
Dissertation zur Erlangung des Doktorgrades 

der Fakultªt f¿r Chemie und Pharmazie 

der Ludwig-Maximilians-Universitªt M¿nchen 

 

 

 

Aromatic foldamers: mimicking the DNA surface to 

target DNA-binding proteins 

 

Jiaojiao Wu 

 

aus 

Shanxi,Linfen, China 

2025



 

Erklªrung 

 

Diese Dissertation wurde im Sinne von Ä 7 der Promotionsordnung vom 28. November 2011 von Herrn Prof. 

Dr. Ivan Huc betreut. 

 

 

 

Eidesstattliche Versicherung 

 

Diese Dissertation wurde eigenstªndig und ohne unerlaubte Hilfe erarbeitet. 

 

 

M¿nchen, den 21.10.2025  

      Jiaojiao Wu 

 

 

 

Dissertation eingereicht am  21.10.2025 

 

1. Gutachter:    Prof. Dr. Ivan Huc 

 

2. Gutachter:    Prof. Dr. Franz Paintner 

 

M¿ndliche Pr¿fung am    

 

 



 

 

Table of contents  

1. List of Publications .......................................................................................................................... 1 

2. Abstract ............................................................................................................................................ 2 

3. Introduction ...................................................................................................................................... 3 

3.1. Nucleic acids and their mimicry ................................................................................................ 3 

3.1.1 Structure of nucleic acids ................................................................................................. 3 

3.1.2 Synthetic nucleic acids analogues .................................................................................... 5 

3.1.3 Application of nucleic acids and their analogues ............................................................. 7 

3.1.4 Natural DNA mimic proteins ........................................................................................... 8 

3.2. Protein-nucleic acid interactions (PNIs).................................................................................... 8 

3.2.1 Biological significance of protein-nucleic acid interactions ............................................ 8 

3.2.2. Molecular recognition in protein-nucleic acid complexes ............................................ 11 

3.2.3. Strategies to modulate protein-nucleic acid interactions .............................................. 14 

3.3. Aromatic foldamers as DNA surface mimicry ........................................................................ 15 

4. Objectives....................................................................................................................................... 22 

5. Enhancing the features of DNA mimic foldamers for structural investigations ............................ 25 

5.1. Publication ............................................................................................................................... 26 

5.2. Supplementary Information ..................................................................................................... 36 

6. DNA mimic foldamer recognition of a chromosomal protein ....................................................... 79 

6.1. Publication ............................................................................................................................... 80 

6.2. Supplementary Information ..................................................................................................... 88 

7. Tailoring the major groove of DNA mimic foldamers ................................................................. 116 

7.1. Publication (to be submitted) ................................................................................................ 117 

7.2. Supplementary Information ................................................................................................... 127 

8. Summary and perspectives ........................................................................................................... 189 

8.1. Summary ............................................................................................................................... 189 

8.2. Future challenges ................................................................................................................... 191 

9. References .................................................................................................................................... 193 

10. Acknowledgements .................................................................................................................... 199 

 



1. List of publications 

 

Ν 

1. List of Publications 

Published: 

V. Corvaglia, J. Wu, D. Deepak, M. Loos and I. Huc*,ШEnhancing the Features of DNA Mimic 

Foldamers for Structural Investigations, Chem. Eur. J. 2024, 30, e202303650. (doi.org/10.1002/chem. 

202303650). 

(See chapter 5) 

D. Deepak, J. Wu+, V. Corvaglia+, L. Allmendinger, M. Streckenbach, P. Tinnefeld and Ivan Huc*, 

DNA Mimic Foldamer Recognition of a Chromosomal Protein, Angew. Chem. Int. Ed. 2025, 64, 

e202422958. (doi.org/10.1002/anie.202422958).  

(See chapter 6) 

+ These authors contributed equally 



2. Abstract 

 

Ξ 

2. Abstract 

Protein-nucleic acid interactions are fundamental in various biological processes and thus represent 

attractive targets for therapeutic intervention. Consequently, numerous molecules mimicking the 

feature of DNA have been developed and interfere with pharmacologically relevant protein-DNA 

interactions. Among these strategies, aromatic foldamers stand out as a new class of molecules that 

give access to functions beyond natural DNA. Specifically, aromatic oligoamides that mimic the 

charge surface of B-DNA have shown the potential in inhibiting the activity of several non-sequence-

selective DNA-binding proteins. Despite these advances, a major challenge remains: designing DNA 

mimics that can outcompete DNA for binding to sequence-selective DNA-binding proteins. 

In this thesis, we attempted to address this challenge by feature-driven design of DNA mimic 

foldamers. We introduced stereo genic centre, C2-symmetry and sticky ends to enhance foldamer's 

similarity to double-stranded B-DNA. These new designs lead to the quantitative control of helical 

handedness, the construction of a foldamer mimicking palindromic DNA, and, significantly, the first 

crystal structure of a DNA mimic foldamer bearing anionic phosphonic side chains. Based on the 

optimization of DNA mimic foldamers, we attempted to investigate their interactions with the 

chromosomal protein Sac7d, a non-selective DNA-binding protein. Using a comprehensive set of 

techniques (including SPR, ITC, NMR, AFM and single-crystal X-ray crystallography), we 

demonstrated that DNA mimic foldamers bind to the DNA binding site of Sac7d but though a different 

mode, and that the binding affinity is orders of magnitude better than natural DNA. However the 

interactions between Sac7d and DNA mimic foldamers remain non sequence-selective. To advance 

toward sequence-selective protein recognition, we further modulated the foldamer's groove features 

by introducing new building blocks. Solution and solid-state studies confirm the new monomers' 

conformations and show their incorporation significantly changes helix flexibility and enhances 

groove characteristics, which is crucial to recognize specific DNA-binding proteins in the future. 

Overall, the work presented here validates the concept of using DNA surface mimicry as a potent 

DNA competitor to target DNA-binding proteins. Importantly, we obtained the first crystal structure 

of a protein-foldamer complex, providing the solid foundation for structural-based design to improve 

the binding affinity and specificity. These results, combined with improvements to the groove features 

of our DNA mimics, represent a major step toward optimizing DNA mimic foldamers for highly 

specific protein recognition. 
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3. Introduction 

3.1. Nucleic acids and their mimicry  

3.1.1 Structure of nucleic acids 

Nucleic acids are large biomolecules that create, encode, and store information in all living organisms 

on earth. Structurally, they are composed of nucleotide monomers, each consisting of a five-carbon 

sugar (deoxyribose in DNA and ribose in RNA), a nitrogenous base (adenine, cytosine, guanine, 

thymine in DNA; uracil in RNA), and a phosphate group (Figure 1a).[1] These nucleotides are 

covalently linked via phosphodiester bonds, giving nucleic acids directional polymer chains from the 

5ô to 3ô end.  

 

Figure 1. a) The monomer building blocks of nucleic acids. The site of the nitrogenous base attached 

to the sugar residue is shown in blue. b) Top view of an A-T base pair and a G-C base pair showing 

the formation of the major and minor groove sides of the DNA. 

Nucleic acids fold under the following principles: the hydrophobic effect drives compactions, while 

buried donors and acceptors form hydrogen bonds (Figure 1b), van der Waals contacts are maximized, 

and the charged phosphate groups of the backbone are either solvated or neutralized. Based on the 

folding principle, the structure of nucleic acids can be divided into four different levels: primary, 

secondary, tertiary, and quaternary structure (Figure 2). Primary structure is the linear sequence of 

nucleotides; secondary structure involves interactions between bases; tertiary structure is the 3D 

folded shape of nucleic acid molecule; and quaternary structure refers to interactions with other 

molecules. DNA differs from RNA in that it mostly exists as fully base paired double helices. This 

helical structure creates specific features such as the major and minor grooves, which are key sites 

for protein recognition. In B-form duplexes, the major groove is wider than the minor groove and 



3. Introduction 

 

Π 

both are readily accessible for protein recognition (Figure 1b, 2).[2] Moreover, DNA also exist in other 

conformations, such as A-DNAða dehydrated, more compact form with a deeper and narrower major 

groove than B-DNA, and Z-DNAða left-handed helical structure.[3] 

 

Figure 2. Nucleic acid structure at four levels: primary, secondary, tertiary,[4] and quaternary. Tertiary 

structure: A-form (PDB:413D), B-form (PDB:6CQ3), Z-form (PDB:4OCB), Pseudoknot (PDB: 

1YMO), Stem loop (PDB: 4I8R); Quaternary structure: Nucleosome (PDB: 1EQZ), Varkud satellite 

(VS) ribozyme (PDB: 4R4V) 

In contrast, RNA is often single-stranded but can form duplex, such as stem loop and pseudoknot.[5] 

These RNA duplex are largely limited to the A-form.[6] RNA also fold into complex tertiary structures, 

facilitated by hydrogen bonding involving its extra hydroxyl group on the ribose sugar, allowing it to 

serve not only as a messenger(mRNA) and but also as a catalyst (ribozyme) and regulator(siRNA). 

Thus their biological functions extend far beyond passive information carriers. They are also involved 
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in a wide range of cellular processes, including replication, transcription, translation, epigenetic 

regulation, and response to environmental stimuli.[7-9]  

3.1.2 Synthetic nucleic acids analogues 

Natural nucleic acids present several restrictions that limit their utility. For example, unmodified 

nucleic acids are rapidly degraded by nuclease before reaching their target receptors, making them 

less effective for long-term use in vivo.[10] Due to their reduced cell membrane permeability, they 

often require to integrate a delivery system that includes nanoparticles and liposomes.[11] A further 

drawback involves the lack of structural diversity, where the sugar-backbone constrains the functional 

derivatives for therapeutic purposes. 

 

Figure 3. Nucleic acid modifications. LNA: locked nucleic acid; 2ǋOMe: 2ǋ-O-methyl; 2ǋF: 2ǋ-fluoro; 

TNA: threose nucleic acid; UNA: unlocked nucleic acid; HNA: hexitol nucleic acid; PMO: 
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morpholino phosphorodiamidate oligomer; PNA: peptide nucleic acid; PS: phosphorothioate; MsPA, 

mesyl phosphoramidate. 

Scientists employ a series of design principle to create effective nucleic acid mimicry for medicinal 

applications. The central design principle involves structural modifications to backbone, sugar or 

nucleobases (Figure 3). Backbone modifications include functionalities and groups such as 

guanidinium,[12] amides, thioethers,[13] triazole,[14] boranophosphate,[15] methylphosphonate,[16] N-3ᾳ-

phosphoramidate,[17] and S-methylthiourea.[18] These modifications are associated with enhanced 

physical and biological properties, significantly improving their performance in clinical applications. 

For instance, peptide nucleic acids (PNA) ï neutral amide linkage confers resistance to nuclease 

degradation and strong binding affinity to DNA/RNA.[19-20] Another key modification replaces the 

ribose or deoxyribose sugar backbone with a six-membered morpholine ring, forming 

Phosphorodiamidate Morpholino Oligomers (PMOs), which have been widely used in antisense 

therapies with a proven safety profile.[21] In the case of Phosphorothioates (PS), one non-bridging 

oxygen is replaced with sulphur to improve nuclease resistance, resulting in better bioavailability of 

the oligonucleotides.[22]  

Furthermore, sugar modification is another way to create nucleic acid mimicry. Locked nucleic acids 

(LNAs) retain the phosphodiester backbone but lock the furanose into a C3'-endo conformation; 2ǋ-

O-methyl (2ǋ-OMe) and 2ǋ-fluoro (2ǋ-F) RNAs functionalize the sugar backbone, substantially 

enhancing rigidity and binding affinity.[23] Besides modifying either the sugar or backbone, 

nucleobase modifications can also be considered to increase the sequence diversity. Here are 

examples of artificial nucleobase with non-Watson-Crick base-pairing complementarity (Figure 3). 

Compared to the natural C:G base-pair, one hydrogen bond donor and acceptor are repositioned in 

xenobiotic P:Z and X:K nucleobase pairs. Also, spatial alignment of hydrophobic groups in Ds and 

Px bases induce complementary pairing.[24] Along with naturally occurring pyrimidine and purine 

scaffolds, other bases derived from pyrrole, imidazole, and indoles have also been developed.[25] 

Based on these structural changes, synthetic nucleic acid mimics are designed to display improved 

hybridization behaviour, significantly increasing the binding affinity and mismatch discrimination of 

duplexes when binding to their complementary targets.[26-27] LNA, for example, show increased 

melting temperatures (T ), making them ideal for applications requiring short, high-affinity probes.[28] 

PNAs also show strong hybridization to DNA and RNA due to their neutral backbone.[29] To note, 

nucleic acid mimics have distinct preference to A-form or B-form geometry. For example, 

Phosphorothioates DNA (PS-DNA) duplex retains B-form geometry and support RNase H activity,[30] 
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thereby have been widely used in therapeutic design; LNA strongly favour A-form conformation[28] 

while PNA duplex with DNA or RNA have intermediate geometry between A-form and B-form.[31]  

3.1.3 Application of nucleic acids and their analogues 

In the last three decades, oligonucleotides have been extensively investigated in processes such as 

polymerase chain reaction (PCR),[32] molecular probing,[33] artificial gene construction[34] and 

molecular cloning.[35] They have also been utilized to treat different diseases or are undergoing 

clinical trials (Figure 4).[36-39]  

 

Figure 4. Schematic illustration of nucleic acid and their analogues for biomedical application. 

Unlike natural nucleic acids, nucleic acid mimics are typically uncharged or structurally distinct and 

they often face significant challenges in cellular uptake due to their size, charges and hydrophilicity. 
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To overcome these barriers, multifunctional delivery strategies have been developed, including 

conjugation with cell-penetrating peptides (CPPs),[40] 2,4-diaminobutanoic acid (Dab) dendrons;[41] 

encapsulation into lipid nanoparticles (LNPs) or liposomes;[42-43] and the use of engineered or 

biomimetic nanocarriers.[44-45] In fact, these systems that enable nucleic acid mimics not only to cross 

the cellular membrane but also to manipulate intracellular trafficking, are now available.[46]  

3.1.4 Natural DNA mimic proteins 

Beyond synthetic nucleic acids mimicry that hybridize with DNA or RNA, a fundamentally different 

strategy consist of emerged-proteins that mimic DNA itself (Figure 5).[47] These proteins resemble 

negative surface charge distributions of B-DNA. Instead of binding to nucleic acids, DNA mimic 

proteins occupy the DNA-binding domains to regulate biological activities such as DNA repair, gene 

expression and DNA package in the living cells.[48] So far, only a small amount of DNA mimic 

proteins have been studied, and they have been found in prokaryotes and eukaryotes as well as in 

bacteriophages and in a eukaryotic virus. For example, TAFII230 (transcription initiation factors),[49] 

HI1450 (highly acidic protein from Haemophilus influenzae),[50] UGI (phage uracil DNA glycosylase 

inhibitor)[51] and Ocr (overcome classical restriction)[52] and p56.[53] Inspired by these natural systems, 

researchers have developed de novo designed DNA mimic proteins, engineered to mimic the charge 

pattern of DNA and to inhibit restriction activity of a type I restriction enzyme.[54] This work validates 

the use of charge patterning as a design principle to create protein mimics of DNA, and serves as a 

starting point to develop therapeutic peptide inhibitors against human pathogens.  

 

Figure 5. Negative charge distribution (in red) of B-DNA and DNA mimic proteins: TAFII230 (PDB: 

1TBA); HI1450 (PDB: 1NNV).  

3.2. Protein-nucleic acid interactions (PNIs)  

3.2.1 Biological significance of protein-nucleic acid interactions 

Proteins, found in every cell, are biological macromolecules made up of amino acids that are linked 

by peptide bonds. They serve as molecular "tools" and have very specific functions in the body. For 
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example: Collagens, as structural proteins, determine the nature of the skin, connective tissue and 

bones, making up to 1/3 of the total body protein; in the muscles, myosins and actins change their 

shape and enable muscle contraction and thus movement; in the saliva, amylase start to digest the 

starchy food the moment they enter your mouth; as ion channels, proteins are present in neurons and 

heart cells, regulating heartbeat and nerve signal. Rather than functioning in isolation, these proteins 

operate in close coordination with nucleic acids, and mutations in a particular gene can potentially 

cause the dysfunction of the corresponding protein and thereby the development of diseases. 

The principle behind is known as the central dogma of life,[55] which describes the generic flow within 

a biological system. It states that DNA is transcribed into RNA, which is then translated into proteins 

that carry out cellular functions. However, this process is not a simple and linear cascade. It is the 

result of the constant interaction between functional nucleic acids and specific proteins in lifeôs 

process. 

 

Figure 6. Examples of PNIs in biological processes a) A chromosome and its packaged long strand 

of DNA unravelled. b) Regulation of gene expression in eukaryotes. RNA POL: RNA polymerase. c) 

Function of DNA topoisomerase 1. d) Pre-replication complex in eukaryotes. MCM2-7: 

minichromosome maintenance protein 2-7; Cdc6: cell division cycle 6; Cdt1: chromatin licensing 
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and DNA replication factor 1. e) Nucleotide excision repair (NER) pathway. CSA/CSB: Cockayne 

syndrome A and B proteins, RPA: replication protein A; ERCC-1: excision repair cross-

complementation group 1; TFIIH: transcription factor II H; PCNA: proliferating cell nuclear antigen. 

f) Repair of DNA alkylation lesions. AlkB: alkylation B; hABH: human alpha/beta hydrolase; MGMT: 

methylated-DNA-protein-cysteine methyltransferase. 

During cell division, especially in eukaryotic cells, protein-DNA interactions play critical roles in 

ensuring that the DNA is accurately replicated, packaged, and distributed to daughter cells. A major 

function of protein-DNA interactions is chromosome packaging, where the extensive length of the 

DNA (approximately 2 meters in each human cell) wraps around histone proteins to form 

nucleosomes (Figure 6a), allowing for efficient organization of the genetic materials and access for 

other cellular machinery.[56] Once unravelled, genomic DNA can be transcribed; however, not all of 

the DNA sequence codes for proteins. Only genes are transcribed to produce RNA, and the sequences 

between the genes (and within), such as promoters, enhancers, insulators and spacers, are important 

for transcriptional control. Transcription factor proteins bind to specific DNA promoter sequences 

located immediately adjacent to the gene transcription start site (Figure 6b). As a result, a messenger 

RNA (mRNA) is produced by controlling the RNA polymerase recruitment. This precise regulation 

ensures the expression of genes at the correct time and location.  

In addition, DNA replication and DNA repair mechanisms also involve proteins interacting with 

nucleic acids. In higher eukaryotes, the origin recognition complex (ORC) is present throughout the 

cell cycle bound to the origin of replication, but is active only in late mitosis and early G1 phase 

(Figure 6d). Beyond DNA replication, the ORC complex also take part in RNA export and in setting 

up a defined chromatin structure around the replication origins.[57-59] Another protein that have gained 

increasing attention in recent year are DNA topoisomerases. These enzymes can remove DNA 

supercoils during transcription and DNA replication, by catalysing transient single (type I 

topoisomerases) or double strand breaks (type II topoisomerases), crossing the strands through one 

another, then resealing the breaks without introducing mutations (Figure 6c). If the DNA supercoils 

are left unsolved, this torsion would eventually stop the DNA or RNA polymerases from continuing 

along the DNA helix.  

Preserving genomic sequence information in living organisms is necessary for life and continuity of 

the species. At the same time, mutagenesis plays a role in its maintenance and evolution, while also 

impacting human health and contributing to aging. To our relief, cells have evolved with sophisticated 

systems, for example, DNA repair, damage tolerance, cell death pathways, that collectively function 
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to increase genomic stability, thereby reduce the deleterious implications of DNA damage. In our 

daily life, Sunlight exposure is usually the trigger for UV-induced DNA damage. Laboratory studies 

have shown that UV rays cause thymine dimers which are covalently linked between two adjacent 

pyrimidines.[60] Proteins involved in nucleotide excision repair (NER) pathway can recognise the 

bulky DNA segment and replace it with the correct sequences using DNA polymerase and ligase 

(Figure 6e). Deficiencies in certain proteins can lead to disease. For example, XPA, XPB, XPC, XPD, 

XPE, XPF, and XPG are associated with ʭeroderma pigmentosum (XP). On the other hand, cigarette 

smoke, industrial processing and certain drugs from chemotherapy can produce exogenous chemical 

agents leading to alkylated DNA damage. There are two different classes of enzymes in humans and 

mammals that repair the alkylated bases (Figure 6f). First, the O6-alkylguanine-DNA 

methyltransferase (MGMT) reverses O-alkylated DNA lesions by transferring the alkyl group from 

the oxygen of the DNA base to the cysteine residue in its catalytic pocket;[61] The second class of 

direct reversal enzymes, the AlkB-related Ŭ-ketoglutarate-dependent dioxygenases (AlkB), reverse 

N-alkylated base adducts.[62] The oxidized alkyl group is released as formaldehyde, leaving behind 

the original base.  

3.2.2. Molecular recognition in protein-nucleic acid complexes 

To better understand the dynamic protein-DNA interactions in living cells, we now turn to the 

molecular mechanism of DNA recognition by proteins. In general, proteins interact with DNA 

through diverse physical forces. Among them, hydrogen-bonding interactions are a key component 

of protein-nucleic acid recognition, mediated by donor and acceptor groups from the bases of DNA 

and the side chains of most of the polar amino acids (Figure 7a-7b). Salt bridges are also commonly 

observed in protein-nucleic acid complexes, they are electrostatic interactions between groups of 

opposite charge (Figure 7c). Hydrophobic effect refers to the tendency of nonpolar molecules to 

aggregate in aqueous solutions, minimizing their contact with water. For example, the non-polar parts 

of nucleic acid, including the 5-methyl group of thymine, the heterocyclic carbon atoms within the 

purine and pyrimidine rings, and the ribose carbon atoms, are often contacted by aliphatic side chains 

of amino acid in protein-nucleic acid complexes (Figure 7d).[63] Additionally, dispersions attract can 

further stabilize protein-DNA complexes (Figure 7e). Stacking interactions can also be observed 

between aromatic residues in a protein and unstacked nucleotides (Figure 7f). 
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Figure 7. Physical forces between protein side chains and nucleic acids. a) Hydrogen-bonding 

interactions of glutamine with T and A, respectively (PDB: 1GD2). Hydrogen-bonding interactions 

are indicated by the dashed lines. b) Water molecules (red) provide a non-covalent extension of the 

surface of the DNA-binding protein (PDB: 1TRO). c) Salt bridge between positively charged protein 

side chains and negatively charged DNA phosphate groups. (PDB: 1OCT). d) Hydrophobic effect: 

recognition from contacts of non-polar atoms (PDB: 1KC6). e) Dipolar interaction (PDB: 1KC6). 

Dipoles are indicated by the black arrows. f) Stacking interactions between a Phe side chain and 

unstacked bases (PDB: 1CKT). Only the phenylalanine side chain of the protein is shown for clarity. 

To elaborate further, DNA binds to proteins in a sequence-specific or non-sequence-specific manner. 

The specific protein-DNA interactions occur through direct contact, also known as base readout. 

EcoRI, a widely used type II restriction endonucleases in bacteria, can recognizes the palindromic 

sequence 5'-GAATTC-3', while prevent the cleavage of the host DNA.[64-65] Another restriction 

endonuclease BamHI recognizes its DNA binding sites, AGATCT and GGATCC, with an identical 

core region (underlined), but bending differentiates both binding sites.[65]  

In addition to reading the base pairs, many proteins perform indirect readout by sensing local DNA 

shape features (eg: minor groove width, helical twist between base pairs and DNA flexibilityé), or 

global shape features when the binding site is not in a classic B-form helix (Figure 8). To achieve 

high affinity and specificity, all DNA-binding protein, especially those that are sequence-specific, 

recognize DNA using a combination of base readout and shape readout.[66] For example, E. coli 

nucleoid protein Integration host factor (IHF) achieve DNA binding affinity by a combination of 
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bending, kinking and intercalation. Specifically, the IHF a/b heterodimer sharply bends DNA by 160Á 

and also recognize three DNA sites: a TTG region at its flank, TATCAA in the central region of its 

binding site, and a 6-bp A tract.[65, 67] To note, there is no corresponding relationship between amino 

acids and DNA bases, but some particular amino acid-base pairings are enriched, such as arginine 

with guanine, and asparagine and glutamine with adenine.[68-70] 

 

Figure 8. Types of protein-DNA recognition mechanisms used for specificity.[65] 

In contrast, some DNA binding proteins bind to DNA non-specifically. Their binding is primarily 

driven by general physical and chemical properties of DNA rather than a specific nucleotide sequence. 

For example, histones bind to DNA in a non-specific manner through strong electrostatic interactions 

between their positively charged amino acids (lysine and arginine) and the negatively charged 

phosphate backbone of the DNA. Similarly, high mobility group (HMG) proteins, which are the most 

abundant non-histone chromosomal proteins, bind to DNA in a non-sequence-specific manner, 

promoting gene regulation and chromatin function.[71] Some structural aspects of non-sequence-

specific DNA recognition have been examined: high mobility group (HMG)[72], Sac7d[73], a 

chromosomal protein from an archaeal hyperthermophile that kinks DNA by 61Á, and the nucleosome 

itself.[74] Although these proteins do not óóreadôô the DNA sequence, they do recognize other structural 

features of DNA, contributing to DNA architecture and essential cellular processes, such as 

compaction,[75] repair[76] and chromatin remodelling.[77]  

Both specific and non-specific binding modes affect gene expression: the former provide specific 

gene regulations via direct base recognition; the latter enables global DNA organization and 

influences accessibility of transcriptional machinery[78-80]. Altogether, deciphering the protein-DNA 

recognition codes can not only help us better understand the mechanisms of these specific binding 

events, but is also crucial to reveal diseases caused by mutations that affect protein-DNA binding 

specificity, and to design therapeutic drugs.  
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3.2.3. Strategies to modulate protein-nucleic acid interactions 

Transcription factors are found in all eukaryotes and regulate gene transcription in cell growth,[81] 

stress response,[82] immune responses.[83] Together with some other DNA-binding proteins, they were 

considered as undruggable due to their lack of well-defined ligand-binding pockets. Yet, recent 

successful examples have demonstrated that small molecules can indeed interfere with protein-DNA 

interactions. This chemical approach spans from groove binders to the inhibitors of the DNA-binding 

domain in target proteins. Compounds like netropsin[84], distamycin A[85], and microgonotropens 

(MGTs)[86] bind specifically in the A/T-rich minor groove (Figure 9a), blocking transcription factors 

from accessing their DNA sites. In addition to targeting DNA itself, small molecules also bind directly 

to the transcription factors. Key examples include factor quinolinone inhibitor 1 (FQI1)[87] and 

NSC194598 (Figure 9a) [88].  

 

Figure 9. Strategies to interfere with protein-DNA interactions. a) Small molecules that bind to minor 

grooves of DNA.[84-85, 87-88] b) Triplex binding code in the purine-rich TFO motifs.[89] c) Schematic of 

gene expression inhibition by decoy oligodeoxynucleotides (decoy ODNs).[90] d) Decoy-PROTAC 

for specific degradation of ñundruggableò STAT3 transcription factor.[91] e) Schematic of dCas9-

KRAB and dCas9-KRAB-MeCP2 repressors. KRAB: a Kr¿ppel-associated box transcriptional 

repression domain; MeCP2: methyl-CpG binding protein 2 NLS: nuclear localization signal.[92] 
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Beyond small molecules, triplex-forming oligonucleotides (TFOs) offer complementary strategy to 

disrupt protein-DNA interactions (Figure 9b) [89]. These agents bind specifically to genomic DNA 

through Hoogsteen hydrogen interactions, creating non-B-DNA structures, physically blocking 

transcription factor access[93-94]. Decoy oligodeoxynucleotides (ODNs) are short, double-stranded 

DNA sequences, and they can be transfected into the target cell, bind to the respective transcription 

factor and inhibit the transcription of target gene (Figure 9c).[90] Moving beyond mere inhibition, 

oligonucleotide-based PROTACs (proteolysis targeting chimeras) go a step further by inducing 

targeted degradation of DNA-binding proteins (Figure 9d). These bifunctional molecules link 

DNA/RNA binders with a ligand for ubiquitin ligase and drive the proteasomal degradation of  

transcription factors.[91] In addition to chemical and nucleic acid-based approaches, recent advances 

in synthetic biology have led to the development of engineered DNA-binding proteinsðsuch as zinc 

finger repressors (ZFP),[95] transcription activator-like effector repressors (TALE-based repressors),[96] 

and CRISPR/dCas9-KRAB systems[97]. They illustrate how modular DNA-binding scaffolds (ZFP, 

TALE, dCas9) fused to repressor domains (KRAB, MeCP2, etc.)[92] can reprogram gene expression 

for both research and potential therapeutic applications (Figure 9e). 

3.3. Aromatic foldamers as DNA surface mimicry 

Folding is the process nature has selected for biopolymers, for example, polysaccharides, proteins, 

nucleic acids, lipids, etc, to carry out complex biological tasks such as enzyme catalysis, information 

storage and energy conversion. Inspired by the structures and functions of biopolymers, researchers 

have shown that folding is not exclusive to natural polymers, but can also occur in a wide range of 

non-natural backbones. These artificially folded molecular architectures are known as ñfoldamers.ò 

This matters because backbones that differ from those of proteins and nucleic acids may give access 

to functions beyond the capabilities of natural biopolymers. 

Synthetic foldamers are far too numerous to be simply mentioned here.[98] There are two general 

molecular classes of foldamers, determined by the presence or absence of aromatic units within the 

monomer unit (Figure 10). The design of ñaliphaticò foldamers, also called biotic foldamers, has been 

inspired by their biopolymer counterparts, and they share similar folding principles. Typical examples 

are peptide nucleic acids (PNAs) and N-substituted oligoglycines (peptoids). This triggered a 

comprehensive investigations of ɓ-, ɔ- and ŭ-peptides, oligoureas and azapeptides.[99] In contrast, 

ñaromaticò foldamers have emerged with backbones and folding modes that differ significantly from 

those of biopolymers. The poly-pyrrole/imidazole DNA-binding oligomers provided early examples 

of heteroaryl oligomers that bind minor groove of DNA sequence-specifically.[100] To achieve more 
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distinct properties and therefore functions, the aromatic foldamers have been expanded into more 

diverse, abiotic backbone types. In particular, the linkage between units could be one such criteria: 

amide based on aza-heterocycles (pyridines, pyrimidines, pyridazines, etc.);[101] hydrazide;[102] 

urea[103] or alkyne groups.[104] Additionally, foldamers may be a composite of two or more different 

building blocks, which can be arranged in an alternating manner.[105-106] 

 

Figure 10. Examples of foldamer backbones. Red and blue arrows represent intramolecular repulsive 

and attractive interactions, respectively. 

Despite the large number of building blocks reported so far, there are not a wide variety of different 

folding patterns. The common motif in biopolymers especially helices still prevail in non-natural 

oligomers (Figure 11a), even though more and more examples of ɓ-sheets are reported in the literature. 

Additionally, Otto and coworkers showed folded oligomers containing only an aromatic disulfide 

monomers, which is neither Ŭ-helix nor ɓ-sheets (Figure 11b).[107] Like the secondary structures of 

peptides, the construction of the artificial foldamers requires consideration of localized noncovalent 

interactions such as hydrogen bonding and electrostatic repulsions, but ́-́  stacking and specific 

geometric constrains also play significant roles in the case of aromatic foldamers (Figure 11c-11d). 
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Figure 11. Folding patterns of different oligomers. a) ɓ-peptide 12-mer;[108] b) aryl disulfide 

macrocycle;[109] c) helical aryl oligomer;[110] d) sheet-forming aromatic oligoamide.[111] Disulfide 

bonds are highlighted in orange. Oxygen and nitrogen atoms are highlighted in purple and blue, 

respectively. In all structures hydrogen atoms and side chains are omitted for clarity. Figure adapted 

from figure 2.1 from Bindl D.[112] 

Among all the synthetic foldamers mentioned above, aromatic foldamers have been rapidly growing 

as an important class of foldamers due to a number of remarkable properties, including the stable 

conformation, predictable folding modes, their propensity to crystallize, and accessible synthesis. 

These advantages of aromatic foldamers have opened up avenue towards the design of Ŭ-mimicry,[113] 

coordination of metal ions,[114] molecular motions,[115] and self-assembly, etc.[116] Among the 

significant advances in foldamer science, Ŭ-helix mimicry stands out as a successful strategy for 

protein epitope mimicry, and may thus serve as an inspiration for nucleic acids surface mimicry. 

Nucleic acid mimicry designed to reproduce their Watson-Crick base-pairing abilities, can result in 

improved behaviour (See section 3.1). Together with the DNA mimic protein mentioned above, this 

background exemplifies well the importance and potential for applications of nucleic acid mimicry. 

However, limitations remain. For example: DNA-binding proteins do not recognize well PNA-DNA 

duplexes.[117] DNA mimic proteins exist in nature and are difficult to predict due to their various 

sequence and structure.[47] Sulfonated polysaccharides, such as heparin, can inhibit multiple DNA-

binding proteins due to their polyanionic nature,[118] but they do so without selectivity. Furthermore, 

their chemical nature makes the synthesis of variants difficult, and the conformation of heparin 

derivatives is not well-defined. Given all of these challenges associated with nucleic acid mimicry, 
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there is a growing interest in designing nucleic acids surface mimicry that go beyond the conventional 

backbone chemistry. 

We recently found that alternation in the same sequence of ŭ-amino acid monomer Q with Ů-amino 

acid monomer mQ, which possesses an additional methylene group, can produce a single helix whose 

geometrical parameters match those of double stranded B-DNA. The reason for this match comes 

from the contributions to helix curvature of Q (0.4 turn/unit) and mQ (0.5 turn per unit) which sum 

up to 0.9 turn per mQQ dimer. Thus, in an (mQQ)n helix, the angular shift between adjacent mQQ 

blocks is predicted to be a tenth of a turn, which is equal to the angular shift between base pairs in 

double-stranded B-DNA (ten base pairs span a full double helix turn). An mQQ dimer also contributes 

a vertical rise of 3.5 ¡ (the thickness of one aromatic ring) along the helix axis that matches the base-

pair distances in B-DNA.[119]  

 

Figure 12. DNA mimic design.[119] Schematic representations, top views and side views of molecular 

models of a) (mQQ4)8; b) (mQQ5)8; and d) an eight-base-pair B-DNA. The structure in c) is an 

overlay of b) and c). (e) Formulae of amino-acid monomers Q4, mQ and Q5. Models are shown at the 

same scale as the stick representations except that the phosphorus atoms are shown as spheres. The 

same blue, red and green colours are used in the models and schemes as in the formulae shown in e). 
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In order to mimic the B-DNA charge surface, phosphonate side chains were installed to mQ and Q. 

As a result, the negatively charged side chain at the surface of an (mQQ)n single helix form a double 

helical array that matches the positions of phosphates in duplex B-DNA (Figure 12).[119] However. 

The grooves of the (mQQ4)n helix are very similar in width. To widen the major groove and narrow 

down the minor groove without changing the curvature contribution, the side chains of the Q 

monomers was installed at position 5 as in monomer Q5. Interestingly, charge distribution of the 

(mQQ5)n oligomer predicted by molecular model shows an excellent match with the positions of 

phosphorus atoms in duplex B-DNA. 

 

Figure 13. Schematic of the PurePep Chorus synthesizer with reaction vessels (RV) and pre-active 

vessels (PV) used during the coupling cycles.[120] 

The synthesis of DNA-mimic foldamers was initially achieved in solution with low efficiency, which 

requires multiple purification after each coupling steps. Taking inspiration from the oligomer solid-

phase synthetic methods, which has extended beyond peptides and nucleotides, we managed to 

implement the solid phase synthesis (SPS) protocols on a commercial peptide synthesizer, in 

particular using in situ acid chloride activation under Appelôs conditions. The automated solid phase 

foldamer synthesis (SPFS) contains cycles iterations similar to those of manual SPFS: 1) Fmoc 

deprotection, 2) resin washings, 3) coupling, and 4) new round of washings (Figure 13). To note, all 

the building blocks needed by the DNA-mimic foldamers have been synthesized as Fmoc-protected 

amino acids. Starting from the Fmoc-monomer loaded resin, Fmoc group is removed using 2% DBU 

in NMP to obtain a free amine on the solid support. When coupling to the aromatic amine, the 

conversion of the acid into the acid chloride is implemented in the pre-active vessel (PV) in situ 
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condition. Then, shaking the acid chloride solution in PV for 1 min before dispensing to the reaction 

vessel (RV) containing the pre-swollen resin with a solution of 2,4,6-collidine. To note, aggregation 

on the resin is a common problem in peptide synthesis, which hampers further couplings. Moreover, 

automation of SPFS plus the possibility to synthesize several sequences in parallel significantly 

reduce the work time, offering a rapid access to new and longer sequences, and thus to quicker 

exploration of their properties. 

These single stranded foldamers, featuring aryl rings in their main chain, differ remarkably from B-

DNA and thus hold the potential to go beyond the function of natural nucleic acids. Alone with this 

line, we assessed the inhibition of DNA-mimic foldamers on several DNA-binding enzymes. To our 

surprise, two therapeutically important enzymes were remarkably inhibited by (mQQ4)n. Specifically, 

topoisomerase 1 (Top1), which cleaves one strand of DNA duplexes to allow relaxation of 

supercoiling, was strongly inhibited by (mQQ4)n in a length dependent manner. Human immune 

deficiency virus 1 integrase (HIV-1 IN), which catalyses the insertion of the HIV-1 DNA into the host 

genome, was also found to be inhibited (Figure 14a). However, similar inhibition was not observed 

in the case of a random double-stranded DNA, which has same base pair length as (mQQ4)8. That is, 

the aromatic oligoamide backbone that make DNA-mimic foldamers distinct from DNA eventually 

give rise to enhanced inhibition. Moreover, inhibition by (mQQ4)16 occurred at sub-micromolar 

concentrations, matching or even exceeding the performance of the best inhibitors of these enzymes, 

camptothecin for Top1 and raltegravir for HIV-1 IN.[119]  

Inspired by the initial design of DNA-mimic foldamers, we started to work on variants of anionic 

foldamers bearing carboxylate groups in place of phosphonates. We compared the inhibition of the 

new variants to that of reference oligomer. The results show that both the position and nature of the 

anions strongly affected the inhibitory activity of the DNA mimics and that, in many cases, these 

effects differed between Top1 and HIV-1 IN (Figure 14b).[121] In a recent study, DNA-mimic 

foldamers have been shown to affect chromatin composition in vitro and in vivo, and disturb cell 

cycle progression (Figure 14c).[57] Altogether, these results further validate the novel concept of 

foldamer-based DNA surface mimicry 
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Figure 14. a) Inhibition of Top1 and HIV-1IN by DNA mimic with different length.[119] b) Inhibition 

of Top1 and HIV-1IN by DNA mimic foldamers with variant side chains.[121] Quantitation of Top1 

inhibition (top lane) expressed as a percentage of relaxation, compared to the control, and in vitro 

HIV-1 IN integration (bottom lane). c) DNA mimic foldamer efficiently interferes with the chromatin-

association of the origin recognition complex (ORC).[57]
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4. Objectives 

The prospect of achieving competitive inhibition is new when it comes to targeting the DNA-binding 

proteins. The common inhibition approaches usually involve DNA ligands[122-124] or óinterfacial 

inhibitorsô[125-126] that bind the protein-DNA interface. Here we propose to generalize DNA mimics 

as competitive inhibitors of protein-nucleic acid interactions (PNIs) (Figure15). Despite being a 

homologous sequence, (mQQ4)n oligomers showed a certain degree of selectivity. Several non-

sequence selective enzymes were found not to be inhibited (e.g. deoxyribonuclease 1, S1 nuclease 

and benzonase) and some were weakly inhibited (topoisomerase 2, Flap endonuclease 1).[119] Slight 

changes in side chain composition and position led to selective topoisomerase 1 vs. HIV integrase 

inhibition.[121]  

It is so far not yet clear why (mQQ4)n helices bind some DNA-binding proteins much better than DNA 

itself. Thus, it is essential to understand which structural differences matter the most. Here we focus 

on the structural requirements for these foldamers to achieve stronger and more selective inhibition 

to DNA binding proteins. 

Figure 15. Principle of competitive inhibition of PNIs using a foldamer that mimic DNA surface 

features. 

Sequence-specific DNA-binding proteins (DBPs) commonly use structural motifs like the helix-turn-

helix (HTH),[127] zinc finger,[128] or leucine zippers[129] to interact with the DNA helix. Similarly, 

foldamers can be designed with specific groove features to adopt an Ŭ-helix, a protein motif widely 

involved in PNIs. For instance, functional groups can be introduced into the major grooves of DNA 

mimics, serving as hydrogen bond donors or acceptors (Figure 16a). Making the major groove deeper 

(by removing some rings) and wider can avoid steric hindrance that would prevent the protein binding. 

Stereo genic centers in these compounds will allow for quantitative helix handedness control (Figure 

16b). Where needed, the flexible unit can serve as hinges to favor a local kink. Side chains can be 

varied, as it is recognized that not all the anions are needed for tight binding, and too many anions 

Foldamer Protein-foldamer 
complex 

Protein-DNA 
complex 
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reduce selectivity. Linkers will be developed to produce palindromic DNA mimic (Figure 16c), which 

increases the chances of crystallization at early stages when sequence selectivity is not strong. 

Alternatively, linkers can be used to produce DNA-foldamer hybrids, which can themselves be made 

palindromic (Figure 16d).  

 

Figure 16. a) Modifications of the QmQ dimer are considered to change major groove width, depth 

and functionalities. b) mQ analogues (in red) and Q analogues (in blue). c) diamine and diacid linkers 

to generate palindromic DNA mimic foldamers. d) mQQ to be integrated in a hairpin oligonucleotide 

with a benzylic amine to attach the helical foldamer.  

Last but not least, the DNA mimic foldamers, like many other polyanions, exhibits poor cell-

membrane permeability. Preliminary studies have shown that DNA mimic foldamers are toxic to 

DNA topoisomerase I only in the presence of a transfection agent. Therefor it remains necessary to 

promote cellular delivery of DNA mimic foldamers. 

In summary, future investigation alone this line will focus on different projects: 1) designing DNA 

mimic foldamers with more diverse features, such as chirality and symmetry for higher chance of 

crystal growth and affinity to DNA binding proteins. 2) gaining structural insight into the interactions 

between DNA-binding proteins and foldamers; 3) improving the cellular delivery efficiency of DNA 
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mimic foldamers; 4) optimizing DNA mimic foldamers for sequence-selective binding to protein 

targets. 
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5. Enhancing the features of DNA mimic foldamers for 

structural investigations 

DNA mimic foldamers have been shown to bind to DNA-binding proteins with affinities that are 

sometimes orders of magnitude better than DNA itself. However, there are limited structural 

information about how these foldamers interact with DNA-binding proteins at a molecular level. To 

overcome the challenge of co-crystallizing these complexes and to facilitate the structural 

investigation, we pursued three strategies to enhance the features of our DNA mimic foldamers 

(Figure 17). 

 

Figure 17. a) Handedness control by a chiral B monomer. b) Ligation chemistry to make C2-

symmetrical DNA mimic foldamers. c) Incorporation of sticky ends to promote helix stacking in 

crystal lattice. 

First, we sought to achieve quantitative control over the foldamer's helicity. The original design based 

on repetitive building blocks with no stereogenic centre. As a result, foldamers exist in in a racemic 

mixture of right-handed (P) and left-handed (M) helical conformation in solution. This lack of helical 

uniformity can prevent selective recognition by DNA-binding proteins, thereby reducing the chance 

of crystal growth. To overcome this, we introduced a chiral B monomer at different position along 

the foldamer backbone. The following NMR and CD spectra confirmed that a B monomer placed in 

a specific position can bias the handedness quantitatively. 
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Second, we also developed ligation chemistry to make C2-symmetrical DNA mimic foldamers. This 

design mimics palindromic DNA sequences and is particularly advantageous for proteins that 

recognize such symmetrical structures. Importantly, the recognition of proteins to C2-symmetrical 

DNA mimic foldamer doesnôt depend on the NӛC orientation of the foldamer with respect to the 

protein surface. This symmetry might favour the crystal growth by reducing the structural 

heterogeneity of the complex. 

Finally, we attempt to incorporate sticky ends into our foldamers, which might promote helix stacking 

and bring cohesion to the crystal lattice. This is a common strategy in DNA crystallography that we 

adapted for our foldamer system. 

Our work on this topic has been published on Chem.E.J. In summary, we introduced new features in 

DNA mimic foldamer to promote the structural investigation of protein-foldamer complex. Benefiting 

from these enhancements, we obtained the first crystal structure of a DNA mimic foldamers bearing 

phosphonate side chain. Our findings demonstrated that 1) foldamer helix handedness can be 

quantitatively biased by a chiral B monomer; 2) the foldamer structure can be made C2-symmetrical 

as in palindromic B-DNA sequences, by using a diamine or diacid linker; 3) associations between 

foldamer helices can be promoted by the C-terminal residues that act as sticky ends in B-DNA 

structures. 

Contributions: The project was planned by IH. Synthetic monomer precursors have been provided 

by D. Gill. Monomer and foldamer synthesis have been performed by JW, VC and ML. The 

measurement of CD spectra and UV spectra was performed by VC. The energy minimized models 

were calculated by JW. Crystallographic studies and structure refinement were performed by DD. 

The research was supervised by IH. The manuscript was written by JW, VC and IH. JW, VC, ML, 

DD, IH and LA proofread and improved the manuscript. This work was supported the China 

Scholarship Council (CSC, predoctoral fellowship to JW.). 
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1. List of Abbreviations 

AcOH   acetic acid  

Ac2O acetic anhydride 

CD circular dichroism  

DCM dichloromethane  

DIAD diisopropyl azodicarboxylate  

DIPEA N,N-diisopropylethylamine 

DMF N,N-dimethylformamide   

DMSO dimethyl sulfoxide  

ESI electrospray ionization  

EtOAc ethyl acetate  

Et2O diethyl ether 

Fmoc-Cl   fluorenylmethyloxycarbonyl chloride 

HPLC   high performance liquid chromatography  

HRMS   high resolution mass spectrometry  

LC-MS liquid chromatography-mass spectrometry 

MeOH methanol 

NMR nuclear magnetic resonance  

PPh3 triphenylphosphine 

PyBOP 

benzotriazol-1-yl-

oxytripyrrolidinophosphonium 

hexafluorophosphate 

RP reversed phase  

RT room temperature  

SPS solid phase synthesis 

TCAN trichloroacetonitrile 

TEAA triethylammonium acetate 

TFA trifluoroacetic acid  

THF 
tetrahydrofuran 

  

TMSBr trimethylbromosilane 

UV ultraviolet 
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2. Supplementary Schemes and Figures 

2.1 Supplementary Schemes 

 

Scheme S1. Synthetic route to the Fmoc-QPho-COOH monomer. 

 

Scheme S2. Synthetic route to the Fmoc-MPho-COOH monomer. 
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Scheme S3. Representative example of SPS for oligomer 2.  
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Scheme S4. Synthetic scheme for the N-terminus ligation to obtain oligomer 8. A similar scheme leads to 9. 
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Scheme S5. Synthetic scheme for the C-terminus ligation to obtain oligomer 10. A similar scheme leads to 11. 
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2.2 Supplementary Figures 

 

Figure S1. 1H NMR spectrum of oligomer 1 (500 MHz, H2O/D2O 9:1 v/v, 50 mM NH4HCO3, pH 

8.5, H2O suppression). 

 

Figure S2. Energy minimized molecular models of extended-2 as solvent accessible isosurface (a) 

and tube representation (b) except the phosphorous atoms which are shown in space-filling 

representation. The chiral BRme monomer is shown in bright green. The structure in (c) is an overlay 
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of (b) and the reference DNA mimic structure (MphoQPho)24 displayed in yellow. Hydrogen atoms 

have been omitted for clarity. 

 

Figure S3. Energy minimized molecular models of extended-5 as solvent accessible isosurface (a) 

and tube representation (b) except the phosphorous atoms which are shown in space-filling 

representation. The chiral BRme monomer is shown in bright green. The structure in (c) is an overlay 

of (b) and the reference DNA mimic structure (MphoQPho)24 displayed in yellow. Hydrogen atoms 

have been omitted for clarity. 

 

Figure S4. Energy minimized molecular models of extended-7 as solvent accessible isosurface (a) 

and tube representation (b) except the phosphorous atoms which are shown in space-filling 
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representation. The double insertion of BRme and of Mpho creates minor distortions in the overall 

structure. The chiral BRme monomer is shown in bright green. The structure in (c) is an overlay of (b) 

and the reference DNA mimic structure (MphoQPho)24 displayed in yellow. Hydrogen atoms have been 

omitted for clarity. 

 

Figure S5. 1H NMR dilution study of oligomer 12 (500 MHz, H2O/D2O 9:1 v/v, 27 mM sodium 

phosphate buffer, pH 7.2) from 2 mM to 0.01 mM. Black circles indicate the monomeric species 

forming upon dilution.  
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Figure S6. Sigma weighted 2Fo-Fc electron density map (grey mesh) contoured at 1 ů superimposed 

on helices of 13.  
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Figure S7. Packing of 13 (PDB # 8QHM) in the crystal lattice viewed down the a) a-axis and b) b-

axis. Helices are shown in surface representation.  
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3. Materials and Methods 

3.1 General 

Chemicals and reagents were used as commercially supplied without any further purification unless 

otherwise stated. Low loading Wang resin (0.41 mmol gī1) was purchased from Novabiochem. 

Analytical grade organic solvents were used for SPS. Anhydrous THF and DCM for SPS were 

dispensed from an MBRAUN Solvent Purification System-800 solvent purification system. Reactions 

requiring anhydrous conditions were performed under nitrogen. Protected Fmoc-acid building blocks 

are shown in Figure S8. 

 

Figure S8. Side chain-protected Fmoc-acid building blocks used in this study. Fmoc-QAla-OH,[27] 

Fmoc-QAsp-OH[12a] and Fmoc-BRme-OH[11] have been described previously. Fmoc-QSem-OH will be 

described elsewhere. For a detailed procedure to Fmoc-QPho-OH and Fmoc-MPho-OH, see section 3.2. 

Analytical and semi-preparative RP-HPLC was performed on a Thermo Fisher Scientific Ultimate 

3000 HPLC System using Macherey-Nagel Nucleodur C18 Gravity columns (4 Ĭ 100 mm, 5 ɛm and 

10 Ĭ 250 mm, 5 ɛm) and Macherey-Nagel Nucleodur C8 Gravity columns (4 × 50 mm, 5 ɛm and 10 

Ĭ 100 mm, 5 ɛm). 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, the mobile phase was composed of 12.5 mM TEAA in water at pH 8.5 (solvent A) and 

12.5 mM TEAA in water: acetonitrile 1:2 vol/vol at pH 8.5 (solvent B). For RP-HPLC analyses, a 
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flow rate of 1.0 mL/min was applied; semi-preparative RP-HPLC purification were performed at a 

flow rate of 5.0 mL/min. UV absorbance was monitored at 300 nm if not stated otherwise. 

NMR spectra were recorded on the Avance III HD 500 MHz Bruker Biospin spectrometer. DMSO-d6 

(ŭH: 2.50, ŭC: 39.4) and D2O (ŭH: 4.79) were used as solvents. Water suppression was performed 

with excitation sculpting. Measurements were performed at 298 K unless stated otherwise. NMR 

spectra of the oligomers were recorded in H2O/D2O (9:1 v/v), 50 mM NH4HCO3. The raw data were 

evaluated using Mnova version 14.0.0 from Mestrelab Research. Signal multiplicities are abbreviated 

as s, singlet; d, doublet; t, triplet; q, quartet, and m, multiplet. 

LC-MS spectra were recorded on a Thermo Scientific Dionex UltiMate 3000 equipped with a 

Nucleodur C18 gravity column (2 x 50 mm, 1.8 µm) with a flow of 0.3 mL min-1. 0.1% of formic 

acid in water (solvent A) and 0.1% of formic acid in acetonitrile (solvent B) were used as mobile 

phase for the ionization of the quinoline monomers. For water soluble oligomers, 12.5 mM aqueous 

NH4OAc buffer adjusted to pH 8.5 and LC-MS grade acetonitrile were used as mobile phase for the 

ionization of the polyanionic foldamers. Elution was monitored by UV detection at 214, 254 and 300 

nm with a diode array detector. The LC system was coupled to a micrOTOF II mass spectrometer by 

Bruker Daltonics and molecules were ionized by ESI. 

CD spectra were recorded on a J-815 Circular Dichroism spectrometer by Jasco using quartz cells 

(2 mm optical path length). Scans were measured at 20 °C, over a wavelength range of 300ï500 nm, 

with a response time of 0.5 s and a scanning speed of 50 nm/min. Molar extinction values were 

normalized per quinoline units. Foldamers (60 µM) were dissolved in 50 mM NH4HCO3 buffer pH 

8.5. 

3.2 Monomer synthesis procedures 

Compound (15). Benzyl 8-nitro-4-quinolinone-2-carboxylate intermediate 14 was prepared 

according to previously described methods.[1a] Freshly dried compound 14 (12.0 g, 37.0 mmol, 1 eq.), 

PPh3 (12.6 g, 48.1 mmol, 1.3 eq.) and diethyl hydroxymethyl phosphonate (6.84 g, 6 mL, 

40.7 mmol, 1.1 eq.) were suspended in anhydrous THF under N2 and cooled to 0 °C. DIAD 

(9.44 mL, 48.1 mmol, 1.3 eq.) was added dropwise over 20 min at 0 °C. The resulting solution 

was stirred at 0 °C for 1.5 h, at RT for another 1 h, and at 50 °C overnight. THF was removed in 

vacuo and co-evaporated with DCM (2 x 100 mL) and Et2O (2 x 100 mL). The resulting solid 

was dried overnight under vacuum to remove residual THF. The crude product was purified by 

flash column chromatography (100% EtOAc, dry-load using silica gel). After evaporation of the 

solvent, the purified product was dissolved in DCM (5 mL), Et2O (100 mL) was layered on top 
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and the product was crystallized at ï14 °C overnight, filtered and washed with cold Et2O 

(200 mL). Crystallization was repeated twice, until the HPLC analysis of an aliquot showed no 

residual triphenylphosphine oxide, to yield the title compound (11.2 g, 64%) as a white 

crystalline solid. 1H NMR (500 MHz, CDCl3):  ŭ [ppm] = 8.48 (dd, J = 7.5, 1.4 Hz, 1H), 8.13 (dd, 

J = 7.5, 1.4 Hz, 1H), 7.74 ï 7.66 (m, 2H), 7.55 ï 7.50 (m, 2H), 7.43 ï 7.38 (m, 2H), 7.38 ï 7.32 (m, 

1H), 5.49 (s, 2H), 4.57 (d, J = 10.2 Hz, 2H), 4.28 (dq, J = 8.4, 7.0 Hz, 4H), 1.38 (t, J = 7.0 Hz, 6H). 

13C NMR (126 MHz, CDCl3) ŭ [ppm] = 164.8, 162.4 (d, J = 13.2 Hz), 151.5, 148.7, 140.3, 135.5, 

128.8, 128.5, 128.3, 126.7, 126.2, 125.4, 123.0, 102.4, 68.1, 63.4(d, J = 6.4 Hz), 63.0 (d, J = 171.5 

Hz), 16.7(d, J = 5.6 Hz). HRMS (ESI+) m/z calcd. for C22H23N2O8P: 475.1265 [M+H]+; found: 

475.1319. 

Compound (17). Compound 15 (11.2 g, 23.4 mmol, 1 eq.) was dissolved in EtOAc (350 mL), split 

over two flasks under N2 and the solvent was degassed for 15 min by bubbling N2 through the solution 

while sonicating. Pd/C (1.30 g) was added and the solution was further degassed for 10 min. Under 

vigorous stirring, a H2 balloon was placed on top of the round bottom flask and the reaction mixture 

was stirred for 18 h until full conversion. The catalyst was filtered with a paper filter and the residual 

solid washed with hot THF. The filtrate was removed in vacuo, the resulting solid suspended in 

water/acetonitrile (30 mL, 1:1 v/v), sonicated, and freeze-dried to give 16 (7.22 g, 79%) as a green 

solid that was used without further purification. Compound 16 (7.22 g, 18.5 mmol, 1.0 eq) was 

suspended in dioxane (350 mL) and NaHCO3 (36.0 g, 426 mmol, 21 eq.) dissolved in water (370 mL) 

was added. The suspension was cooled to 0 °C and Fmoc-Cl (5.31 g, 20.5 mmol, 1.1 eq.) in dioxane 

(200 mL) was added dropwise over 1 h at 0 °C. The reaction mixture was stirred at 0 °C for 1 h and 

then stirred at RT for 21 h. The reaction mixture was concentrated by rotary evaporation to remove 

most of the dioxane and the resulting suspension was diluted with water to a volume of 800 mL. The 

reaction mixture was acidified to pH 3 with a saturated KHSO4 solution, extracted with DCM (1 L, 

then 2 x 500 mL), and dried over Na2SO4. After filtration, the solvent was removed in vacuo, and the 

resulting solid was dried under vacuum to remove residual dioxane. The crude product was 

precipitated from acetonitrile (50 mL), sonicated shortly to allow full precipitation, filtered, and 

washed with cold acetonitrile (ī14 ÁC). The resulting solid was purified by flash column 

chromatography (5% MeOH in DCM with 0.1% AcOH, dry-load with silica from DCM) and the 

combined fractions were concentrated and washed with water (3 x 500 mL). After removal of the 

solvent in vacuo, the resulting solid was precipitated from acetonitrile, washed with cold acetonitrile 

(ī14 ÁC), and lyophilized to yield the title compound (6.25 g, 58%) as a pale yellow solid. 1H NMR 

(500 MHz, DMSO-d6):  ŭ [ppm] = 13.56 (s, 1H), 10.46 (s, 1H), 8.37 (s, 1H), 7.94 (d, J = 7.5, 2H), 
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7.84 (s, 1H), 7.82 ï 7.76 (m, 2H), 7.76 (d, J = 1.3 Hz, 1H), 7.69 ï 7.65 (m, 1H), 7.45 (td, J = 7.7, 1.0 

Hz, 2H), 7.37 (td, J = 7.5, 1.2 Hz, 2H), 4.93 (d, J = 9.7 Hz, 2H), 4.63 (d, J = 6.8 Hz, 2H), 4.46 (t, J = 

6.8 Hz, 1H), 4.19 (d, J = 8.4, 7.0 Hz, 4H), 1.28 (t, J = 7.0 Hz, 6H). 13C NMR (126 MHz, CDCl3):  

ŭ [ppm] = 165.3, 162.4 (d, J = 13.2 Hz), 153.5, 146.7, 143.7, 140.8, 137.5, 135.8, 128.9, 127.8, 127.2, 

125.2, 121.6, 120.3, 116.6, 114.2, 101.3, 66.4, 62.5 (d, J = 5.9 Hz), 62.1(d, J = 164.3 Hz), 46.6, 16.3 

(d, J = 5.4 Hz). HRMS (ESI+) m/z calcd. for C30H29N2O8P: 577.1734 [M+H]+; found: 577.1949. 

Compound (20). Compound 19[1a] (4.35 g, 9.61 mmol, 1.0 eq.) was dissolved in THF (360 mL) 

under N2 and NaH2PO4Ā2H2O (15.0 g, 96.1 mmol,10 eq.) dissolved in water (130 mL) was added. 

The solvent was degassed for 15 min by bubbling N2 through the solution while sonicating, 

Pd(OH)2/C (0.41 g) and NH4OH (20%, 5.49 mL, 28.8 mmol, 3.0 eq.) were added and the solution 

was further degassed for 10 min. Under vigorous stirring, a H2 balloon was placed on top of the round 

bottom flask and the reaction mixture was stirred for 30 h at RT under H2 until the reaction was 

complete. The catalyst was filtered with a paper filter and the residual solid washed with THF. The 

filtrate was removed in vacuo and the crude product was used in the next step without further 

purification (HPLC purity in acidic condition was 93%). 

Compound (21): Compound 20 (7.07 g, 17.8 mmol, 1.0 eq.) was suspended in dioxane (350 mL) 

and 10% NaHCO3 in water (340 mL) was added. The suspension was cooled to 0 °C and Fmoc-Cl 

(5.54 g, 21.4 mmol, 1.2 eq.) in dioxane (150 mL) was added dropwise over 1 h at 0 °C. The reaction 

mixture was stirred at 0 °C for 2 h and then stirred at RT for 13 h. The solvents were removed in 

vacuo and the resulting solid was suspended in water (500 mL). The suspension was acidified to pH 

3 with a saturated KHSO4 solution, extracted with DCM (3 x 500 mL) and dried over Na2SO4. After 

filtration, the solvent was removed in vacuo, and the resulting solid was dried under vacuum to 

remove residual dioxane. The crude product was precipitated from acetonitrile (50 mL), sonicated to 

allow full precipitation, filtered and washed with cold acetonitrile (ī14 °C). Precipitation from the 

filtrates and freeze-drying of the combined solids, yielded the title compound (6.18 g, 59%) as a white 

solid. 1H NMR (500z MHz, DMSO-d6): ŭ [ppm] = 13.12 (s, 1H), 8.06 (d, J = 8.3 Hz, 1H), 7.93 ï 

7.86 (m, 3H), 7.76 (s, 1H), 7.73 ï 7.66 (m, 3H), 7.62 (d, J = 6.9 Hz, 1H), 7.42 (t, J = 7.5 Hz, 2H), 

7.31 (t, J = 7.4 Hz, 2H), 4.89 (d, J = 9.9 Hz, 2H), 4.84 (d, J = 6.1 Hz, 2H), 4.40 (d, J = 6.7 Hz, 2H), 

4.26 (d, J = 6.7 Hz, 1H), 4.22 ï 4.15 (m, 4H), 1.27 (t, J = 7.0 Hz, 6H). 13C NMR (126 MHz, DMSO-

d6): ŭ [ppm] = 165.3, 162.1 (J = 13.1Hz), 153.5, 146.7, 143.7, 140.8, 137.5, 135.8, 128.9, 127.8, 

127.2, 125.2, 121.6, 120.3, 116.6, 114.2, 101.3, 65.3, 62.4 (d, J = 6.0 Hz), 61.9 (d, J = 164.1 Hz), 

46.8, 40.6, 16.3 (d, J = 5.4 Hz).HRMS (ESI+) m/z calcd. for C31H31N2O8P: 591.1891 [M+H]+; found: 

591.2121. 
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3.3 Oligomer synthesis procedures 

Oligomers 2ï7 were synthesized according to previously reported SPS protocols,[11,12a,28] see Scheme 

S3. Oligomers 8ï9 and oligomers 10ï11 were synthesized following Schemes S4 and Scheme S5, 

respectively. Oligomers 12ï13 were synthesized by recently reported automated SPS procedures.[12b] 

Fmoc acid building blocks were activated in situ by generating the respective acid chlorides prior to 

coupling.  

Acetylation: The resin (1.0 equiv.) was washed with DCM (3 x 3 mL) and incubated in Ac2O/DCM 

(1:1 v:/v) for 10 min. Then, the resin was washed with DCM (2 x 3 mL) and DMF (3 x 3 mL). 

Resin cleavage and Preparative HPLC purification: The resin-bound oligomer was placed in a 

syringe equipped with a filter, washed with DMF (3 x 3 mL), DCM (3 x 3 mL), and dried by passing 

N2 flow through it. It was then suspended in a solution of TFA. The resin was next shaken for at least 

2 h at RT and then filtered off and washed one time with TFA. The combined solvent was removed 

in vacuo. After precipitation in cold Et2O, the crude oligomer with protecting groups was purified by 

semi prep RP-HPLC under acidic condition to give the oligomer as a yellow solid. 

Synthesis of water-soluble oligomers: The previously purified oligomer was treated by TMSBr to 

remove the ethyl groups. Subsequently, the crude was purified by semi prep RP-HPLC under basic 

conditions (as described in section 3.1) to give the oligomer as a yellow solid. Following this, an ion 

exchange process was performed to obtain the side chains as water-soluble ammonium phosphonate 

salts. The removal of ethyl phosphonate protecting groups and ion exchange were performed as 

previously described.[1a] 

 

Oligomer (1): The 1H NMR spectrum of 1 in Figure S1 matched with that described.[1a]  
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Oligomer (2): Oligomer 2 was synthesized on Wang resin (0.41 mmol gī1, 30 µmol scale) following 

procedures reported previously.[11,12a,28] After ion exchange, the title compound was obtained as a 

light yellow solid (10 mg, 15%; HPLC-purity: >99%).1H NMR (500 MHz, H2O/D2O 9:1): amide 

NHs ŭ [ppm] = 11.93 (s, 1H), 11.14 (s, 1H), 11.06 (s, 1H), 9.24 (s, 1H), 9.15 (s, 1H), 8.98 (d, J = 8.5 

Hz, 1H), 8.86 (d, J = 11.9 Hz, 1H), 8.56 (dd, J = 15.9, 9.6 Hz, 1H); aromatic CHs ŭ [ppm] =8.39 (d, 

J = 9.4 Hz), 8.22 (d, J = 9.8 Hz), 8.18 ï 8.12 (m), 8.02-7.92 (m), 7.79 (dd, J = 11.9, 8.7 Hz), 7.69 (d, 

J = 12.3 Hz), 7.58 (dd, J = 13.5, 8.8 Hz), 7.43-7.33 (m), 7.31 ï 7.21 (m), 7.23 ï 7.03 (m), 6.72 (t, J = 

8.8 Hz), 6.67 (s), 6.60 (s), 6.53 (d, J = 6.1 Hz), 6.47 (s), 6.32 (s); aliphatic CHs ŭ [ppm] = 5.50 (s), 

4.17 ï 3.83 (m), 3.76 (t, J = 10.2 Hz), 3.71 (s), 3.29 (s), 3.10 ï 2.88 (m), 2.00 (s), 1.32 ï 1.12 (m), 

0.21 (s). HRMS (ESI) m/z calcd. for: C101H91N17O43P8: 1238.1623 [M-2H]2-; found: 1238.2223. 

 

Oligomer (3): Oligomer 3 was synthesized on Wang resin (0.41 mmol gī1, 30 µmol scale) following 

procedures reported previously.[11,12a,28] After ion exchange, the title compound was obtained as a 

light yellow solid (10 mg, 15%; HPLC-purity: >97%).1H NMR (500 MHz, H2O/D2O 9:1): amide 

NHs ŭ [ppm] = 11.35 (s, 1H), 11.14 (s, 1H), 10.60 (s, 1H), 9.80 (d, J = 9.4 Hz, 2H), 9.67 (d, J = 9.4 

Hz, 1H), 9.54 (s, 1H) , 8.46 (d, J = 9.2 Hz, 1H); aromatic CHs ŭ [ppm] = 8.26 ï 8.18 (m), 8.07 (d, J 

= 8.6 Hz), 7.89 ï 7.75 (m), 7.78 (d, J = 8.6 Hz), 7.67 (d, J = 9.2 Hz), 7.65 ï 7.56 (m), 7.54 ï 7.47 (m), 



5. Enhancing the features of DNA mimic foldamers for structural investigations

 

ΡΟ 

7.50 ï 7.42 (m), 7.45 ï 7.37 (m), 7.24 (t, J = 8.4 Hz), 7.17 (q, J = 9.0 Hz), 7.07 (s, 1H), 7.01 (t, J = 

8.4 Hz), 6.98 ï 6.92 (m), 6.84 (d, J = 8.0 Hz), 6.48 (d, J = 9.3 Hz), 6.36 (s), 6.08 (s); aliphatic CHs 

ŭ [ppm] = 4.25 ï 4.06 (m), 3.96 (s), 3.94 ï 3.79 (m), 2.63 - 2.59 (m), 2.22 (s), 1.35 ï 1.22 (m), 0.17 

(s). HRMS (ESI-) m/z calcd. for: C89H80N15O38P7: 1090.6403 [M-2H]2-; found: 1090.6515. 

 

Oligomer (4): Oligomer 4 was synthesized on Wang resin (0.41 mmol gī1, 30 µmol scale) following 

procedures reported previously.[11,12a,28] After ion exchange, the title compound was obtained as a 

light yellow solid (15 mg, 15%; HPLC-purity: >98%).1H NMR (500 MHz, H2O/D2O 9:1): amide 

NHs ŭ [ppm] = 11.57 (s, 1H), 11.13 (s, 1H), 10.74 (s, 1H), 10.39 (s, 1H), 9.61 (s, 2H), 9.28 (s, 1H), 

8.49 (d, J = 9.1 Hz, 1H); aromatic CHs ŭ [ppm] = 8.13 (d, J = 8.1 Hz), 8.05 ï 8.00 (m), 7.97 (d, J = 

8.9 Hz), 7.84 ï 7.69 (m), 7.61 (d, J = 8.8 Hz), 7.58 (d, J = 6.1 Hz), 7.51 ï 7.24 (m), 7.19 (s), 7.04 ï 

6.51 (m), 6.41 (s); aliphatic CHs ŭ [ppm] = 5.49 ï 5.46 (m), 4.86 ï 4.78 (m), 4.78 (s), 4.27 (s), 4.09 

(d, J = 10.2 Hz), 3.98 (s), 3.86 (d, J = 14.3 Hz), 3.78 (d, J = 14.7 Hz), 3.75 ï 3.67 (m), 3.63 ï 3.55 

(m), 3.32 ï 3.24 (m), 3.12 ï 2.59 (m), 2.21 (s), 2.05 (s), 1.33 ï 1.21 (m), -0.40 (d, J = 6.9 Hz). HRMS 

(ESI-) m/z calcd. for: C101H91N17O43P8: 1238.1623 [M-2H]2-; found: 1238.2073. 

 

Oligomer (5): Oligomer 5 was synthesized on Wang resin (0.41 mmol gī1, 30 µmol scale) following 






































































































































































































































































































