile (6 ml) in water (12 ml) to reach a 0.1 mM concentration and TCEP stock solution (18 µl, 

10 mM, 0.1 equiv.) was added. The solvent mixture was freed from oxygen by Freeze-Pump-Thaw. 

Independently, a solution of NH4HCO3 (24 ml, 60 mM, pH 8.5) in acetonitrile (12 ml) was prepared, 

oxygen removed, by Freeze-Pump-Thaw and the Foldamer solution added via syringe under inert gas 

atmosphere. The mixture was quickly stirred and left without stirring for 2 h at RT. The progression 

of the macrocyclization was monitored by RP-HPLC. After 2 h, the reaction mixture was quenched 

with TFA and the remaining solvent lyophilized (Figure S27c). The obtained crude product was 

purified by semi-preparative RP-HPLC with a gradient from 25% to 45% solvent B over 10 min at RT 

(Figure S27d). 1H NMR (500 MHz, CD3CN) δ 11.69 (s, 1H), 11.12 (s, 1H), 10.63 (s, 1H), 10.54 (s, 1H), 

9.63 (d, J = 17.9 Hz, 2H), 9.41 (s, 1H), 9.32 (s, 1H), 8.94 (d, J = 9.3 Hz, 1H), 8.71 (d, J = 8.8 Hz, 2H), 8.46 

(d, J = 9.3 Hz, 1H), 8.28 (s, 2H), 8.21 – 7.47 (m, 27H), 7.52 – 7.24 (m, 16H), 7.24 – 6.77 (m, 13H), 6.70 

(s, 1H), 6.60 – 6.31 (m, 3H), 6.25 (d, J = 9.5 Hz, 1H), 6.01 (t, J = 9.1 Hz, 1H), 5.50 – 5.25 (m, 1H), 5.02 

(d, J = 23.3 Hz, 2H), 4.8-3.9 (water suppression region) 3.58 (d, J = 17.0 Hz, 2H), 3.47 – 2.88 (m, 19H), 

2.88 – 2.65 (m, 9H), 2.65 – 2.33 (m, 5H), 1.55 (d, J = 69.2 Hz, 5H), 1.45 – 1.10 (m, 5H), 1.10 – 0.69 (m, 

2H), -0.32 (d, J = 7.0 Hz, 3H). HRMS (ESI+) m/z calcd (most abundant mass peak) for C126H134N28O35S3 

[M+2H]2+ 1347.9376 found 1347.9450. 
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Compound 19: Foldamer-peptide 19 was built on a 25 µmol scale using a low loading Fmoc-Gly-

preloaded Wang resin (0.33 mmol/g). After terminal DEG installation, the Alloc protecting groups 

were removed, directly followed by chloroacetylation. The resin was cleaved with 

TFA/TIS/H2O/DODT (92.5:2.5:2.5:2.5, v/v/v/v) and the crude product (50 mg, 75%, Figure S29a) was 

purified by semi-preparative RP-HPLC (gradient: from 25% to 45% solvent B over 8 minutes at 25°C) 

to afford 5 mg of pure compound (Figure S29b). HRMS (ESI+) m/z calcd (most abundant mass peak) 

for C119H127Cl3N28O35S2 [M+H]+ 2679.7612 found 2679.8642. 

Compound 19C: After lyophilization, compound 19 (2.7 mg) was dissolved in a mixture of 

acetonitrile (2.5 ml) in water (7.5 ml) to reach a 0.1 mM concentration and TCEP stock solution (10 

µl, 10 mM, 0.1 equiv.) was added. The solvent mixture was freed from oxygen by Freeze-Pump-

Thaw. Independently, a solution of NH4HCO3 (15 ml, 60 mM, pH 8.5) in acetonitrile (5 ml) was 

prepared, oxygen removed, by Freeze-Pump-Thaw and the Foldamer solution added via syringe 

under inert gas atmosphere. The mixture was quickly stirred and left without stirring for 3 h at RT. 

The progression of the macrocyclization was monitored by RP-HPLC. After 3 h, the reaction mixture 
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was neutralized with formic acid and the remaining solvent lyophilized. The obtained crude product 

was used in the subsequent reaction without further purification (Figure S29c). HRMS (ESI+) m/z 

calcd (most abundant mass peak) for C119H125ClN28O35S2 [M+2H]2+ 1304.4085 found 1304.4509. 

Compound 19Q: Compound 19C (2.0 mg) was dissolved in 1:1 mixture of NH4HCO3 buffer (60 mM, 

pH 8.5) in acetonitrile (0.4 ml total), benzyl mercaptan (4 µl) was added and the reaction mixture 

was stirred at RT for 8 h. Solvents were removed, by lyophilization. Pure compound was isolated 

after semi-preparative RP-HPLC purification with a gradient from 25% to 45% solvent B over 10 min 

at RT (Figure S29e). HRMS (ESI+) m/z calcd (most abundant mass peak) for C126H134N28O35S3 [M+2H]2+ 

1347.9878 found 1347.9450. 

 

 

Foldamer fragment F20: F20 was synthesized on a preloaded Fmoc-Gly-SASRIN resin (0.72 mmol/g) 

using general SPFS procedure on a 50 µmol scale. Crude F20 was recovered in 83% yield (90 mg) 

after cleavage using a mixture of HFIP in DCM (6 ml, 80:20, v/v) 2 × 30 min at r.t. The obtained crude 

product was purified by semi-preparative HPLC (gradient: from 90% to 100% solvent B over 10 

minutes at 25°C) to achieve 51 mg purified compound. HRMS (ESI-) m/z calcd for C111H111N17O27 

[M+2H]2+ 1106.4007 found 1106.4142. 
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Compound 20: Foldamer-peptide 20 was built by relying on the CEM Liberty Blue microwave peptide 

synthesizer for the protected resin-bound Fmoc-Cys(Trt)-Ser(tBu)-Lys(Boc)-Ser(tBu)-Cys(Trt)-

Lys(Boc)-Ala-Tyr(tBu)-Ser(tBu)-Gln(Trt)-Cys(Trt)-Lys(Boc)-Thr(tBu)-Ser(tBu)-Gln(Trt)-Glu(tBu)-

Lys(Boc)-Cys(Trt)-Glu(tBu)-Tyr(tBu)-Ser(tBu)-Lys(Boc)-Gly- peptide on a 100 µmol scale using a low 

loading Fmoc-Gly-preloaded Wang resin (0.27 mmol/g). Fragment condensation with foldamer 

fragment F20 was next performed on a 25 µmol scale of resin-bound free amine peptide. Fragment 

condensation with foldamer fragment F20 was next carried out in the same way as for the synthesis 

of foldamer-peptide 20 (see above). Fmoc was deprotected followed by the removal of Alloc 

protecting groups, directly followed by chloroacetylation. The resin was cleaved with 

TFA/TIS/H2O/EDT (92.5:2.5:2.5:2.5, v/v/v/v) and the crude product (50 mg, Figure S30a) was purified 

by semi-preparative RP-HPLC (gradient: from 25% to 35% solvent B over 10 minutes at 25°C) to 

afford 3 mg of pure compound (Figure S30b). HRMS (ESI+) m/z calcd (most abundant mass peak) for 

C192H237Cl4N47O60S4 [M+3H]3+ 1478.4944 found 1478.5140. 

Compound 20C: After lyophilization, compound 20 (1.5 mg) was dissolved in a mixture of 

acetonitrile (1 ml) in water (3 ml) to reach a 0.05 mM concentration and TCEP stock solution (10 µl, 

10 mM, 0.1 equiv.). The solvent mixture was freed from oxygen by Freeze-Pump-Thaw. 

Independently, a solution mixture of urea-buffer (3 ml, 8M, pH 8.5 with 0.1 M NaH2PO4) in 

acetonitrile (1 ml) was prepared, oxygen removed, by Freeze-Pump-Thaw and the foldamer solution 

added via syringe under inert gas atmosphere. The mixture was quickly stirred and left without 

stirring for 2d at RT. The progression of the macrocyclization was monitored by RP-HPLC. After 

neutralizing the reaction with HCl (0.1 M), the solvents were removed, by lyophilization. The 

obtained crude product was purified by semi-preparative RP-HPLC (hold 100% solvent A for 5 min 

then gradient from 10% to 35% solvent B over 15 minutes at 25°C) to afford 0.2 mg (Figure S30d). 1H 

NMR (500 MHz, CD3CN) δ 11.76 (s, 1H), 11.32 (s, 1H), 10.61 (s, 1H), 10.55 (s, 1H), 9.70 (s, 1H), 9.61 (s, 

1H), 9.42 (s, 1H), 9.31 (s, 1H), 8.79 (d, J = 8.4 Hz, 1H), 8.50 (d, J = 7.6 Hz, 4H), 8.39 (d, J = 8.0 Hz, 2H), 

8.28 (d, J = 20.8 Hz, 4H), 8.15 (d, J = 8.9 Hz, 4H), 8.08 (d, J = 8.2 Hz, 2H), 8.01 (d, J = 13.8 Hz, 3H), 7.94 

(d, J = 7.4 Hz, 4H), 7.90 – 7.79 (m, 4H), 7.72 (s, 2H), 7.69 – 7.51 (m, 11H), 7.51 – 7.21 (m, 28H), 7.17 

(d, J = 36.0 Hz, 4H), 7.09 – 6.91 (m, 5H), 6.73 – 6.30 (m, 11H), 6.30 – 6.05 (m, 5H), 5.94 (t, J = 8.2 Hz, 

1H), 5.54 (d, J = 49.4 Hz, 10H), 5.05 (d, J = 30.5 Hz, 8H), 3.89 – 3.37 (m, 36H), 3.37 – 3.09 (m, 19H), 

3.09 – 2.46 (m, 41H), 1.64 (d, J = 99.7 Hz, 31H), 1.39 – 1.23 (m, 34H), 1.23 – 0.78 (m, 21H), -0.34 (d, J 

= 6.6 Hz, 3H). HRMS (ESI+) m/z calcd (most abundant mass peak) for C192H233N47O60S4 [M+2H]2+ 

2144.2816 found 2144.2216. 
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11.3. NMR spectra of new monomers and isolated macrocyles 

 

 

1H NMR Spectrum of 1Q recorded in a mixture of NH4OAc (3mM, pH 8.5) in CD3CN (50:50, v/v) with the addition of TMSP 

(500 MHz, 25°C). 
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1H NMR Spectrum of 9Q recorded in a mixture of NH4OAc (3mM pH 8.5) in CD3CN (50:50, v/v) with the addition of TMSP 

(500 MHz, 25°C). 
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1H NMR Spectrum of 14Q recorded in a mixture of NH4OAc (3mM pH 8.5) in CD3CN (50:50, v/v) with the addition of TMSP 

(500 MHz, 25°C). 
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1H NMR Spectrum of 15C-a recorded in a mixture of NH4OAc (3mM, pH 8.5) in CD3CN (50:50, v/v) with the addition of 

TMSP (500 MHz, 25°C). Similiar NMR signal patterns of 15C-a and 15C-b indicate that helices are similarly folded. 

  



 

318 
 

 

1H NMR Spectrum of 15C-b recorded in a mixture of NH4OAc (3mM pH 8.5) in CD3CN (50:50, v/v) with the addition of 

TMSP (500 MHz, 25°C). Similiar NMR signal patterns of 15C-a and 15C-b indicate that helices are similarly folded.  
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1H NMR Spectrum of 18Q recorded in a mixture of NH4OAc (3mM pH 8.5) in CD3CN (50:50, v/v) with the addition of TMSP 

(500 MHz, 25°C). 
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1H NMR Spectrum of 20C recorded in a mixture of NH4OAc (3mM pH 8.5) in CD3CN (50:50, v/v) with the addition of TMSP 

(500 MHz, 25°C). 
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Compound 22a 

 

1H NMR Spectrum of 22a recorded in DMSO-d6 (500 MHz, 25 °C)  

 

13C NMR Spectrum of 22a recorded in DMSO-d6 (126 MHz, 25 °C).  
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Compound 22 

  

1H NMR Spectrum of 22 recorded in DMSO-d6 (500 MHz, 25 °C).  

 

13C NMR Spectrum of 22 recorded in DMSO-d6 (126 MHz, 25 °C).  
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Compound 23 

 

1H NMR Spectrum of 23 recorded in DMSO-d6 (500 MHz, 25 °C). 

 

 

13C NMR Spectrum of 23 recorded in DMSO-d6 (126 MHz, 25 °C).  
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12. Summary and Perspective 
 

The purpose of this PhD thesis was first to investigate the interplay of peptide and aromatic 

foldamer conformation in hybrid macrocycles of various lengths and compositions. We could 

show that independent of its length (3–6 -amino acid residues) or charge state (from -5 to +1 at 

neutral pH), the peptide strongly biases the helix handedness of aromatic foldamer segments 

composed of quinoline (Q)- and aminomethylpyridine (P)-type monomers. Results show that 

when -amino acid residues in the peptide have L-configuration, the foldamers were biased 

towards a P-helix via remote communication between the two segments. In addition, the peptide 

stabilizes the helical folding of the foldamer, which was further proven with achiral Gly-based 

peptide-foldamer hybrid macrocycles. Reciprocally, the foldamer acts as some sort of staple, 

which (i) stretches short peptide segments and (ii) preserves the overall peptide conformation. 

Additionally, a hybrid macrocycle composed of nine aromatic units and five -amino acid 

residues was synthesized. The foldamer segment contained multiple P units, which promote the 

unfolding of the foldamer in organic solvent so much that interconversion between the (P) and 

(M) equilibrium is expected to be fast. This folding disruption of the linear sequence made 

cyclization possible (the helically folded nonamer and the peptide loop did not cyclize in aqueous 

environment) through partially unfolded states. In water, the macrocycle showed complete (P)-

helical folding which could be disrupted upon DMF addition. After successful macrocyclization 

in organic solvent, when shifting to aqueous medium the foldamer segment folded back to its 

canonical (P)-helix and forced the peptide to adopt a stretched conformation. Macrocycles with 

non-dynamic aromatic nonamers and composed of relatively long peptide loops (up to 13 amino 

acids) were also produced. The conformational analyses showed that these specific sequences 

resulted in diastereoisomers (no preference for the aromatic helix handedness) with different 

physico-chemical properties so as such allowing separation via RP-HPLC analysis. Additionally, 

in biodegradability studies, exemplarily picked macrocyclic hybrids showed higher resistance 

towards proteolytic degradation during protease exposure compared to their linear versions. 

These results could have a positive impact on potential in vivo applications. To pave the way in 

this direction, we wanted to demonstrate that we were able to identify peptide-foldamer 

macrocycles as good binders of defined protein targets in vitro by relying on mRNA display.  
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Figure 13 – Solid-state structures of a peptide-foldamer hybrid macrocycle. 1 (a, b), 3 c), 7 

d) and 9 e). d) Overlay of eight different conformers obtained from the crystal structure of 7. e) 

Overlay of six different conformers obtained from the crystal structure of 9. Inter segment 

hydrogen bond indicated by dashed lines. Compounds numbers refer to chapter 6.  

 

As was proven in earlier studies, short foldamers are accommodated by the ribosome and 

incorporated at the N-terminus of translated peptides or proteins. These sequences spontaneously 

cycle after translation as the first Cys-thiol reacts with the N-terminal chloroacetamide moiety to 

form a thioether. In this study, we demonstrated that this system is compatible with RaPID 

screening platform that allows the screening of up to 1012 cyclic peptide candidates with non-

canonical modifications and identifies binders with high target affinity. In a first step, we made 

slight variations on short foldamers so much so that high tRNA acylation yields and high 

ribosomal peptide initiation could be achieved. In this way, we were able to create a library of 

macrocyclic peptide-foldamer hybrids and then screen them in iterative rounds against an 

immobilized protein target (C-lobe domain of the E6AP HECT domain). Two libraries, each 

containing a tetramer foldamer in the macrocycle, with either 4-9 amino acid residues or 10–15 

amino acid residues in the loop were screened, of which the library with the shorter peptide loops 

showed high sequence convergence. One of the identified top candidates was chemically 

resynthesized and successfully co-crystallized with the C-lobe domain, leading to a high-

resolution X-ray crystal structure of the complex. The structure revealed that both segments of the 

macrocycle – the foldamer and the peptide – are helical folded. The -helical peptide interacts 

with the protein surface, an area of approx. 400 Å2, by hydrophobic contacts, salt bridges, and 

hydrogen bonds. In addition, molecular dynamics simulations could show that the Tyr11 of the 

macrocycle, which does not show interactions with the protein surface in the crystal but has a 

high convergence in the selection experiment, is stacked tight and persistent on the foldamer. The 

Tyr11 might act as some sort of folding stabilizer, which seemed to be crucial during selection. 
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To obtain data on the binding in solution between the macrocycle and the C-lobe domain, surface 

plasmon resonance (SPR) studies were performed, with the C-lobe (ligand) immobilized on an 

SPR chip and the macrocycle (analyte) in solution. The binding study revealed a KD value of ~1 

µM, which is a moderate affinity for the protein target with respect to most of the RaPID 

selection reported so far.  

In another approach, the foldamer peptide macrocycles were subsequently chemically modified 

after the selection of a binder. Once a binder is discovered through a RaPID campaign, it is hoped 

that the selected macrocycle can be further modified to improve its physiochemical properties 

with more bulky appendages on the foldamer segment than allowed during the ribosomal 

synthesis. Screening of the quinoline side chains, post-selection, could indeed improve the 

solubility of the macrocycles and their cell-penetration capacity without affecting the overall 

binding affinity. Investigation of the potential of this class of compounds to penetrate biological 

membranes and the contribution of the foldamer patch, in general, will be explored in the future. 

To further apply the concept of RaPID selection with foldamer peptide macrocycles, new protein 

targets are currently being investigated: Sirtuin-2 (SIRT2), a NAD-dependent deacetylase that is 

associated with tumorigenesis, and heterochromatin protein 1 (HP1), a conserved chromatin-

binding protein that acts as a transcriptional repressor are among the proteins recently expressed 

and for which RaPID campaigns have been scheduled. With such biological targets, high-affinity 

ligands are expected to be found that might also have an inhibitory effect on the protein. To 

achieve this, "warheads" (i.e. reactive non-natural amino acid residues known to well-interact in 

the protein-binding site) are introduced during the selection and are aimed to guide the selection 

specifically to the active site of the protein.  

Another project currently investigated is to exploit the -helical conformation of the intracyclic 

peptide promoted by the foldamer staple in the hybrid macrocycle obtained from the C-lobe 

selection and apply this hybrid architecture on other relevant and well-studied -helical peptide 

sequences found in protein-protein interactions. Initial experiments target the tumor suppressor 

P53, which interacts with the human double minute (HDM2). This interaction between P53 and 

the protein HDM2 is frequently corrupted in cancer cells, and inhibition of HDM2 has attracted 

attention in cancer therapy because it leads to tumor suppression.16 The N-terminal domain of 

P53 binds to the hydrophobic groove of HDM2 via three key residues (F19, W23, and L26). The 

corresponding P53 sequence (ETFSDLWKLLPEN) adopts a -helix secondary structure in the 

P53 protein. This peptide has been extensively used as a model of study to develop among other 

stapled peptides with enhanced folding capacity and protease resistances. The resulting hybrid 

 
16 P. Chène, Nat. Rev. Cancer, 2003, 3, 102-109 
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macrocyclic architecture is expected to reproduce well the P53 secondary structure, and optimally 

orient the three hot-spot residues for optimal binding to the HDM2 surface. Proof of efficient 

design will be gathered by structural studies performed at the solid state with a successful 

crystallization of the hybrid macrocycle/HDM2 complex. Working with this well-established PPI 

system will also allow us to implement cell-penetration studies of the resulting macrocycles 

where the quinoline side-chain will be further modified by organic moieties known to facilitate 

cell-penetration (i.e. guanidinium groups, cf. previous section).  

 

 

Figure 14 – Display selection of a hybrid peptide-foldamer macrocycle: a) Schematic 

incorporation of aromatic oligoamide foldamers by the flexible in vitro translation (FIT) system 

into macrocyclic peptide-foldamer hybrids that can undergo selection against a molecular target 

by mRNA display. b) Crystal structure of the complex between the C-lobe domain of E6AP-

HECT domain and a peptide-foldamer hybrid macrocycle (PDB #7QPB).  

 

Concurrently to the mRNA display, we sought to develop aromatic foldamers compatible with 

other selection tools. In particular, we focused our attention on phage display technology to 

screen for foldamer-peptide macrocycles. The advantage of the phage display technology over the 

RaPID one is that the foldamers used are less constrained by their size and flexibility. Larger 

constructs, such as 9mers having an architecture similar to the one depicted in Figure 13 e) can 

indeed be incorporated and screened against a specific target. In this context, peptides expressed 

and presented on the surface of bacteriophages can be further functionalized post-translationally 

with foldamers to form hybrid macrocycles linked to the peptide-encoding phage. This strategy 

can be achieved by the insertion of two distinct functional groups with orthogonal reactivity on 

each terminus of the foldamer that can further selectively react with the peptide.17 First, the 

 
17 T. R. Oppewal, I. D. Jansen, J. Hekelaar, C. Mayer, J. Am. Chem. Soc. 2022, 144, 3644-3652 
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expressed cysteine thiol reacts readily in an SN2 reaction with a bromoacetamide at the N-

terminus of the foldamer to form a thioether. Second, an aldehyde at the C-terminus of the 

foldamer reacts with the N-terminal primary amine of the peptide by reductive amination to form 

a secondary amine and thus the macrocycle. The validation of this strategy from a chemical point 

of view is still in progress in the laboratory. Once the robustness of the macrocyclization and its 

versatility would have been confirmed, it would be applied to an entire bacteriophage library and 

screened against a protein target of interest that still have to be identified. 

Next, by taking advantage of the judicious thioether linkage formation, we showed that in a series 

of peptide-foldamer hybrid structures, different consecutive occurring macrocyclization reactions 

can occur selectively on the surface of a rigid foldamer helix. A structurally well-defined 

foldamer helix can indeed carry several reactive chloroacetamide functions, which imparts the 

placing of these reactive centers out of reach of others. The cysteine thiols, embedded at specific 

positions of the peptide chain, react with the closer chloroacetamide in space and, at the 

difference of foldamer, the peptide backbone can adjust its conformation to satisfy the 

macrocyclization. The resulting macrocyclizations are predictable, selective, and guided by ring 

size with the smallest macrocycle forming first. As a result, a reaction trail along the surface of 

the foldamer is generated. This allowed us to introduce this concept of reaction trail and resulted 

in the conception of up to tetracyclic structures via two different reaction trails with good 

efficiency. With this, new synthetic hybrid architectures composed of a hydrophobic core 

surrounded by peptide loops, with a size comparable to small proteins, could be designed and 

next synthesized and characterized. They are reminiscent of protein structures and might thus find 

use as multivalent protein binders. 

 

 

Figure 15 – Differential peptide multimacrocyclization on the surface of a helical template. 

Molecular models which illustrate the cyclization trail of the mono-, di-, tri-, and tetracycle. 

 

 


