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The remarkable folding capabilities of biopolymers such as proteins and DNA underpin their 

exceptional performances in various biological processes, including molecular recognition, 

catalysis, and information storage. These natural biopolymers have the unique ability to 

precisely position functional groups in three-dimensional space, orchestrating their dynamic 

functions. Inspired by biopolymers, foldamers have been developed, molecules that fold into 

three-dimensional shapes and provide access to functions beyond the capabilities of 

biopolymers.  

Taking inspiration from DNA mimic proteins, abiotic DNA mimics based on aromatic 

oligoamide foldamers were designed to mimic the shape and surface features of double-

stranded DNA. These foldamers previously have been shown to interfere with protein-nucleic 

acid interactions (PNIs) and bind better than DNA itself. In this thesis, we present the design 

features of DNA mimic foldamers with features including C2-symmetry (to mimic palindromic 

DNA sequences), chirality control (to mimic the B-DNA by introducing stereogenic center in 

the foldamer) suitable for biophysical and structural characterization with DNA binding 

proteins. Initial efforts made towards the recognition of Sac7d protein were performed by first 

characterizing the binding of the racemic DNA mimic foldamers using surface plasmon 

resonance and circular dichroism. Later, we characterized the binding of chiral C2-symmetrical 

DNA mimic foldamers with Sac7d using X-ray crystallography and nuclear magnetic 

resonance. As evidenced by solid-state structure elucidation, DNA mimic foldamer finds a 

novel binding orientation on Sac7d despite maintaining the key interactions involved with 

Sac7d-DNA complex, which was also confirmed in solution by NMR spectroscopy.  

Next, we investigated the binding of Dpo4 and hcGAS with DNA mimic foldamers. In this 

regard, we crystallized and solved the structure of the apo hcGAS protein. Initial crystals of the 

hcGAS-foldamer diffracted only to a lower resolution. For Dpo4, it was first crystallized, and 

structure was solved with its DNA sequence, and 4 Å data for Dpo4-foldamer was collected. 

However, efforts are ongoing to collect higher-resolution datasets and screen different lengths 

of foldamers with both proteins. 

Put together, our results present DNA mimic foldamer as a potential molecular tool to interfere 

with and investigate protein-DNA interactions. The findings of this research may unlock new 

possibilities in understanding and manipulating protein-nucleic acid interactions, with broad 

implications for biology and pharmacology. 
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Nucleic acids and proteins play central roles in numerous cellular and physiological 

processes.[1] The fundamental principle governing the flow of genetic information, known as 

the central dogma of life,[2] revolves around the intricate interactions between nucleic acids and 

proteins. Rather than existing in isolation, nucleic acids and proteins are intertwined 

components of this crucial biological framework. The central dogma begins with the process of 

deoxyribonucleic acid (DNA) transcription into ribonucleic acid (RNA), followed by 

translation to synthesize proteins. From an evolutionary perspective, nucleic acids, primarily 

RNA, can be viewed as the ancestral predecessors of proteins. According to the "RNA world 

hypothesis," in the early stages of life, genetic information was stored within RNA, and RNA 

also catalyzed chemical reactions crucial for cellular functions.[3] However, during the course 

of evolution, genetic information transitioned to being predominantly stored in DNA. DNA 

emerged as the preferred carrier of genetic information over RNA due to the presence of 

deoxyribose in its sugar-phosphate backbone. This deoxyribose component enhances the 

chemical stability of DNA when compared to RNA, allowing DNA chains to maintain their 

integrity over longer lengths without breakages. 

 

Fig. 1. Illustration of the central dogma of biology and key players involved. 

On the other hand, proteins gradually took on the role of catalyzing biochemical reactions and 

became integral structural elements of life. Nonetheless, it is essential to emphasize that the 

interaction between DNA and proteins is of paramount significance for the proper functioning 

of cellular activities in all living organisms. (Fig. 1).  

The key stabilizing forces in DNA and proteins are the same, e.g., hydrophobic contacts, Van 

der Waals interactions, and hydrogen bonds. However, nucleic acid's backbones differ from 

proteins as DNA is uniformly negatively charged, an attribute of phosphate charges (Fig. 2).  
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Fig. 2. Fragment of DNA primary structure shown with the sequence 5ô-AGCT-3'.  

Compared to proteins, secondary structures in nucleic acids are more stable than tertiary 

structures. Although it is possible to form tertiary structures, the double helix is still the 

predominant characteristic of nucleic acids, particularly DNA. In 1953, Watson and Crick first 

introduced the concept of base pairing between nitrogen bases of DNA strands, forming the 

double-stranded double helical fold of DNA.[4]  A straight ladder conformation of DNA could 

also provide complementarity of bases, but the helical nature of double-stranded DNA is 

essential for efficient genetic storage and stability. It allows compact packaging, prevents 

unraveling, and enables precise replication and transcription of DNA. 

DNA has the ability to adopt at least two right-handed double helical structures, which are 

commonly referred to as A-DNA and B-DNA. Watson and Crick's proposed structure of DNA 

was B form, which is most stable at high water content, but as the water content is reduced, it 

converts to A form. Moreover, this transition from A to B -DNA is also mainly exploited by 

various DNA-binding proteins. Under physiological conditions, the B form of DNA dominates 

compared to the A form. However, this could be altered by various proteins, for example, those 

involved in DNA bending and damage repair. Apart from these, DNA could also adopt a left-

handed double helical form denoted as Z-DNA.[5] The base pairing in Z-DNA follows the 

classical Watson-Crick base pairing and non-canonical base pairing. Regardless of the form, 

the double helix of DNA is stable primarily due to the repulsive negative charge at the 
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phosphate backbone and the aromatic stacking of the nitrogen base pairs. DNA bending proteins 

exploit both features to induce a bend in the DNA (section 2.7.1). However, it is worth 

mentioning here that long segments of DNA on their own can get a supercoiled structure when 

the ends of DNA are not accessible to move around. This feature of DNA can be seen in 

bacterial plasmids.  

 

Fig. 3. Comparison of different forms of double-helical DNA. A-DNA in the left (PDB ID 1QPH), B-DNA in 

the middle (PDB ID 1BNA), Z-DNA in the right (PDB ID 4OCB) 

The major difference between A-DNA and B-DNA is their grooves' overall shape and size. In 

A-DNA, the major groove is narrower and deeper as it is turned toward the interior of the helix 

and thus less accessible to the proteins. In contrast, in B-DNA, the major groove is wider and 

more accessible and provides more space for protein binding (Fig. 3). 

2.1 DNA binding proteins  

Several cellular processes require the interaction between DNA and proteins. This diverse class 

of proteins, which employ distinct binding motifs or domains, is collectively referred to as DNA 

binding proteins (DBPs).[6] Common examples of DBPs encompass DNA polymerases, 

helicases, transcription factors, DNA repair proteins, nucleases, and histones. The study of 

DBPs has a long and rich history. The first  DBP discovered was the lac operon's repressor 

protein in Escherichia coli.[7] Since then, a multitude of DBPs have been discovered, 

significantly enhancing our comprehension of the fundamental principles governing DNA 

recognition by these proteins. DBPs can be classified as sequence-specific or non-sequence-

specific based on their selectivity towards DNA.  

2.1.1 Sequence-specific DBPs 

Sequence-specific DBPs are essential in several cellular processes, such as DNA replication, 

recombination, repair, and transcription. Sequence-selective DBPs bind to a specific cognate 

DNA sequence, which means that the DNA stretch has to exhibit certain features and 
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functionalities that those DBPs can recognize. It is worth mentioning that although there are 

particular preferences between some amino acids and base pairs, a universal amino acid-base 

pair code does not exist.[8ï10] Nevertheless, protein-DNA interactions are governed by similar 

forces involved in protein-protein interactions, e.g., van der Waals interactions and water-

mediated hydrogen bonds.[11] The sum of these weak interactions makes a stable DNA-protein 

complex. 

2.1.1.1 Direct Readout  

Sequence-specific DNA recognition results from the protein's interaction with the major 

grooves of the DNA. The major groove is wider than the minor groove (Fig. 4a). Due to the 

width of the major groove, it exposes a longer stretch of DNA sequence and more functional 

groups such as H-bond donors, H-bonds acceptors, and other non-polar groups and imparts 

specificity (Fig. 4b). This binding mode can be classified as direct readout, as the DBPs interact 

directly with the exposed base pair functionalities.[1] Most transcription factors rely on direct 

readout to bring specificity. In 1976, it was proposed that hydrogen bonding between Protein 

and DNA base pairs could be used to differentiate base sequences and that specific amino acid 

residues recognize certain DNA bases through the major groove.[12] However, as stated earlier, 

no universal amino acid-base pair code exists. 

 

Fig. 4. Major groove and minor groove features of a double-stranded B-DNA. a) A 12-base pair double-

stranded B-DNA with cartoon and surface representation to highlight the major groove (dashed line) and minor 

groove (solid line). b) Functional group presented by the major groove compared to minor groove on a GC and 

AT base pair. 
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However, compared to the major groove, the minor groove is more degenerate in terms of 

exposed functional groups and offers conformational changes that are then read by the DBPs 

and are often termed indirect readout. Thus, some proteins can bring sequence specificity 

without reading the base pair features by recognizing DNA structure, shape, and overall 

conformation. The indirect readout is often observed in DNA looping and chromatin 

organization.  

2.1.1.2 Indirect Readout 

As mentioned, certain proteins identify particular features of a DNA structure rather than just 

base pairs. Electrostatic interactions between protein and DNA significantly impact indirect 

readout, often termed intramolecular readout.[13] DBPs containing multiple positively charged 

amino acid residues, such as lysine and arginine, interact with the negatively charged DNA 

backbone. Water-mediated hydrogen bonding also plays a crucial role in the indirect readout of 

DNA features. Upon binding to DNA, some proteins undergo conformational changes that 

enhance their ability to recognize the DNA more effectively. In some cases, the shape of DNA 

is either bent or kinked to expose previously hidden binding features.[14] 

2.1.2 Non-sequence specific DBPs 

DBPs that bind to DNA with minimal or no sequence specificity are categorized as non-

sequence-specific DBPs. Several biochemical processes, such as DNA packaging, 

maintenance, and regulation, depend on non-sequence-specific interactions between proteins 

and DNA. For example, it has been demonstrated that the chromosomal binding subfamily of 

the high mobility group (HMG) is capable of interacting with nucleosomes in a non-sequence-

specific manner[15]. It is proposed to have a role in chromatin remodeling.[16] The crystal 

structure of HMG1 bound to cisplatin distorted DNA clearly shows a structure-specific 

interaction instead of a sequence-specific.[17]  

Another example of a non-sequence-specific DBP is Sac7d, an archaeal chromosomal protein, 

which binds to the DNA's minor groove with no sequence specificity. The crystal structure 

shows that Sso7d, a Sac7d analog, interacts with the DNA phosphate backbone using lysine-

mediated interactions.[18]  

In yet another instance, the core octamer of histone has been shown to bind to 146 base pairs 

of DNA by recognizing structural features of the DNA. The DNA specificity that emerges arises 

from the inherent flexibility of the DNA sequence, which preferentially bends around the 

histone core.[19] It is important to note that despite a sequence-neutral binding in the above-
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mentioned three examples, the affinity between DNA and proteins is achieved by a sum of all 

the involved interactions. In conclusion, non-sequence-specific DBPs primarily interact with 

the minor groove of DNA without forming sequence-specific hydrogen bonds.[20] 

2.1.3 Classification of DBPs 

DBPs can be classified based on their functional involvement in cellular processes, including 

DNA replication, repair, packaging, and transcription factors. However, this diverse class of 

DBPs consists of various DNA-binding domains or motifs that directly participate in DNA 

binding.[21] Based on the type of DNA-binding domain employed, DBPs can be further 

categorized into three families: those that bind to DNA via an alpha helix, a beta-sheet, or a 

combination of alpha helix and beta sheet (Fig. 5). 

 

Fig. 5. Classification of DNA binding proteins based on the motif involved in DNA recognition.  

2.1.3.1 Helix-Turn-Helix (HTH)  

DBPs commonly feature the helix-turn-helix motif, which comprises two alpha helices joined 

by a short stretch of amino acids. The overall motif is composed of 20 amino acids. The first 

helix spans amino acids 1-7, while the second helix spans residues 12-20. The two helices are 

connected by a turn that bends at a 120-degree angle. The alpha helix of a DBP binds to the 

major groove of DNA. Helix-2 of the HTH motif is also called the DNA recognition helix that 

inserts into the major groove of DNA, creating specific contact with base pairs and the sugar-

phosphate backbone. Helix 1 and, the turn, contribute to complex formation, but Helix-2 

imparts specificity. HTH motifs are commonly found in prokaryotes and bacteriophages. 

Bacterial Trp repressor[14] and Bacteriophage lambda-repressor[22] were among the first DBPs 

characterized to have the HTH motif. HTH-containing transcription factors in bacteria and 

bacteriophages are generally homodimers (Fig. 6a). 
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Fig. 6. Helix-turn-helix and winged-helix-turn-helix crystal structure. (a) The Trp-DNA complex shows a 

Helix-Turn-Helix motif binding the major groove of the DNA fragment (PDB ID 6CRO). (b) The HNF3-DNA 

complex shows the winged-helix-turn-helix. Notice the extra beta-sheet interaction with the minor groove and 

alpha helix interaction with the major groove of the DNA fragment. (PDB ID 1VTN) 

An alternate form of the HTH motif is the winged helix-turn-helix (wHTH). In addition to the 

two helices, these motifs possess an antiparallel beta-sheet. Due to this extra beta-sheet, wHTH 

can interact with the minor groove of DNA (Fig. 6b).  

2.1.3.2 Basic Leucine Zipper (bZIP)  

In DBPs, bZIP is a frequently occurring DNA binding motif. It consists of two alpha helices 

connected by hydrophobic contacts between leucine residues at the C-terminus. These helices 

are arranged in a coiled-coil structure, and the leucine stretch creates a hydrophobic core that 

stabilizes the motif. bZIPs are thus dimers; their N-terminal domain, rich in basic residues, 

recognizes and binds to the DNA sequences (Fig. 7). A heptad repeat of leucine or isoleucine 

residues supports the zipper-like coiled-coil structure. Of the DNA binding domain, one coil 

makes contact with base pairs of DNA while the other coil interacts with the phosphodiester 

backbone.  

Opposite from HTH, bZIP is only found in eukaryotes. Notably, the basic residues responsible 

for binding to DNA acquire a secondary structure only after binding to DNA. The DNA-

dependent allosteric transition has been observed in numerous transcriptional regulators. The 

GCN4 protein is a typical example of a bZIP motif-containing protein.[23] The structure of 

GCN4 includes a leucine zipper at the C-terminus, forming a left-handed coiled-coil 

dimerization domain. This is followed by the basic region, which helps make specific contacts 

with the functional DNA groups in the major groove and the surrounding phosphodiester 

backbone. 
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Fig. 7. A Basic leucine zipper motif. GCN4 protein bound to DNA segment (PDB ID 1YSA). Dimerization and 

DNA binding domains are marked individually.  

Interestingly, GCN4 has been used to create designer proteins, and one such example is where 

Sac7d[24] was fused with GNC4 without losing its inherent function.[25] 

2.1.3.3 Zinc Finger Motifs 

Zinc finger motifs are another class of DNA binding motifs that occur most frequently in 

eukaryotes. It is worth noting that about 3% of the human genome codes for zinc finger 

domains. Zinc finger motifs are compact structural motifs made of 25 to 30 amino acids 

arranged in a loop-helix-loop structure that resembles a finger. The zinc ion is located in the 

palm of the finger, which stabilizes the loop-helix-loop structure, which is coordinated by two 

cysteine and two histidine residues (Fig. 8). The structure of each finger is comprised of an 

alpha helix and an antiparallel beta-sheet, coordinated by a zinc ion.  

 

Fig. 8. Crystal structure of a ZIF2628 containing a zinc finger in complex with DNA (PDB ID 1ZAA) with a 

zoomed view at the zinc atom coordinated by two histidine and two cysteine residues. See also Fig. 67. 
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TFIIIA, a transcriptional factor from Xenopus oocytes, was the first zinc finger characterized.[26] 

TFIIIA contains between 3 to 15 copies of zinc finger motifs that impart sequence specificity 

against a vast stretch of DNA. The beta sheet makes backbone contacts, while the alpha helix 

of the zinc finger domain establishes base pair-specific contacts. Since multiple zinc fingers can 

recognize different DNA sequences, they are used to design and engineer proteins for 

therapeutic peptide development. Recently, ZFDesgin, an artificial intelligence model, was 

shown to design zinc finger motifs against any sequence of DNA, thus enabling transcription 

factor reprogramming.[27] 

2.1.3.4 Beta-Ribbons 

DNA recognition by beta ribbons is another commonly found motif found in prokaryotes and 

bacteriophage transcription factors. The TATA box binding protein (TBP) is one classical 

protein containing beta ribbons.[28]  ɓ-ribbons containing DBPs bind to DNA as a dimer. TBP 

binds to the minor groove of DNA by bending the TATA sequence by 80 degrees. Once the 

TATA sequence is distorted, kinked, and exposed, TBP binds to the TATA sequence. MET 

repressor from E.coli was the first DBP shown not to use an alpha helix but an antiparallel two-

stranded beta ribbon motif.[29] The HU protein from prokaryotes also binds to DNA, utili zing 

the beta finger domain (Fig. 9).[30]  

 

Fig. 9. Crystal structure of an Anabaena HU-DNA complex consisting of beta ribbon motifs (PDB ID 1P71). 

2.1.3.5 High Mobility Group Domain (HMG Domain)  

The family of high mobility group proteins contains the HMG domain, which is made of 80 to 

90 amino acids characteristically arranged in three alpha helices that bind to minor grooves of 

the DNA. The HMG domain interacts with the bases and backbone of the DNA and can bend 
































































































































































































































































































































