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1. Introduction 

The inhibition of disease-relevant protein-protein interactions (PPIs) represent one of the 

most challenging frontiers in drug discovery. The free energy of binding in a PPI is distributed 

over a wide area (1200-3000 Å2) forming hot-spot contacts on a typically flat surface with 

shallow binding clefts1–3, which hinders the development of effective  traditional small 

molecule ligands. In addition to the general challenges of inhibiting disease-relevant PPIs, 

transcriptional proteins involved in tumour development and other diseases present further 

obstacles for inhibitor design. These additional challenges arise from the overrepresentation of 

intrinsic protein disorder in the transcriptional machinery, since the transactivation domains 

(TADs) of transcription factors (TFs) are predominantly disordered regions4,5. This dynamic 

behaviour enables them to bind promiscuously to multiple targets, while they form often 

transient, but highly specific interactions acting as molecular switches and adapting to different 

external stimuli6. Beside promiscuity, nuclear localisation and allosteric regulation involving 

TF PPIs further complicates drug discovery approaches.  

The scope of PPI inhibitor development efforts contains a diverse array of different 

structures ranging from peptide- to protein-based scaffolds. Up until today one of the most 

utilized PPI inhibitor class is monoclonal antibodies (mAbs) in medical practice7–9, although  a 

serious limitation of this drug class is the insufficient penetration through biological 

membranes10–12. Peptidomimetic drugs can serve as a potential alternative for PPI inhibitor 

development, which is proved by their wide range of applications in different clinical settings13–

15. Thanks to their relatively low molecular weight, peptidomimetics could potentially target 

PPIs inside the nucleus directly inhibiting TF activity. Design strategies include peptide-

cyclisation and stapling, or the use of non-natural backbones as scaffolds, resulting in highly 

improved stability against proteases. The development of functional peptidomimetic PPI 

inhibitors can follow either a top-down (i.e., rational modification of a chosen target’s native 

ligand) or bottom-up (i.e., high throughput and fragment screening) approach. The former 

strategy heavily relies on the detailed structural and mechanistic information about a given 

interaction16,17, which can be more complex with IDP interaction partners. The alternative, 

fragment-based bottom-up ligand development could provide a way toward functional 

peptidomimetic inhibitors18,19. However, using this approach would require a high-throughput 

screening strategy, which has limitations in relation with peptidomimetics, i.e., insufficient 
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library size, synthetic and analytical difficulties. In vitro translation techniques can be adapted 

to incorporate non-natural side-chains but still have limitations for monomers with artificial 

backbones that are often used in peptidomimetic design. 

Based on the aforementioned development efforts and considerations, the foundation of 

my PhD research was to develop methods, which could support peptidomimetic inhibitor design 

against transcription factor interactions. 
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2. Aims 

Our aim was to develop ways that addresses these challenges of targeting IDP mediated 

interactions using peptidomimetic structures. The top-down design approach necessitates a 

detailed knowledge about the targeted PPI, because modifications in a disordered ligand could 

potentially influence not only its affinity, but folding or ligand cooperativity, which can be 

mechanistically important. Therefore, first, we set out to investigate the molecular details of the 

competition between HIF-1α and its negative feedback regulator CITED2 C-TADs for the 

partially shared binding site on p300/CBP20,21 surface. This interaction initiates an adaptive 

response to hypoxic stress, and is implicated as a potential target in solid tumours22–26. The 

molecular mechanism of the competition between the two disordered ligands relies on negative 

cooperativity induced by allosteric communication27–29. Our hypothesis was that α→β3 amino 

acid replacement in CITED2 could shed light on the role of the different CITED2 binding 

motifs in the allosteric structural change, while additionally pave the way toward the top-down 

development of a functional peptidomimetic HIF-1α antagonist, that could lead to potential 

cancer therapeutics. 

The majority of TAD interactions of TFs are mediated by a combination of short peptide 

motifs: short linear motifs (SLiMs) and molecular recognition features (MoRFs). These could 

potentially be mimicked by a library of artificial oligomers folding into discrete and stable 

secondary structures, such as foldamers30–32. Covalent linkage of these recognition motif 

mimetics could reproduce the multivalency of the interaction, which should be addressed at the 

screening stage. To overcome the limitations of high-throughput screening of peptidomimetics, 

and incorporate a multivalent ligand screening approach we hypothesised that DNA-encoded 

libraries (DELs) could provide a solution. In DELs, the library members are equipped with 

unique DNA-barcodes33,34, which allows the selection of combinatorial libraries up to 106 

members, since hit deconvolution is easily carried out by the use of high-throughput next 

generation DNA-sequencing (NGS)35. Our aim was a proof-of-concept synthesis of a DNA-

encoded multivalent foldameric ligand, that could be the foundation of bottom-up ligand 

development targeting PPIs that rely on multivalent interaction of recognition features. 
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3. Literature background 

3.1. Protein-protein interactions involving disordered ligands 

The dominant concept in structural research of proteins in the 20th century was the 

‘sequence-structure paradigm’ which states that the function of a given protein requires a folded 

structure36,37. However, emerging evidence revealed a novel protein class: intrinsically 

disordered proteins and regions (IDPs/IDRs). These lack stable secondary or tertiary structures, 

instead fluctuating between a wide range of conformational ensembles6,38. The importance of 

IDPs and IDRs is underscored in their prevalence in the human proteome, where 40% contain 

disordered sequences spanning 30 residues or more involved in diverse functions. (e.g.: entropic 

chains, assemblers, chaperones, post-translational modification sites)39. A highly important 

functional group is effectors, which modify the activity of their interaction partners and 

typically fold to distinct structures upon binding40,41. Due to their properties (e.g., transient 

binding, multiple interaction partners, posttranslational modifications, fast association and 

dissociation kinetics, dynamic complexes) these effectors have essential roles in the in cell 

signalling, transcription or translation42,43.  

3.1.1. Ensemble properties and functional features of IDPs 

The sequence composition of intrinsically disordered regions is highly biased toward 

polar and charged residues, while bulky aromatic side-chains are significantly underrepresented 

compared to their folded counterparts39,44,45. The conformational space of a given IDR can be 

quantitatively described with its ensemble properties, such as the hydrodynamic radius, the end-

to-end-distance or the radius of gyration, which function as probability distributions46–48. These 

properties are primarily encoded in the amino acid sequence, although other contributing 

factors, such as their biophysical (pH, salt concentration) or sequence context, proximity to 

biomolecules or post-translational modifications also have a significant contribution49–52. The 

polyelectrolyte class of IDRs has a high fraction of charged residues, and a high positive or 

negative net charge, which consequently makes them form swollen-coil ensembles.6,53–56. 

Additionally aromatic and aliphatic residues can form π-π or hydrophobic interactions that 

further influence ensemble properties6,57.  

The functional binding motifs participating in molecular recognition in IDRs can be 

loosely classified by the length of the disordered segments. Based on this classification system, 
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we can identify short linear motifs (SLiMs), molecular recognition features (MoRFs) or 

intrinsically disordered domains (IDDs).6,39 Short linear motifs (or linear motifs-LM, 

MiniMotifs) are disordered peptide sequences ranging from 3 to 10 residues forming low-

affinity interactions with structured or disordered interaction partners58–60. Although SLiMs 

enable specific binding with their interaction partners, they can possess substantial redundancy, 

meaning that only a fraction of the residues are conserved in a given SLiM (e.g.: NLxxxL motif 

for binding S-phase cyclins61). Additionally, a SLiM can bind to the binding pocket of multiple 

interaction partners, furthermore a given protein can bind multiple SLiMs at different binding 

sites60. The existence of multiple identical SLiMs in one sequence can also raise the affinity 

through allovalency62. By function, SLiMs can be grouped into two major families: functional 

binding motifs or sites for post-translational modifications. Importance of these motifs is clearly 

reflected in their abundance in the human proteome, with an estimated number in the hundred 

thousands58,63. 

Longer disordered segments spanning from 10 to 70 residues are called molecular 

recognition features (MoRFs) and participate in specific protein-protein interactions. Thanks to 

the plasticity of disordered ligands, a single MoRF can bind to different protein targets with 

distinct conformation. These sequences undergo disorder-to-order transitions upon binding, 

forming well-defined structures63–65. Based on the bound state, these structural elements can be 

divided into α-MoRFs forming alpha-helical (MLL binding to p300/CBP KIX domain)66, β-

MoRF forming beta-sheet (p21 disordered terminal inhibiting PCNA activity67) or i-MoRF 

forming irregular but rigid secondary structures68. Protein domains containing fully or mostly 

disordered regions that can include multiple SLiMs and MoRFs are termed intrinsically 

disordered domains (e.g.: N-TAD of p53)69.  

3.1.2. Molecular interactions of IDRs 

The interactions of IDDs or IDRs containing long disordered segments are usually 

described by coupled folding and binding phenomena41,70,71. The mechanism of these events 

can be conceptualized with two extremities: conformational selection or induced fit72. Despite 

their disordered nature, the conformational ensemble of IDRs can be biased toward helical 

conformations that contain a low level of residual helicity. In conformational selection, a 

disordered segment samples a wide range of possible conformations enriched in helical states, 

where the target binding happens after the formation of the proper secondary structure70,73. In 
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an induced fit folding pathway, the interaction initiates by the formation of an encounter 

complex, which is stabilized by non-specific interactions, where the disordered component 

maintains its dynamic structure. The consecutive folding and binding of the disordered ligand, 

templated by the target happens after this state74,75. The entropic cost taken by the folding of 

the disordered ligand is compensated by the enthalpy contribution of the forming native 

contacts and the entropy-increasing effect of excluded surface water from the target.76,77 

After folding and binding the disordered ligand can gain a completely rigid structure; 

however, the more common case is that the folded disordered ligand retains a considerable 

amount of disorder in its bound state, forming a ‘fuzzy complex’ with extensive protein-protein 

interfaces (PPIs)63. In a dynamic fuzzy complex, the bound structure of the IDR can be 

described with fast-exchanging conformational ensembles similar to its free state78,79. These 

dynamic complexes can be represented with the clamp or flanking models. In the clamp model, 

well-structured binding motifs are connected through a disordered linker (e.g.: HIF-1α-

p300/CBP complex)21, while in the flanking model, the opposite is true, where a structured 

binding motifs is flanked by disordered segments either on the amino- or carboxy-terminal or 

both (e.g.: p27 binding to cyclin-CDK complex)80. In extreme cases, the entire IDR can remain 

dynamically disordered after the binding event (random model). This is usually achieved by a 

repetitive SLiM pattern in the sequence of a given IDR, where at any given time only one or 

some of these SLiMs are in contact with the surface of the target, and they continuously 

replacing each other dynamically81.  

3.2. Hypoxic regulation through the HIF-1α/CITED2/TAZ1 interaction 

A prime example for an interaction network involving disordered ligands is the HIF 

pathway, which plays a central role in the transcriptional response to hypoxic stress. 

3.2.1.  Role of HIF-1α in the hypoxic response 

Normal oxygenation (8-10 kPa pO2) is essential for cells to maintain optimal conditions 

for aerobic metabolism. To survive hypoxic stress (< 1.3 kPa pO2), activation of the HIF-1 

pathway allows cells to adapt to low oxygenation, by inducing responses that result in increased 

O2 delivery and decreased O2 consumption (e.g., vascularization, glycolysis)82. HIF-1 

(Hypoxia-Inducible Factor-1) is a heterodimer consisting of an alpha subunit HIF-1α, and a 

constitutively expressed beta subunit (HIF-1β, also known as aryl hydrocarbon receptor nuclear 



10 

 

translocator, ARNT). The oxygen-labile subunit, HIF-1α similarly to its isoforms (HIF-2α, 

HIF-3α) is a member of the basic helix-loop-helix (bHLH) PAS superfamily83. HIF-1α has a 

nuclear localization signal (NLS), bHLH and two PAS (PAS A and PAS B) domains in the 

amino terminus, which are responsible for DNA binding and heterodimerization. The carboxy 

terminus contains an oxygen-dependent degradation domain (ODDD), a N-terminal, and a C-

terminal transactivation domain (N-TAD and C-TAD) with an inhibitory domain (ID) in 

between, where another NLS is present84,85 (Figure 1).  

Under normoxia, the activity of constitutively expressed HIF-1α is regulated by multiple 

mechanisms. The most important among these is the degradation pathway, governed by 

oxygen-dependent prolyl hydroxylase domains (PHD1-3) acting as oxygen sensors. PHDs 

recognize two proline residues in the ODDD (P402 and P546), and consume 2-oxoglutarate as 

substrate (an intermediate of the Szentgyörgyi-Krebs cycle) for proline residue oxidation84,86. 

These post-translational modifications result in the recognition of hydroxylated prolines by the 

von Hippel-Lindau protein (pVHL), an E3-ubiquitin ligase. Following the polyubiquitination 

of HIF-1α, it is rapidly degraded by the 26S proteosome87. Inhibition of HIF-1 activity during 

normoxia is further regulated by the factor inhibiting HIF-1 (FIH-1), which hydroxylates an 

asparagine residue in the C-TAD (N803), disrupting the binding with its transcriptional 

coactivator p300/CBP, acting as a second oxygen sensor88,89 (Figure 1).  

 

Figure 1. HIF-1α domains, regulation and activation during hypoxia 
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During hypoxic stress, low oxygenation inhibits the degradation pathway, resulting in 

HIF-1α accumulation in the cytosol90. The alpha subunit then translocates to the nucleus, where 

it dimerizes with HIF-1β91. The HIF-1 heterodimer targets genes that contain a hypoxia 

response element (HRE) in their regulatory region82,92,93. To become transcriptionally active, it 

must assemble with its co-activator p300/CBP through its disordered C-TAD94. P300/CBP 

histone acyltransferase is a crucial crossroads in transcriptional control, acting as a co-activator 

for multiple transcription factors (e.g.: p53, c-Myb, STAT1)5,95,96. Depending on cell type, the 

number of genes directly or indirectly induced by the HIF pathway ranges from 200 to 1-5% of 

all human genes. HIF-induced proteins help maintain the metabolic and survival needs of the 

cell, by either increasing O2 supply or decreasing O2 consumption92,97. The former is achieved 

by angiogenesis98,99, modulation of iron transport100, increasing the blood flow101,102 or 

erythropoiesis103. The latter occurs via increased glycolytic rate with elevated expression of 

proteins involved in glycolysis104,105 or glucose transport106,107. Additionally, the expression of 

pro- and anti-apoptotic proteins108,109, secondary transcription factors110,111 and self-regulatory 

proteins such as PHD3112 or CITED224 are also upregulated113. 

Although HIF-1 activity is essential for the survival of hypoxic conditions and for the 

maintenance of stable O2 homeostasis, it also serves a protective role in malignant solid 

tumours, since more than half of all malignancies have a median oxygen concentration of less 

than 10 mm Hg, rendering them hypoxic114,115. HIF-1 promotes tumour growth by increasing 

the levels of endothelial growth factors such as VEGF, stimulating the formation of new blood 

vessels to increase oxygen supply116. Simultaneously, HIF-1 is the main contributor of the 

Warburg effect, a characteristic metabolic shift for malignancies. This includes the upregulation 

of glucose transporters and glycolytic enzymes, enabling energy production through non-

oxidative glucose metabolism114,117. Additionally, to allow vascularization, HIF-1 upregulates 

the expression of metalloproteases to degrade the extracellular matrix, and inhibits the 

production of E-cadherin resulting in metastasis, increasing morbidity115,118,119. These 

mechanisms render HIF-1 as a desirable target for cancer therapy. A potential node in the HIF-

1 cascade that can be inhibited is the HIF-1α/p300 interaction, which would attenuate 

downstream induction of HIF-1 regulated genes113. 
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3.2.2.  Molecular insight into the competition between CITED2 and HIF-1α for 

p300/CBP 

As mentioned above, HIF-1 induces the expression of self-regulatory proteins in addition 

to adaptive genes, which provide a negative feedback loop in the hypoxic response92. The most 

prominent self-inhibiting mechanism is carried out by CITED2 (p300/CBP interacting 

transactivator with Glu/Asp rich carboxy terminal domain 2; p35srj)120. CITED2 does not have 

a DNA binding domain itself; it acts as a transcriptional co-regulator by interacting with 

numerous transcription factors (e.g.: TFAP2, Myc)121,122 and plays an essential role in 

embryonic development123–125, stem cell survival, and renewal, among others126,127. Although 

ubiquitously and constitutively present at a baseline level, CITED2 expression is drastically 

increased by HIF-1 induction. CITED2 competes with HIF-1α C-TAD using its disordered 

carboxy-terminal transactivation domain (C-TAD) for the partially overlapping binding site on 

the TAZ1 domain of p300/CBP, implementing a highly efficient negative feedback mechanism 

in the HIF-1 cascade, acting as a molecular switch27.  

 

Figure 2. a) Structure of CITED2 in complex with p300. b) Overlapped structure of the LPEL and LPQL 

motif of CITED2 and HIF-1α, respectively in complex with p300. c) Structure of HIF-1α in complex with p300. 

d) Schematic representation of the competition mechanism between CITED2 and HIF-1α 

TAZ1 is a globular domain consisting of four alpha helices designated as α1-4 and three 

highly conserved HCCC zinc-binding motifs21. The structure of TAZ1 has a considerable 

amount of conformational plasticity, enabling adaptation to multiple disordered ligands beyond 
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HIF-1α and CITED2 (e.g.: STAT2, NF-κB p65 subunit, p53)21,128. Binding of HIF-1α and 

CITED2 C-TAD domains proceeds through a transition state (encounter complex) governed by 

non-specific electrostatic interactions between the positively charged TAZ1 and the negatively 

charged, HIF-1α or CITED2 (net charge is -5 and -7 respectively)129,130, where both C-TADs 

retain their disordered ensemble131. This state initiates the folding and binding of both IDPs 

forming specific contacts and distinct binding motifs on the TAZ1 surface. HIF-1α features 

three αMoRFs designated as αA, αB and αC with linker regions between them. CITED2 has an 

αMoRF at the amino terminus (αA), which is connected by a linker with a C-terminal 

hydrophobic amino acid rich structure. In their bound state they share a partially overlapping 

binding site and a conserved LPQ/EL binding motif targeting the same cleft on TAZ1. 

Considering the structure of TAZ1 in these two complexes, there are major differences in the 

conformation in its α1 and α4 helices27,94,132. Despite the similar low nanomolar affinities of 

these ligands accompanied by rapid association and slow dissociation kinetics, CITED2 

displaces HIF-1α entirely in equimolar concentrations in a switch like, virtually irreversible 

manner27,129,131,133. The experimental and computational studies investigating the molecular 

mechanisms of the displacement agree on basic concepts; however, they provide alternative 

explanations or highlight different determinants for the unidirectional nature of the 

competition27,29,129–132,134–137.  

One aspect underlying the efficient displacement process is the difference in backbone 

dynamics between HIF-1α and CITED2 in their bound state. The loop region connecting αB 

and αC, and the N-terminus preceding the LPQL motif in HIF-1α retains a considerable amount 

of flexibility when bound to TAZ1, while CITED2 exhibits significantly less flexibility, 

resulting in a stronger thermodynamic coupling between its binding motifs27,134,136. The role of 

conformational plasticity of TAZ1 in the displacement cannot be ruled out either, as it becomes 

more rigid upon displacement of HIF-1α by CITED227,134,136,138.  

Out of the several contributing factors one is that CITED2 has a more negative net charge 

than HIF-1α (-7 and -5 respectively), which is more pronounced in its N-terminal region, while 

in HIF-1α the acidic residues are more evenly distributed. This enables faster binding kinetics 

for CITED2, while the folding and binding of its N-terminal to the TAZ1/HIF-1α complex 

displaces the highly dynamic N-terminal region of HIF-1α, forming a transient ternary 

intermediate state27,130. This state is a crucial aspect of unidirectionality, since the binding of 

the αA helix of CITED2 induces allosteric conformational changes in the α4 helix of TAZ1 



14 

 

which destabilizes the binding of the high affinity αC helix of HIF-1α27,137. Another critical step 

of the competition involves the displacement of HIF-1α’s conserved LPQL motif by CITED2’s 

LPEL motif; mutations in this region significantly impair CITED2’s competitive ability27,134. 

However, binding of αA helix and LPEL motif alone is insufficient for efficient inhibition. The 

absence of CITED2’s C-terminal hydrophobic region reduces its competitive efficiency, 

indicating a key role in driving unidirectional displacement. Notably, deletion of the C-terminus 

drastically lowers CITED2’s binding affinity also by approximately two orders of magnitude, 

potentially confounding competition measurements and obscure the C-terminal region’s role in 

allosteric regulation29. Regardless of these aforementioned results the exact roles of CITED2’s 

binding motifs in the allosteric structural changes and negative cooperativity remains elusive. 

3.3.  Ligand development for the disruption of protein-protein interfaces 

Targeting therapeutically relevant PPIs is considered challenging due to the extensive 

interaction surfaces (1500-3500 Å2), often shallow binding clefts or scattered hot-spot residues 

throughout the interface3,139,140. Additionally, the functional importance of disordered ligands 

in PPIs needs to be taken into account, which could further decrease the chance of finding 

traditional small molecule hits.141 

3.3.1. Development of IDP-based PPI inhibitors with top-down design 

A possible direction toward functional PPI inhibitors involves top-down development of 

peptidomimetics, where the starting point typically includes a fragment of the native ligand’s 

sequence142,143. A prerequisite of this process is detailed structural information on the target 

protein in complex with its ligand of interest, supplemented with the molecular details or other 

factors contributing to the binding mechanism144. These native peptides that serve as starting 

points do not meet the requirements of drug candidates, mostly due to their poor proteolytic 

stability, beside their poor oral bioavailability or rapid renal clearence145. However, rational 

modification of the starting sequence can lead to ligands with improved pharmacokinetic 

properties. Modification strategies usually utilize either the rigidification of the peptide 

secondary structure, or the increase of the proteolytic stability by the implementation of non-

natural amino acids in the sequence17,144,146. Peptide cyclization is an excellent strategy to 

develop drug-like ligands with improved proteolytic stability and in many cases increased 

membrane permeability, producing more than 50 therapeutics currently in use147,148. Another 
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approach is peptide stapling, where structure stabilization and proteolytic stability are achieved 

through the covalent linkage of amino acid side chains149 or hydrogen bond surrogates (HBS), 

where the i, i+4 hydrogen bond is replaced with a hydrocarbon staple150. Such stapled peptides 

(Wilson at al.)151 and HBS peptides (Arora at al.)152 have been synthetized to mimic HIF-1α C-

TAD, for the disruption of HIF-1α-p300/CBP interaction.  

Another way to increase the proteolytic and structural stability of a ligand is through 

replacement of native residues by non-natural amino acids. One of the major and most studied 

possibility involves implementing β-amino acid residues in the sequence. These non-natural 

building blocks are the closest neighbours of their alpha counterparts, differing by the addition 

of an extra methylene group. These can be β2-, β3-, β2,3- amino acids involving cyclic residues 

also153–155. While pure β-peptide foldamers can organize into diverse conformations depending 

on the residues (see in next section), chimeric α/β-peptides further widens the range of possible 

constructs30. Thanks to their close homology to α-amino acids, these residues can be 

incorporated in helices156, sheets157,158 or turns159. In helical regions α→β3, α→cyclic β2,3 

replacements with rational design following a sequence based ααβ, αααβ or ααβαααβ pattern 

typically yield more stable helical conformations due to the helix inducing effect of cyclic β-

amino acids. Here, replaced residues occupy a strip on face of the helix. The reason behind this 

patterning is that replacements are much more tolerable in solvent exposed surfaces, than on 

the binding surface. This replacement strategy produced many chimeric α/β-peptidomimetics, 

resulting comparable affinity to the target with the native ligand154 (e.g.: chimeric peptides 

mimicking HIV gp41155 or chimeric BH3 targeting Bcl-xL
160).  

3.3.2. Mimicry of Molecular recognition features (MoRFs) using foldamers  

When structural data on therapeutic targets are unavailable, screening foldameric libraries 

offers an alternative approach to identify protein-protein interaction inhibitors. Foldamers are 

sequence-specific oligomers that mimic natural protein secondary structures by adopting 

defined three-dimensional conformations. Their non-natural frameworks encompass β-, γ- or 

δ-peptides, azapeptides, and aromatic backbones30,32,161,162. β-peptide and α/β-peptide 

foldamers represent the most extensively studied class, capable of self-organizing into various 

secondary structures including H10/12, H12, H14, and H14/15 helices. Cyclic β-amino acid 

residues like ACPC (2-aminocyclopentanecarboxylic acid) and ACHC (2-

aminocyclohexanecarboxylic acid) effectively stabilize helical conformations, requiring as few 
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as 6 residues to form stable structures. (S,S)-ACHC units create stable H14 helices (314-helices) 

through hydrogen bonds between the i residue's amide proton and the i+2 position's carbonyl 

oxygen, while (S,S)-ACPC residues form H12-helices (2.512-helices) with hydrogen bonds 

between i and i+3 residues.30 

A successfully utilized application of H14 β-peptide libraries bearing two proteinogenic 

side-chains is the screening against immobilized protein targets to develop peptidomimetic 

ligands in a bottom-up, fragment-based approach18,19. Despite the limited structural complexity 

of these ligands, they can identify either ortho- or non-orthosteric binding sites on protein 

surfaces, while the weakly binding foldameric fragments (KD = 1µM - 1mM) can serve as 

starting points for de novo ligand development163,164. To ease the detection of weak binders, the 

H14 library members can be modified with photoreactive tags, which results in covalent 

crosslinking between the binding fragments and target protein after UV irradiation. This method 

is especially useful against targets with extremely shallow binding clefts165. To develop 

peptidomimetics with improved binding properties the covalent linkage of low affinity 

foldamer hits (binding to different surfaces of the target protein) proved to be successful by 

dynamic covalent ligation (DCL) approach. In these systems the weak binder foldamers are 

modified with thiol-groups, and incubated with the target protein. After the incubation the 

disulphide foldamer dimers with the highest affinity will be enriched due to the templating 

effect of the target protein165,166. 

 

Figure 3. a) sequence and b) structure of H14 foldamers166 

Although these screening approaches are able to identify binders with acceptable 

affinities, library size and low throughput are still a limitation. In vitro evolution methods that 
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can handle non-natural amino acids can be an alternative; however, not applicable to ligands 

that contain non-natural backbones exclusively, therefore alternative approaches are required. 

3.3.3. DNA-encoded libraries for ligand development 

DNA-encoded libraries (DEL) have proven to be a robust, cost-effective, and easily 

accessible alternative for screening vast compound libraries with sizes comparable to high-

throughput screening technology, without requiring resource-intensive facilities. In a typical 

DEL, library members tagged with unique DNA-barcodes are selected against an immobilized 

target and the non-binders are washed away. The DNA-tags of eluted binding members are then 

amplified by PCR, and the amplified oligonucleotides are efficiently identified using second 

generation high-throughput sequencing33,34,167,168. Probably the most critical component of DEL 

is the library synthesis, which requires the use of DNA orthogonal chemistries169. The general 

library synthesis approach is the combinatorial split-and-pool synthesis, where the conjugation 

of building blocks and tagging with appropriate DNA-barcodes happens in (usually 2-3) 

iterative steps. This technique can easily produce library sizes in billions33,34,170. Since initial 

breakthroughs, this approach has been complemented with DNA-templated synthesis (DTS)171, 

encoded self-assembling chemical libraries (ESAC)172 or YoctoReactor technologies173,174. 

Although affinity selection remains most common, other cell-based (e.g.: selection against 

GPCRs) and in-solution selection methods emerged also (e.g.: one-bead-one-compound 

libraries, OBOC; DNA-programmed affinity labelling, DPAL)35. Utilization of DELs resulted 

in a number of drug candidates that entered clinical trials175. These include an sEH176, a RIP1 

kinase177 and an autotaxin inhibitor178. 

The group of Liu and Hili developed a DTS-derived method termed ligase-catalysed 

oligonucleotide polymerization (LOOPER) for the selection of modified DNA-aptamer 

libraries179. LOOPER uses a template library that includes a set of a pentameric codons 

encoding the corresponding 256 different anticodons in which the adenine residue at the 5’ end 

is modifiable at its Hoogsteen face with various small molecules or polypeptides. The first 

LOOPER step hybridizes the modified anticodons and primers on the templates, which is 

followed by ligation with T4-DNA ligase180–185. After strand separation, the modified and 

ligated aptamer library is selected against an immobilized target. Similar to general DEL, the 

DNA code of the binders are amplified by PCR and sequenced for hit identification. A key 

advantage of LOOPER is the seamless integration with SELEX186 (systematic evolution of 
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ligands by exponential enrichment). This means that the amplified oligonucleotides of binders 

are reused as templates after strand separation in iterative cycles of selection, enriching the 

highest affinity library members187. The LOOPER-SELEX process proved to be successful in 

selecting high affinity nanomolar ligands against multiple targets, with as few as six round of  

selection179. 

 

Figure 4. Schematic representation of a) split-and-pool library synthesis and b) DEL library selection and 

hit detection 
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4. Materials and methods 

4.1.  Peptide synthesis and purification 

HIF-1α and CITED2 peptides were synthetized at 0.1 mmol scale on Tentagel R RAM 

resin (resin loading 0.19 mmol/g, Iris Biotech) using a microwave assisted automated peptide 

synthesizer, CEM Liberty Blue. Couplings were carried out using 5 equivalent amino acid 

excesses for α-amino acids, and 3 equivalent excesses for β-amino acids. Coupling reagents 

were DIC (Diisopropylcarbodiimide) and Oxyma (Ethyl cyano(hydroxiimino)acetate) 

dissolved in DMF (dimethylformamide). The deprotection solution contained 10% (w/v) 

piperazine and 5% (w/v) Oxyma dissolved in 10% absolute ethanol/NMP (N-methyl-2-

pyrrolidon) mixture to efficiently reduce aspartimide formation188. Required amounts were 

calculated using the built-in reagent calculator of Liberty Blue. All amino α-amino acids were 

double coupled using standard high swelling (HS) Liberty Blue methods. For β-amino acids, a 

single coupling was used with increased coupling time (4 minutes). 

The H14-foldamers were synthetized manually by SPPS in fritted SPE tubes at a 0.1 

mmol scale on Tentagel R RAM resin (resin loading 0.19 mmol/g) using Fmoc chemistry. 

Couplings were carried out using 3 eq. β3-amino acids 3 eq. HATU (1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide 

hexafluorophosphate) and 6 eq. of DIPEA (N,N-Diisopropylethylamine) as coupling agents in 

DMF for 3 hours/coupling. Fmoc deprotection was done by a mixture containing 5% piperidine 

and 2% DBU (1,8 diazabicycloundec-7-ene) in DMF for 5 and 10 minutes, consecutively. The 

resin was washed using DMF and DCM after every step. The side-chain Mmt (4-methoxytrytil) 

protecting group lysin was cleaved using an acetic acid:trifluoroethanol:DCM 1:2:7 mixture. 

Coupling of maleimido propionic acid to the lysin side chain was carried out using standard 

coupling conditions described above, which was followed by the Fmoc deprotection of the lysin 

residue. 

Acetylation: Peptides and foldamers were acetylated using 10 equivalents of acetic acid 

anhydride and DIPEA in DCM:DMF 1:1 in a fritted SPE tube for 20 minutes 2 times at room 

temperature. 

Fluorescent labelling: Fmoc-aminohexane carboxylic acid (Ahx) was coupled manually 

to the N-terminus of HIF-1α786-826 using 5 equivalent amino acid excess, HATU as the activator, 

and DIPEA as the base for 3 hours at room temperature. Fmoc deprotection was carried out 
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using 2% DBU, 2% piperazine solution in DMF for 5 then 15 minutes. The resin was washed 

with DMF and DCM. 5(6)-carboxyfluorescein (Flu) was coupled using 3 equivalent excess, 

HATU, and DIPEA as coupling agents overnight at room temperature. The resin was washed 

with the deprotection solution before cleavage to remove non-specific carboxyfluorescein 

esters. 

Methyl esterification of aspartimide products: The esterification of the apartimide side-

products were carried out in MeOH solution containing 2% DIPEA189. 

Cleavage: Peptides were cleaved using TFA:DTT:TIS:Me2S:H2O (85:2.5:5:5:2.5) for 3 

hours, after which TFA was evaporated, and the crude peptide was precipitated in ice-cold 

diethyl-ether. The precipitate was washed with ether, then redissolved in ACN:H2O mixture 

and lyophilized. 

Preparative RP-HPLC was carried out on a JASCO PU-4180 system equipped with a 

diode array detector (MD-4015) and an automatic fraction collector (Advantec, CHF122SC). 

Fraction collection was monitored and programmed using ChromNAV software. Peptides were 

dissolved in DMSO and purified on a Phenomenex Luna C18 (250 x 10 mm or 250 x 20 mm) 

column using appropriate gradients. The purity of the peptides was characterized by HPLC-UV 

and HPLC-MS measurements using Dionex Ultimate 3000 HPLC system interfaced with an 

LTQ XL (Thermo Scientific) ion trap mass spectrometer. For analytical measurements Aeris 

Widepore C18 (5mm, 100 Å, 250 x 4.6 mm) column and the following gradient: 0 min 5% B, 

25 min 100% B, 1 ml/min flow rate. The following eluents were used for HPLC-UV methods: 

A: 0.1% TFA/H2O; B: 0.1% TFA/ACN and for HPLC-MS: A 0.1% HCOOH/H2O; B: 0.1% 

HCOOH/ACN. 

4.2. Isothermal titration calorimetry 

Titrations were performed in 40 mM Na-phosphate, pH 7.5 100 mM NaCl, 1 mM DTT, 

using a Microcal VP ITC instrument. Direct titrations to TAZ1 were carried out using 5 µM 

protein in the cell and 60 µM ligand in the syringe at 35°C, using 5 µL injections with a 180 s 

spacing between the injections. For competition titrations the TAZ1/HIF-1α776-826 complexes 

were prepared by titrating HIF-1α776-826 in 60 µM concentrations to TAZ1 in the cell using 5 

µM concentration. These titrations were stopped when the amount of HIF-1α776-826 reached 

close to saturation, meaning when significant differences in injection heats were not observable. 

This resulted in a 1.2-1.5 excess of HIF-1α776-826 compared to TAZ1 in the cell. Following the 
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saturation of TAZ1, the excess volume was discarded from the cell, and the complex was 

titrated with the different CITED2 variants using 60 µM concentration in the syringe, 5-10 µL 

injections with 180-240 s spacing in between. 

Data analysis: Integration of the raw thermograms were carried out using SVD analysis 

implemented in NITPIC190 and were fitted to a competition model that includes cooperative 

interactions and ternary complex formation (Figure 1.)191. 

 

α =
K[HIF:𝑇𝐴𝑍1]/CITED  

KCITED
 

ΔG[p300:HIF:CITED] =  − RTln(αKCITED KHIF) = ΔGHIF + ΔGCITED + Δg 

ΔH[p300:HIF:CITED] =  ΔHCITED + Δh 

Fitted parameters were as follows: KCITED, ΔHCITED, KHIF, ΔHHIF, Δh and the cooperative 

constant α (K[TAZ1/HIF]/CITED/KCITED) including baseline and incompetent fraction fit for TAZ1. 

Two titrations were fitted simultaneously: CITED2 (or variant) to TAZ1 and CITED2 (or a 

variant) to TAZ1/HIF-1α complex where the concentration of HIF-1α was given as the molar 

ratio of nHIF/nTAZ1. Restraints were applied for KHIF and ΔHHIF based on average values of three 

direct HIF-1α to TAZ1 titrations. 68 % confidence intervals were calculated using the automatic 

confidence interval search built in SEDPHAT190,192,193. Figures were prepared using GUSSI194. 

4.3.  Fluorescence anisotropy 

Fluorescence anisotropy was measured in 384-well black plate using a Clariostar Plus 

microplate reader with excitation at 480 nm and emission at 535 nm at 35 °C. The buffer used 

for the experiment was 40 mM Na-phosphate, 100 mM NaCl, 1 mM DTT, 0.01% Triton-X, pH 

7.4. Three repeats were performed for each titration with a control experiment in parallel, where 

the fluorescently labelled Flu-HIF-1α was replaced with buffer in the reaction mixture, which 

was subtracted from the raw data. The competitor peptides (HIF-1α776-826, native CITED2 and 

the variants) were diluted by mixing 40 μL peptide solution with 20 μL buffer in the first well, 

which was followed by a serial 2/3 dilution over 24 points in the well resulting in a 5 µM as the 
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highest concentration in the first well. TAZ1 was added at a final concentration of 50 nM and 

tracer (Flu-HIF-1α786-826) at a final concentration of 25 nM to each well. Plates were incubated 

for 10 minutes at 35 °C before reading. Fluorescence intensity and anisotropy were calculated 

according to the following equations: 

𝐼 = (2𝑃𝐺) + 𝑆 (10) 

𝑟 = (𝑆 − 𝑃𝐺) (11) 

where I = total intensity, r = anisotropy, P = perpendicular intensity, S = parallel intensity, 

G = instrument factor set to 1. Apparent competition KD (KD,app) values for the competitor 

peptides were fitted using a method described previously, 195,196 see also Appendix I for fitting 

equations. 

4.4.  NMR measurements 

Samples were prepared in 10 mM Tris pH 6.9, 1 mM DTT, 50 mM NaCl, 10% D2O, 

0.02% NaN3 buffer. 15N-13C-TAZ1330-424 was mixed with 1.2-1.5 equivalent CITED2 peptide 

or equimolar amount of HIF-1a and CITED2 peptides. The complex was concentrated using 

10K Amicon Ultra filters to its final volume resulting in 90-100 µM protein concentration. 

NMR experiments were carried out on a Bruker Avance III 600 MHz spectrometer equipped 

with a 5 mm CP-TCI triple-resonance cryoprobe. Measurements were carried out at 298 K, 1H-

15N-HSQC, 1H-13C-HSQC including 3D HNCO, HNCA, HN(CO)CA, CBCA(CO)NH when 

signal assignment was necessary, using pulse schemes implemented in Topspin 3.5 (Bruker), 

with excitation sculpting water suppression. Processing was carried out using Topsin 3.5, and 

data were analysed using NMRFAM-Sparky197. Backbone and methyl resonance assignments 

were based on the previously published p300 TAZ1/CITED2 complex (BMRB 5788) and p300 

TAZ1/HIF-1α complex (BMRB 5306). 

5.4. Preparation of foldamer-oligonucleotide conjugates in solution phase 

The t-Bu-SS protection group was removed using TCEP in solution pH 7 and the 

oligonucleotide was purified using RP-HPLC. To prevent disulphide formation of the thiol 

functionalized oligonucleotides, 2 equivalents of TCEP were added to the stock solution and 

left for 2 h at room temperature. The maleimide thiol ligation was performed using 100 μM 

oligonucleotide and 5 equivalent foldamers (0.5 mM, diluted from 5 mM DMSO stock) in 50 

mM Tris (pH 7) overnight at room temperature under nitrogen atmosphere. The reaction was 

followed by LCMS. The conjugates were purified using RP-HPLC. 
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4.5.  Preparation of conjugates on solid phase 

The CPG-bound oligonucleotides were treated with 100 mM TCEP pH 7 for 3 h and the 

TCEP solution was changed 3 times. The CPGs were washed with ACN and H2O and then 

reacted with 3-maleimidopropionic acid 10 mM in 50 mM Tris, pH 7.2 20% DMF, overnight. 

The cleavage was performed using concentrated ammonia, 24 h, at room temperature. The 

crude product was analysed using LCMS. 

4.6.  Templated ligation 

The samples contained 1 μL 10× T4-ligase buffer, 1 μL 10 μM template, 0.6 μL 50 μM 

5′ phosphorylated 10mer oligonucleotides or peptide oligonucleotide conjugates, 0.75 μL 40 

μM extension sequences (ForRC and CFU-5’-REV), and 0.5 μL 5 U/μL ligase. The reaction 

mixtures were diluted with sterilized distilled water to 10 μL. The ligation was carried out in 4 

consecutive cycles of 15 min ligation at room temperature, 1 min incubation at 90 °C followed 

by cooling down to room temperature, and a new aliquot of ligase addition. Before PAGE 

analysis, 10 μL 2× denaturing DNA dye (14 M Urea, 10× TBE, 0.01% bromophenol blue) was 

added to the mixtures. 

4.7.  Denaturing DNA gel electrophoresis 

A 1 mm thick, 15% acrylamide/8 M urea/TBE gel was cast manually using 5% 

acrylamide/2.15 M urea/TBE as stacking gel. The gel was run in a 60 °C TBE buffer. To the 

10 μL ligation mixtures 10 μL at 60 °C 2× denaturing DNA dye was added, of which 10 μL 

was loaded onto the gel, followed by running the gel at 110 V for 10 min then 150 V for the 

rest of the run. 

4.8.  PCR amplification 

Each PCR tubes contained either 1 pmol template hybridised to LO1-3, 5 fmol template 

or 70 fmol LOSF1-3, 2.5 μL dNTP (2 mM), 0.5 μL For primer (10 μM) and 5’-CFU-Rev 

primer (10 μM), 0.31 μL, 0.63 μL or 1.56 μL High-Fidelity Phusion polymerase (2,5 U/μL), 

2.5 μL Sybr Green (1:1000) and 2.5 μL Pfu Buffer (10x) diluted with sterilised H2O to 25 μL. 

The touch down PCR cycle was 5s 98°C denaturing step, 15s 55°C annealing step (gradually 

decreasing to 50 °C over the span of 20 cycles) and 45s 72°C extension step. 
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5. Results and discussion 

5.1. Site-directed allostery perturbation strategy to evaluate the role of 

CITED2 binding motifs in competition with HIF-1α 

CITED2 and HIF-1α both bind with their disordered C-terminal transactivation domain (C-

TAD) to the TAZ1 domain of p300/CBP, and both form folded although dynamic structures 

(fuzzy complexes) on the TAZ1 surface21,94,198,199 (Figure 5). Despite the similar high-affinity 

nature of their interaction with TAZ1, CITED2 is able to displace HIF-1α from its complex 

even at equimolar ratios, whereas the reverse process is virtually prohibited.  

Among other contributing factors, the irreversibility of the competition is fundamentally 

based on the formation of a transient ternary intermediate, where the C-terminal helices of HIF-

1α (αB and αC) are still in contact with TAZ1 when the αA helix of CITED2 binds. This induces 

an allosteric structural change that locks the conformation of TAZ1 in a CITED2-bound state, 

rendering the interaction unidirectional.27,29,130–132,134,137 The cooperative action of the CITED2 

binding motifs drives the displacement of HIF-1α: the binding of the αA helix of CITED2 

destabilizes the binding of HIF-1α αC, and the conserved LPEL motif of CITED2 replaces the 

LPQL sequence of HIF-1α, which is a key step in the competition27,131,132. The binding of αA 

and LPEL is not sufficient for effective displacement, as the absence of the C-terminal 

diminishes the unidirectional nature of the competition29. However, the lack of the C-terminal 

hydrophobic region drastically decreases the affinity of CITED2 to TAZ1, which could mask 

the contribution to the allosteric structural change. Due to the fact that the transient ternary 

intermediate is key to the negative cooperativity between the ligands, it is essential to probe the 

interplay between the CITED2 binding motifs and to show how each contributes to the allosteric 

process.  
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Figure 5. Structure of p300 TAZ1 bound to HIF-1α and CITED2. (a) Structure of CITED2 C-TAD (red) 

bound to TAZ1 domain (PDB:1P4Q). The helices of the TAZ1 domain are annotated α1–α4 from the N to C 

terminus, and the spheres represent Zn atoms. The binding motifs of CITED2 are annotated as N-tail, αA, loop, 

and C-term. (b) Structure of HIF-1α C-TAD (blue) bound to the TAZ1 domain (wheat) (PDB: 1L3E). HIF-1α 

helices are annotated αB–αC from the N to C terminus; αA was not observed for the p300-TAZ1 bound structure. 

(c) Overlayed structures of CITED2 and HIF-1α bound to TAZ1. TAZ1 is represented as the CITED2 bound 

conformation (d) Sequences of HIF-1α and CITED2 peptides used in this study, with their binding motifs indicated 

above. Flu: 5,6-carboxyfluorescein, Ahx: aminohexanecarboxylic acid. 

5.1.1.  Investigating the mechanistic role of CITED2 N- and C-terminal residues 

Although previous studies have demonstrated which binding motifs of CITED2 are 

mechanistically important, the minimal length of human CITED2 that exhibits efficient native-

like behaviour has not been determined. The full-length CITED2 C-TAD (CITED2216-269) is the 

most commonly investigated in the literature and has disordered N- and C-terminal residues in 

its bound state. We compared this sequence variant with CITED2218-256, which only contains 

residues that are reported to be in contact with TAZ1. This consideration is based on the highly 

homologous CBP and p300 domains, supported by existing NMR structures (Figure 5). To 

determine the thermodynamic parameters of direct binding and the cooperativity parameters of 

the competition, isothermal titration calorimetry (ITC) experiments were performed with the 

variants of CITED2 titrated to TAZ1 or to preformed TAZ1/HIF-1α complex. Thermograms 
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revealed that CITED2218-256 had a slightly improved affinity for TAZ1 compared to the longer 

version (Table 1.) In general, a similar thermodynamic fingerprint was observed, characterised 

by favourable enthalpy and slightly unfavourable entropy. Competition thermograms were 

globally fitted to a model that allows the formation of the ternary system, from which the 

cooperativity parameters Δg and Δh were extracted. These parameters represent the additional 

Gibbs free energy and enthalpy for the ternary complex formation when CITED2 binds to the 

TAZ1/HIF-1α complex compared to the CITED2/TAZ1 binary interaction due to cooperative 

interactions191,193,200. In other words, the cooperativity parameters show the difference in ΔG 

and ΔH between the formation of CITED2/HIF-1α/TAZ1 and the CITED2/TAZ1 complexes. 

Competition titrations revealed a high degree of similarity between the two CITED2 ligands, 

with a small positive Δg indicating that the formation of the CITED2/HIF-1α/TAZ1 complex 

is favourable in both cases and allosteric communication between the ligands is maintained, 

while the positive Δh indicates entropy-driven stabilisation of the ternary complex. This 

suggests that the enthalpic cost of disrupting the high affinity contacts between TAZ1 and HIF-

1α is compensated by the increasing disorder in the ternary complex due to the unfolding of 

HIF-1α. Taking into account these data, we continued our research with CITED2218-256 as the 

parent peptide to investigate the individual action of its different binding motifs. CITED2218-256 

has the following four binding regions: CITED2 N-terminal region (N-tail, CITED2218-223), an 

α-helix (CITED2224-235) connected through a loop region (loop, CITED2236-247) to an aromatic 

amino acid rich hydrophobic region at the C-terminal (C-term, CITED2248-256).  

To probe the contribution of the N-terminal residues and the C-terminal hydrophobic 

region to the ternary system formation, we compared the binding affinity and competition 

efficiency of the CITED2218-256 minimal sequence, to a N-terminally truncated (CITED2224-256; 

CITED2ΔN) and a C-terminally truncated (CITED2216-248; CITED2ΔC) variant (Figure 6). To 

characterise the negative cooperativity between these ligands and HIF-1α, two sets of 

isothermal titration calorimetry (ITC) experiments were carried in a manner similar to those 

above. The direct binding parameters showed a fivefold increase in KD for CITED2ΔN 

compared to CITED2218-256 (KD=50.5 nM and KD=11 nM, respectively), although the reduced 

enthalpy contribution was somewhat compensated by a more favourable entropy (Figure 6b). 

The KD of CITED2ΔC increased almost 30-fold, indicating the loss of many important contacts 

with TAZ1, and it showed an even higher degree of entropy compensation (Table 1) (Figure 

6b). The reason for this enthalpy-entropy compensation phenomenon cannot be explained by 
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these data alone, but a possible cause may be that the CITED2/TAZ1 complex becomes more 

dynamic or fuzzy in the absence of the N- or C-terminus201,202. The results of the competition 

ITC titrations showed that the additional Gibbs energy for ternary system formation for the 

native ligand was Δg=1.1 kcal mol-1 (Δh=26.5 kcal mol-1), indicating an entropy-driven 

negative cooperativity with HIF-1α through a transient ternary intermediate. In contrast, for 

CITED2ΔN we observed Δg >4 kcal mol-1 (Δh=0 kcal mol-1), which means that the formation 

of the ternary intermediate is unfavourable, thus CITED2ΔN cannot compete through the 

allosteric pathway. In the case of CITED2ΔC the cooperativity parameters (Δg=1.27 kcal mol-

1; Δh=9.8 kcal mol-1) indicated that although the unidirectional nature of the competition was 

not retained due to the decreased affinity of the ligand, the formation of the ternary intermediate 

remained favourable, indicating a retained allosteric communication between the ligands 

(Figure 6c). 

 

Figure 6. Binding and competition of different CITED2 sequences. (a) ITC thermograms and (b) 

thermodynamic signature for CITED2218–256, CITED2ΔN and CITED2ΔC binding to TAZ1. (c) ITC thermograms 

for the titration of CITED2218–256, CITED2ΔN and CITED2ΔC to the preformed TAZ1/HIF-1α776–826 complex. ITC 

data were fitted globally to a model including ternary intermediate formation (Methods 5.2). Fitted parameters are 

listed in Table 1 (d) Fluorescence anisotropy (FA) competition of unlabelled CITED2218–256, CITED2ΔN and HIF-

1α776–826 against fluorescein-labelled HIF-1α786–826 (Flu-HIF-1α) in complex with TAZ1 using 50 nM protein and 

25 nM tracer concentration, curves were fitted to a competition model using a fixed KD value for Flu-HIF-1α (KD 

= 64 nM) determined beforehand. (e) Schematic representation of the competition model which was used for the 

fitting of the competition thermograms, allowing ternary system formation. 

To validate the results of the ITC experiments, fluorescence anisotropy (FA) titrations 

were carried out with fluorescently labelled HIF-1α (Flu-HIF-1α786-826), from which the 
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apparent competition KD (KD,app) values were extracted. These values can be interpreted as the 

KD that the examined peptide should have for binding to TAZ1, if a simple HIF-1α displacement 

is considered without the underlying allosteric effects. Therefore, a lower KD,app than the KD 

determined by ITC indicates that the ligand is able to act through the transient ternary system 

formation and is a more effective competitor than expected from its direct binding affinity. 

These anisotropy data shows that the wild type CITED2218-256 (KD,app=2.0 ± 0.9 nM) is a much 

more efficient competitor than CITED2ΔN (KD,app=86 ± 5 nM), with a similar KD,app value to 

HIF-1α displacing itself (KD,app= 57 ± 4 nM) (Figure 6d).  

Table 1. Thermodynamic parameters for direct binding and competition with TAZ1:HIF-1α. ITC data were 

fitted globally to a model that included ternary intermediate formation (Methods 5.2). Δg (and Δh) 

represents the additional Gibbs energy (and enthalpy) due to cooperative interactions when CITED2 is 

bound to the TAZ1/HIF-1α complex relative to CITED2 binding to free TAZ1. 68% confidence intervals 

of the fitting are included in brackets. 

 

Direct binding to TAZ1 
Cooperativity parameters,  

Binding to TAZ1:HIF-1α 

 

KD (nM) 
ΔH          

 (kcal mol-1) 
ΔS 

(cal mol-1 K-1) 
Δg  

(kcal mol-1) 
Δh  

(kcal mol-1) 
Δs  

(cal mol-1 K-1) 

CITED2216-269 
26.3 

(20.8-33.1) 
-13.2 

(-12.9 to -13.4) 
-10.0 

0.31 
(-0.34 to 

0.9) 

20.5 
(19.9-21.2) 

65.84 

CITED2218-256 
11  

(8-13) 
 -14.3                  

(-14.1 to -14.6) 
-10.0 

1.1              
(0.9-1.3) 

26.3            
(25.9-27.0) 

82.7 

CITED2ΔN 
51  

(45-57) 
 -10.6                

 (-10.8 to -10.5) 
-1.0 >4 0 n.a. 

CITED2ΔC 
303 

(230-297) 
-5.7 

(-6.1 to -5.4) 
11.3 

1.27 
(0.9-1.69) 

9.8 
(8.5-11.3) 27.7 

 

To elucidate the structural change in TAZ1 due to the lack of the N-terminal residues of 

CITED2, solution NMR spectra were recorded with 15N- and 13C- labelled TAZ1 in complex 

with CITED2218-256 and CITED2ΔN. The calculated chemical shift perturbations revealed 

mainly local conformational effects due to the truncation of the N-terminus, specifically in the 

α1 (residues 347-357), α3 (residues 401-407) and α4 (residues 418-420) helices, proving that 

these N-terminal residues are in contact with TAZ1. Since the core of TAZ1 is tightly packed 

with hydrophobic amino acids, CH3 chemical shifts can shed light on the overall structural 

change. Significant differences between the two structures were observed for L342, L346 and 

L417 at the α1/α4 interface in TAZ1, indicating an overall change in orientation of these helices 

(Figure 7). Previous studies have demonstrated, that the conformational change of the α4 helix 
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is a key element in the displacement process27,29,132; however, here we showed that the effector 

of these structural changes is the N-terminal residues of CITED2. 

 

Figure 7. Structural comparison of CITED2218–256 and CITED2ΔN bound to TAZ1 using NMR. (a) 

Weighted average 1H, 15N chemical shift difference between the TAZ1/CITED2ΔN and TAZ1/CITED2218–256 

complex. Δδ =[( Δδ H)2 +( Δδ N/5)2]1/2, residues above the significance level (Δδ > 0.9 Δδ average + σ) highlighted 

blue. Black diamonds indicate unassigned or proline residues. (b) Residues with significant chemical shift 

differences mapped onto the TAZ1/CITED2 structure and highlighted blue. Blue spheres represent core residues 

with significantly shifted CH3 resonances. (PDB: 1P4Q, TAZ1 in wheat, CITED2 residues 224–259 in red, N-

terminal residues 218–223 represented in yellow). (c) Overlayed 1H–15N resonances of representative TAZ1 

residues of samples containing TAZ1/HIF-1α/CITED2ΔN (grey), TAZ1/CITED2ΔN (blue) and TAZ1/HIF-1α 

(black). (d) Overlayed 1H–15N resonances for the same TAZ1 residues of samples containing TAZ1/HIF-

1α/CITED2218–256 (grey), TAZ1/CITED2218–256 (red). 

To investigate the reversibility of the interaction, samples of CITED2218-256 and 

CITED2ΔN were prepared in equimolar ratios with HIF-1α and TAZ1. For the 

CITED2ΔN/HIF-1α/TAZ1 mixture chemical shifts were assigned both to the 

CITED2ΔN/TAZ1 and HIF-1α/TAZ1 complexes indicating the existence of both structures in 

solution. However, for the CITED2218-256/HIF-1α/TAZ1 sample, the peaks showed correlation 

with only the CITED2218-256/TAZ1 complex. These data strongly suggest that the presence of 

the CITED2 N-terminus is not only essential for the allosteric structural change in TAZ1 but 

also maintains the conformational lock needed to prohibit the reverse process (Figure 7c & d).  

5.1.2. Backbone modification strategy to probe the contribution of CITED2 

binding motifs to cooperativity and their intramolecular interplay 

As we have seen above (CITED2ΔC), to obtain information on the contribution of 

CITED2 binding motifs to negative cooperativity with HIF-1α, the use of sequence truncation 

and alanine scanning techniques can be misleading, due to the potential drastic decrease in 
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affinity for TAZ1, which in turn diminishes competition efficiency. These effects can 

overemphasise the importance of a given motif in the induction of allosteric structural changes 

and unidirectionality. Based on this argument, a new strategy is needed, where the binding 

interface of a given motif is only minimally perturbed by targeted modifications and the 

modified CITED2 sequence resembles the properties of the parent peptide (e.g., 

thermodynamics of TAZ1 binding, disordered nature, side-chain functionality). The structure 

of TAZ1 is expected to adapt to these modifications due to its plasticity, maintaining the high-

affinity nature of the CITED2/TAZ1 interaction. In this way, a change in competition efficiency 

with HIF-1α, which is indicated by the increase of the cooperativity parameter Δg, is most likely 

due to the perturbation of a functionally relevant region, and not to the decreased affinity of the 

ligand. The influence of the modifications on the structure of TAZ1 can be followed by NMR 

in parallel with the competition studies. These measurements can provide information on 

whether an allosterically relevant region of TAZ1 is affected or not by the given modification 

and give insight into the fine interplay between CITED2 binding motifs, and into the extent of 

cooperativity between the competing ligands.  

Our hypothesis was that using a modular, motif-by-motif replacements of α→β3 amino 

acids in CITED2 would fulfil our requirements for this strategy. These residues are often 

incorporated and tolerated in helical or loop regions154,203–206. To keep the level of perturbation 

to a minimum, the amino acids chosen for replacement were selected based on existing NMR-

structures, where residues had the least direct contact with the surface of TAZ1. The selection 

was supported by computational alanine scanning using BAlaS207,208, where residues that had a 

contribution of less than -4 kJ mol-1 to the binding free energy were selected for replacement. 

 

Figure 8. Sequences and overall structure of the β-amino acid modified CITED2 variants. (a) Sequences 

of modified CITED2 variants with binding motifs indicated above. α - β3 substitutions are highlighted in red, and 

deletions are represented by a line. (b) CD curves for CITED2 and variants in 20 mM Na-phosphate, 1 mM DTT, 

pH 7.4 at 20 mM concentration at room temperature. (c) Structure of α and homologous β3 amino acid. 
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Based on the considerations above six CITED2 variants were synthetised: a N-terminally 

modified (1) an αA helix (2), 3 loop modified (3a-c), and a C-terminally modified (4). To ensure 

that the CITED2 variants retained their disordered nature, circular dichroism (CD) 

measurements were carried out. The CD spectra of 1-4 showed that all sequences had a random 

coil conformation with a slight helical content, as indicated by the small minimum at 220nm 

(Figure 8). Overall, it can be stated that the incorporation of β3-amino acids did not induce 

folding of the free peptides.  

5.1.3. Impact of backbone modifications on the thermodynamic parameters 

The ITC method described above was used to prove that the variants retained native-like 

thermodynamic parameters of direct binding, and to evaluate how the site-specifically modified 

backbone affected the cooperativity parameters when competing with HIF-1α. Regarding the 

direct binding parameters 1, 2 and 4 showed similar KD to that of the native interaction (ranging 

from 10 to 19 nM) with a slightly less enthalpic contribution and slightly less entropic cost 

(Figure 9) (Table 2). However, modification of the loop region showed a much more 

pronounced effect. Replacement in the conserved LPEL motif resulted in a 50-fold increase in 

the KD, with a strikingly different thermodynamic profile, which could be contributed to the 

loss of important non-covalent intermolecular contacts. When the conserved region was left 

intact and the lengthening caused by the extra methylene groups of the beta amino acids was 

compensated for using amino acid deletions (3c), the affinity of the variants greatly improved 

and showed native-like thermodynamic behaviour (3b-c have 98 and 29 nM KD, respectively). 

The observed enthalpy-entropy compensation phenomena in all variants (except 3a) can be 

attributed to the loss or weakening of non-covalent contacts, which may be compensated for by  

more favourable entropy due to the extra, flexible methylene groups; however, other 

contributing factors cannot be ruled out based on these data alone (e.g., differences in solvation) 

(Figure 9) (Table 2). 

The cooperative parameters of 2 and 4 remained similar to those of CITED2218-256 

(Δg=1.4 kcal mol-1 Δh=24.3 kcal mol-1 and Δg=1.1 kcal mol-1 Δh=23.2 kcal mol-1, respectively) 

indicating that these variants retained their ability to form the ternary complex, and to act 

through allosteric changes. In the case of the N-terminal modification, the competition 

efficiency decreased, but not to as great an extent as in the truncation experiment. These data 

further emphasise the essential role of this region in maintaining the negative cooperative nature 
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of the competition (Figure 9) (Table 2). The most pronounced effect was observed when the 

residue replacements were carried out in the loop region, in parallel to the tendency of direct 

binding parameters. The additional Gibbs energy needed for the formation of the ternary system 

was, in all cases (3a-c), greater than 4 kcal mol-1 (and Δh = 0 kcal mol-1) meaning that these 

ligands lost the ability to form the ternary complex with HIF-1α, which in turn diminished their 

ability to initiate the correct allosteric changes in the structure of TAZ1, thus indicating a central 

role for this region in governing the competition (Figure 9) (Table 2). 

 

Figure 9. Binding and competition of different backbone modified CITED2 variants. (a) ITC thermogram 

for CITED2218–256, 1, 2 and 4 binding to TAZ1 (b) ITC thermogram for the titration of CITED2218–256 1 2 and 4 to 

the preformed TAZ1/HIF-1α776–826 complex. (c) Thermodynamic signatures of direct binding of CITED2218–256, 1, 

2, and 4 to TAZ1. (d) ITC thermogram for CITED2218–256, 3a, 3b, and 3c binding to TAZ1. (e) ITC thermogram 

for the titration of CITED2218–256, 3a, 3b, and 3c to the preformed TAZ1/HIF-1α776–826 complex. (f) 

Thermodynamic signatures of direct binding of CITED2218–256, 3a, 3b and 3c to TAZ1. Fitted parameters are listed 

in Table 1. ITC data were fitted globally to a model including ternary intermediate formation (Methods 5.2) 

 

Similarly to the truncation experiments, fluorescence anisotropy measurements were 

carried out with the β3-amino acid modified variants to validate the ITC results (Figure 10). 

These measurements reproduced the same tendency as the ITC titrations with lower, native-like 

KD,app values for 2 and 4 indicating cooperativity between the ligands (Table 2.) , and higher 

ones for 1 and 3a-c which resemble their corresponding KD for the binary interaction with 

TAZ1, indicating the loss of ability to induce allosteric changes in TAZ1 that locks the 

conformation into the CITED2 bound state. 
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Table 2. Thermodynamic parameters for direct binding and competition with TAZ1/HIF-1α. ITC data were 

fitted globally to a model that included ternary intermediate formation (Methods 5.2). Δg (and Δh) represents the 

additional Gibbs energy (and enthalpy) due to cooperative interactions when CITED2 is bound to the TAZ1/HIF-

1α complex relative to CITED2 binding to free TAZ1. 68% confidence intervals of the fitting are included in 

brackets. 

 Direct binding to TAZ1 
Cooperativity parameters, 

Binding to TAZ1:HIF-1α 
KD, app 

(FA) 

 KD (nM) 
ΔH 

(kcal mol-1) 
ΔS 

(cal mol-1 K-1) 
Δg 

(kcal mol-1) 
Δh 

(kcal mol-1) 
Δs 

(cal mol-1 K-1) 
(nM) 

CITED2218-256 
11 

(8-13) 
-14.3 

(-14.1 to -14.6) 
-10.0 

1.1 
(0.9-1.3) 

26.3            
(25.9-27.0) 

82.7 2.0 ± 0.9 

1 
19 

(16-23) 
-12.3 

(-12.5 to -12.1) 
-4.6 

2.6 
(2.3-2.9) 

26.2            
(24.4-29.0) 

76.7 9.6 ± 2.4 

2 
16 

(13-20) 
-11.1 

(-10.9 to -11.3) 
-0.4 

1.4 
(1.2-1.6) 

24.3 
(23.4-26.1) 

74.1 1.7 ± 0.7 

3a 
675 

(595-814) 
-4.6 

(-4.8 to -4.4) 
13.3 >4 0 n.a. > 600 

3b 
98 

(83-108) 
-11.3 

(-11.6 to -11.1) 
-4.6 >4 0 n.a. 112 ± 13 

3c 
29 

(26-33) 
-10.9 

(-11.0 to -10.8) 
-8.9 >4 0 n.a. 76 ± 6 

4 
17 

(12-23) 
-10.3 

(-10.6 to -10.1) 
2.1 

1.1 
(0.9-1.4) 

23.2            
(22.1-24.1) 

71.6 4.9 ± 0.8 

 

Figure 10. Fluorescence anisotropy competition titrations of 1-4: Measurements were carried out 

in 40 mM Na-phosphate, 100 mM NaCl, 1 mM DTT, 0.01% Triton-X, pH 7.4 buffer. CITED2 and variants were 

serially diluted on the plate using 2/3 dilution series, with 5 µM as the highest concentration to which 50 nM 

p300330-420 and 25 nM Flu-HIF-1α were added. Plates were read after a 10-minute incubation at 35°C.  

5.1.2.2. Impact of the modifications on the conformation of TAZ1 in complex with the 

CITED2 variants 

To shed light on the connection between the changes in competition efficiency and the 

conformational differences in TAZ1 structure, 1H-15N-NMR spectra were recorded of the 

CITED2 variants in complex with 13C- and 15N-labelled TAZ,1 and the weighted chemical shift 

differences were calculated relative to the CITED2/TAZ1 complex. Although the chemical shift 
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differences were generally low (Δδ<0.2 ppm), the observed changes were highly dependent on 

the modification site. In the case of 1 the conformational effects on TAZ1 structure were most 

pronounced at the C-terminal of α1, α3 and α4 helices, which resemble the results of the 

truncation experiments where the N-terminus was deleted, giving further support that the N-

terminus of CITED2 has a direct role in the formation of the conformational lock. Similar 

localised effects were seen in the case 2 and 4, where the significant structural differences were 

restricted to the interaction site of the modified binding motifs. β3-amino acid replacements in 

the loop region had a widespread impact on the TAZ1 structure; differences were observed 

distant to the loop binding site. These results indicate that the loop region is critical for 

connecting the recognition elements. 

 

Figure 11. NMR chemical shift changes of TAZ1 upon binding to the β3-amino acid modified 

CITED2 variants. Weighted average 1H–15N chemical shift differences between the TAZ1:CITED2 variants and 

TAZ1:CITED2218–256 complexes. Δδ =[( Δδ H)2 +( Δδ N/5)2]1/2. The significance level was determined using the 

average Δδ and standard deviation for all the CITED2 variants, residues above the significance level (Δδ > 0.9 Δδ 

average + σ) highlighted blue in the bar graph and mapped onto the TAZ1-CITED2 structure, CITED2 residues in 

red, β3-amino acid modifications sites represented as yellow spheres, removed amino acids highlighted grey. Black 

diamonds on the bar graphs indicate unassigned or proline residues. Red arrows indicate residues for which 

significant methyl proton chemical shift differences were detected. 

To connect the results of ITC measurements and NMR data we, can conclude that 

modifications of the αA and C-terminal helix of CITED2 were tolerated well, because the 
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conformational perturbation and impact on cooperativity parameters were minimal. Although 

the N-terminal variants retained their ability to act through the allosteric pathway, the free 

energy gate of ternary system formation increased significantly, which, taken together with the 

structural impact, strongly suggests that the unidirectionality of the competition is contributed 

by this region. The detrimental effect of loop modifications on the competition efficiency taken 

together with the structural data indicates a role in maintaining the intramolecular cooperativity 

between the binding motifs during the folding and binding process (Figure 11). 

According to these results β3-amino acid replacements could be an efficient technique for 

the investigation of other interaction involving disordered TFs or disordered ligands in general, 

at a mechanistic, molecular level. An upside of this approach is that the replacements tolerated 

by the investigated IDP can be a starting point for top-down drug development. Building on our 

findings, our future work will combine the tolerated modifications within the CITED2 sequence 

with additional optimisation strategies including the incorporation of other non-natural building 

blocks (e.g., D-amino acids, N-methyl and fluorinated residues) to develop a functional, 

protease-resistant hypoxic response inhibitor, that preserves the negative cooperative 

competition mechanism with HIF-1α. 

 

5.2. Proof of concept synthesis of a DNA-templated encoded foldamers 

Protein-protein interfaces (PPI) generally cannot be targeted with small molecule drugs 

due to the extensive surface of these interaction, where peptidic or foldameric fragments have 

proven to be useful3,139,140,146. Interactions mediated by IDPs often utilise multivalency, which 

if addressed at the screening stage, would provide a more efficient strategy for ligand 

development. However, screening of peptidomimetic compounds by conventional high-

throughput screening (HTS) or fragment-based methods faces serious limitations due to 

problems involving the synthesis or hit deconvolution. An alternative approach is the use of 

display technologies, but implementation of residues with non-natural backbones is inefficient 

due to the limitations of in vitro translational machinery209. DNA-encoded library (DEL) 

techniques, however, potentially offer a good alternative due to their accessibility, versatility, 

efficiency and cost-effectiveness34.  

In a general DEL system, the library members are covalently tagged with a DNA 

barcode, where all the members can be pooled together, and can be selected against an 
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immobilized target in a single tube. After washing away the non-binders, the hits can be 

identified after PCR amplification with the use of next generation sequencing (NGS)33,170,210–

213. Although the literature describes DELs where cyclic or linear peptides are tagged with the 

DNA barcodes, these are either monomeric or not directly amplifiable by PCR and are readily 

degradable by proteases185,214,215, while the utilization of foldamers in relation with this 

technique is not mentioned.  

As a proof of concept, we set out to devise a complete workflow to create a trimeric, and 

amplifiable DEL member that presents beta-peptidic H14 foldamers as ligands. These 

structures consist of (S,S)-2-aminocyclohexanecarboxylic acid and β3-amino acid residues 

(Figure 14) presenting two proteinogenic side chains on the surface of a stable H14 helix, 

making them promising candidates to probe PPI interfaces with extensive surface area30. The 

devised method contains the following steps: (i) conjugation of maleimide-modified foldamers 

to 5’-phosphorylated thiol modified codons; (ii) hybridisation of foldamer-codon conjugates 

and primers on a complementary template; (iii) ligation of codons and primers using T4 DNA 

ligase; (iv) strand separation using gel electrophoresis; (v) amplification of the ligated strand 

with PCR (Figure 12b.).  

 

Figure 12. (a) Structure of the tBuS-protected thiol-modified thymidine nucleoside 

phosohoramidite (b) Schematic representation of the workflow of the library member synthesis: (i) conjugation of 

oligonucleotides and H14-foldamers via thiosuccinimide linkage (ii) hybridization of the conjugates and primers 

on the encoding template (iii) template guided ligation of the conjugates and primers (iv & v) separation of the 

strands with denaturing PAGE, isolation of the ligated product, and amplification via Phusion polymerase. (Thiol 

modified nucleotide synthesis was developed by Zoltán Kupihár, University of Szeged, and oligonucleotide 

synthesis was carried out by Györgyi Ferenc, BRC Szeged) 
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5.2.1.  Thiol-maleimide conjugation of encoding oligonucleotides and H14 

foldamers 

To produce ligatable oligonucleotide conjugates, the thiol modification must be placed in 

the middle of the oligonucleotide sequence, bearing a thiol protection group that is orthogonal 

with the synthesis process. This was achieved by using a newly developed synthesis of a S-S-

tBu protected thiol-containing thymidine nucleoside phosphoramidite216 (Figure 12a.). The 

phosphoramidite could be easily incorporated into oligonucleotide sequences with general CPG 

method leaving the 5’-phosphate group available for ligation. Prior to the conjugation of 

foldamers, the reaction was optimized with an alpha-peptide sequence, the transferrin receptor 

binding HAIYPRH which is implemented in tumour-targeting delivery systems217. This 

sequence was extended with a glycine and a maleimido-propionic acid moiety on the N-

terminus. For the conjugation reaction, the thiol-modified O2-S-S-tBu needed to be deprotected 

first to remove the tert-butyl protecting group, which was carried out by TCEP treatment. 

Following the deprotection and purification of O2-SH, the conjugation mixture was prepared 

with the addition of TCEP to prevent disulfide bond formation and the addition of the 

maleimide modified peptide. The reaction proceeded to give good yield overnight at room 

temperature; however, the production of a maleimide-TCEP conjugate ylene byproduct was 

observed218. To circumvent this problem, the deprotected O2-SH was instantly frozen and 

freeze-dried, and the conjugation reaction was performed under argon atmosphere to prevent 

disulfide formation (Figure 13a-b). 

Table 3. Oligonucleotide sequences used for conjugation and ligation1 

Name Sequence (5’-3’) 

O1 p-TGTCTGAACC 

O2 p-TCACTCTTGC 

O3 p-ACTTTCGCAC 

O1-SH p-TGTCT(SH)GAACC 

O2-SH p-TCACT(SH)CTTGC 

O3-SH p-ACTTT(SH)CGCAC 

5’-CFU-Rev primer CFU-AGAATGCTGGGCAAT 

ForRC p-CTTTTATCACGGCCC 

For primer p-GGGCCGTGATAAAAG 

Template 
GGGCCGTGATAAAAGGGTTCAGACAGCAAGAGTGAGTG 

CGAAAGTATTGCCCAGCATTCT 

1T(SH): thiol modified thymidine monomer; p: 5′ phosphate; CFU: 5′-carboxyfluorescein. 
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Figure 13.  Thiol-maleimide conjugation in solution and on solid support. (a) Reaction scheme for 

solution phase conjugation using 100 μM oligonucleotide, 200 μM TCEP, and 500 μM peptide, 10% DMSO, 

overnight room temperature. (c) Reaction scheme for solid phase conjugation. TCEP treated CPG-bound 

oligonucleotide was reacted with 3-maleimidopropionic acid (10 mM in 50mM Tris, pH 7.2, 20% DMF) overnight, 

followed by cleavage using concentrated NH3, 24 h. (e) Primary structure of H14-foldamers used for conjugation 

An advantage of the tert-butyl protected thiol modified residue, is that the tert-butyl 

protecting group can be selectively removed from the CPG-bound oligonucleotide, and the 

chosen ligands can be conjugated on solid phase, prior to cleavage. This would allow a 

reduction in the number of purification steps. Since the alpha-peptides cannot withstand the 

concentrated ammonia treatment during oligonucleotide cleavage due to racemization of the 

alpha carbon atoms, the feasibility of this approach was tested with maleimido-propionic acid. 

The results showed that the conjugation was successful with a lower yield than in solution 

phase, and the thiosuccinimde moiety was hydrolysed to form two constitutional isomers with 

a more stable thioether bond219. With a carefully chosen linker length this should not influence 
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the rotation of the attached ligands. Although the foldamers can withstand alkaline conditions 

due to the achiral alpha-carbon of β3-amino acids and the rigid cyclized alpha-carbon of the 

aminocyclohexane-carboxylic acid residues, the preparation of the foldamer-oligonucleotide 

conjugates was carried out utilizing the solution phase process, because of the better yield 

(Figure 13). 

 

5.2.2. Ligation and amplification of the foldamer-oligonucleotide conjugates 

With our foldamer-oligonucleotide conjugates in hand, we set out to prepare a single-

stranded DNA presenting three foldameric ligand by templated ligation. For this purpose, T4-

DNA ligase was used, which is able to ligate short oligonucleotide sequences if a 

complementary DNA strand is present. To govern the assembly of our conjugates a 60-mer 

template DNA was synthetised, containing two overhanging 15’mer sequence for the 

hybridisation of the CFU-labelled reverse primer (CFU-Rev) and the complementary sequence 

of the forward primer (ForRC). The 5’ CFU labelling of the reverse primer was served to ease 

the detection of the ligated products after gel electrophoresis. 

The ligation was carried out with a three-fold oligonucleotide excess relative to the 

template concentration at room temperature, with or without the foldamers attached. Although 

the initial approaches yielded the desired 60 bp product in both cases, the presence of truncated 

side products rendered the method for further optimization. To overcome incomplete ligation, 

presumed to arise from the hindered hybridisation of the oligonucleotides, heat cycles were 

introduced to the ligation process. This modified method contained a room temperature ligation 

step followed by a 90 °C heating step to dissociate the partially ligated intermediates; this cycle 

was repeated three times, with fresh T4 DNA ligase added after each cycle when the mixture 

cooled to room temperature due to the heat inactivation of the enzyme. A possible improvement 

in the future could be the replacement of T4 ligase with thermostable ligases to reduce cost and 

to automatise the ligation step220. Denaturing PAGE analysis revealed that the applied heat-

cycle protocol led to the desired 60 bp DNA-strand when all the necessary components were 

present (termed as LO1-3 and LOSF1-3), and produced the adequate truncated product in the 

control experiment, from which one of the components was omitted. An exception occurred 

when O1 or O1-SH was excluded from the reaction mixture, forming a non-specific 30 bp 

product; however, this did not interfere with the ligation process when all the components were 
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present. The presence of the attached foldamers did not influence the efficiency of the ligation 

process, the yields or the distribution of the products compared to the unmodified 

oligonucleotides, with the exception of the product size, which was slightly higher for the 

foldamer-functionalized lanes, although this was expected due to the increase in mass (Figure 

14a-b). With the optimized ligation method, we set out to prepare a ligation in preparative scale 

and isolate the full-length foldamer-functionalised single-stranded product. Using denaturing 

PAGE, the desired product was extracted and subjected to PCR-amplification. PCR 

amplification is an essential step in a DEL selection to produce sufficient number of copies 

from the encoding DNA-barcodes of the binders, enabling them to be subjected to NGS for 

identification. The polymerase of choice was the high fidelity Phusion polymerase, which is a 

class-B polymerase that can amplify C5 modified pyrimidine bases, since the modifications 

reside in the major groove of the duplex DNA, hence it does not interfere with duplex formation 

and enzymatic polymerisation with DNA221,222. Initial experiments with the manufacturer’s 

standard protocol, carried out with a touch-down PCR method and analysed by denaturing 

PAGE, showed a high intensity band for the amplified product of the LO1-3/template duplex 

as control, and a faint band for LO1-3 alone but the foldamer functionalized LOSF1-3 did not 

produce copies in a detectable amount. During parameter optimisation, raising the polymerase 

concentration five-fold to 0.15 U/μL proved to be beneficial, with both LO1-3 and LOSF1-3 

forming high intensity bands (Figure 14c). The benefit of this is that in future applications, the 

amplified product of the selected hits can be reused for ligation in multiple iterative steps for 

the enrichment of the tightest binders in the DEL. 

As the results above indicate ligatable and amplifieable DEL members presenting three 

foldameric ligands can be created. Since the foldamers are known binders of calmodulin 

protein166, we tested their interaction as the next step of the in vitro selection cycle, but we did 

not observe binding. A possible reason behind this could be the electrostatic repulsion between 

the protein and the encoding DNA-sequence. The solutions for this problem in the future could 

be the lenghtening of the linker regions of the oligo-foldamer conjugates or redesigning the 

arrangement of the constuct to reduce the interference of the target protein. 
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Figure 14. Templated ligation and amplification: (a) Scheme of the ligation process: to the 

template 5′ phosphorylated oligonucleotides (or foldamer–oligonucleotide conjugates) and extension sequences 

were added with fluorescent labelling on the 5′ end and ligated using T4 ligase. The ligation was carried out using 

1 μM template and three equivalent excess oligonucleotides heated to 90 °C and cooled down to room temperature 

before adding T4 ligase. The heat‒cool cycles and ligase additions were repeated three times. (b) Denaturing gel 

electrophoresis of the ligation mixtures with controls. Ligations performed without heat-cool cycles with mixtures 

containing non-functionalized oligonucleotides (Lane 1) or foldamer-oligonucleotide conjugates (Lanes 2–4). For 

control experiment template, (Lane 3) or T4 ligase (Lane 4) was omitted from reaction mixture. Lanes 5–9: 

Ligation performed using heat‒cool cycles with a mixture containing template, T4 ligase, oligonucleotides O1-3 

and F-5’-Rev. The following reagents were omitted from the mixture: Lane 5: O1; Lane 6: O2; Lane 7: O3; Lane 

8: ForRC; and Lane 9: All reagents present. Lanes 10–14: Ligation performed using heat‒cool cycles with a 

mixture containing template, T4 ligase, oligonucleotide conjugates (OSF1, OSF2 and OSF3), ForRC, and F-5’-

Rev. The following reagents were omitted from the mixture: Lane 10: OSF1; Lane 11: OSF2; Lane 12: OSF3; 

Lane 14: ForRC; Lane 15: All reagents present. Excluded reagents are indicated on the top of the gel and the full-

length and truncated products are shown on the sides of the gel. (c) Gel electrophoresis of the PCR products. Lane 

1: ligated LO1-3 hybridized to template amplified using 0.03 U/μL Phusion. Lane 2-7: amplification of the 

template directly from stock with 0.03 U/μL (Lane 2-3), 0.06 U/μL (Lane 4-5) and 0.15 U/μL (Lane 6-7). Lane 8-

13: amplification of the ligated LOSF1-3 extracted from denaturing PAGE with 0.03 U/μL (Lane 8-9), 0.06 U/μL 

(Lane 10-11) and 0.15 U/μL (Lane 12-13). Lane 14: negative control not containing any amplifiable 

oligonucleotide. 
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6. Conclusion 

Targeting the PPIs of intrinsically disordered transcriptions factors is a highly desired 

direction of drug development efforts, due to their involvement in various cancerous conditions, 

among others. Peptidomimetic drugs could successfully overcome the additional challenges 

surrounding IDP PPI interactions, since their size allow them to be transported to the nucleus, 

while they could mimic the multivalent binding of IDPs. 

 Top-down development of peptidomimetics requires detailed structural and mechanistic 

information about a given IDP PPI interaction, to allow the rational design of a drug-like ligand 

based on a natural interaction partner. To gain insight into the allosteric competition mechanism 

between HIF-1α and CITED2 C-TADs for the TAZ1 domain of p300/CBP, we developed a 

strategy, whereby the modular modification of CITED2 binding motifs provides information 

about their contribution to the negative cooperativity between the competing ligands. The site-

directed conformational perturbation of TAZ1 were carried out using a rational α→β3-amino 

acid replacements throughout the CITED2 binding motifs in a way, that retained the native-like 

binding parameters, but induced site-specific conformational changes in TAZ1. The 

combination of NMR measurements and competition data revealed which CITED2 binding 

motif induces the conformational change necessary for the unidirectional competition. This 

strategy could be useful to investigate other systems involving IDPs if cooperativity or allosteric 

structural changes are present. An advantage of this approach is that the combination of 

beneficial modifications serves as a starting point for peptidomimetic inhibitor development, 

while giving clues about the molecular mechanism of a given competition system. 

 Since many of the TF interactions are multivalent and mediated by short SLiM and 

MoRF motifs, mimicking these with foldameric ligands could be a possible direction toward 

functional peptidomimetic inhibitors. DELs provide an efficient way to create a combinatorial 

library of compounds, to select them against an immobilised target, and to easily analyse the 

hits thanks to the encoding DNA barcodes. To combine the benefits of both, we developed a 

novel DEL system, where an amplifiable single-stranded oligonucleotide presents three beta-

peptide H14 ligands, potentially mimicking the multivalent binding of IDPs.  

In summary, both strategies developed here can overcome the limitations of addressing the 

challenges targeting IDP mediated interactions, and result in starting points for further drug 

development. 
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7. Summary 

1. Using a site-directed allostery perturbation strategy we evaluated the role of CITED2 binding 

motifs in competition with HIF-1α. 

1.1. Sequence truncation strategy 

1.1.1. The truncation of CITED2 N-terminus (CITED2218-223) decreased the affinity 

slightly, however the cooperative aspect of competition was lost completely 

indicating the loss of allosteric communication and unidirectionality. 

1.1.2. Truncation of the C-terminus (CITED2249-269) decreased the affinity to TAZ1 

significantly although the formation of ternary complex remained favourable 

indicating a retained allosteric communication between the ligands. 

1.1.3. NMR spectra showed that the N-terminus of CITED2 induces conformational 

changes in the mechanistically important α1 and α4 regions of TAZ1, which indicated 

that this region is responsible for the conformational lock giving the unidirectional 

nature of competition. 

1.2. Backbone modification strategy: A backbone modification strategy was introduced to 

investigate the rest of the binding motifs and their interplay, where solvent exposed 

amino acids were replaced with β3-analogues in a motif-by-motif fashion, with the aim 

to retain a native like high affinity interaction with TAZ1, while inducing minimal 

perturbations at the binding surface. The structural change could be linked to the 

decrease in competition efficiency which in turn shed light on the role of a given motif 

in allostery. 

1.2.1. Several β3-amino acid modified CITED2 variants were synthetized and 

characterized producing peptides with native like behaviour, regarding the high 

affinity to TAZ1, the intrinsically disordered conformation and side-chain 

configuration. 

1.2.2. Replacements in CITED2 αA (CITED2224-235) and C-terminal (CITED2249-256) 

helices did not affect the ability of these ligands to act through the allosteric pathway 

and the modifications caused only local conformational perturbations indicating a role 

in maintaining the high affinity tether for the other motifs to bind. 

1.2.3. Modification in the N-terminus of CITED2 resulted in a significantly higher free 

energy cost for ternary system formation which in turn decreased the effectiveness of 
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the competition, and the resulted conformational change was similar to the N-

terminally truncated product further emphasizing the importance of this region to 

create the conformational lock in competition. 

1.2.4. Modifications in CITED2 loop region (CITED2236-248) completely diminished 

the negative cooperativity between the ligands, furthermore the conformational 

perturbations were distributed on the entirety of TAZ1 surface, which indicates a role 

where this region is responsible for the correct placement of the other binding motifs 

and allows the cooperative binding between them, which is in line with literature data. 

 

2. Proof of concept synthesis of a foldameric DNA-templated library member: The synthesis 

of an PCR amplifiable DNA-templated library member with 3 foldameric ligand was carried 

out using a 10-mer oligonucleotide with a thiol modified thymidine phosphoramidite 

nucleotide incorporated in the 5th position, leaving the 5’ end free for ligation.  

2.1. Conjugation of foldamers in aqueous phase: the β-peptidic H14 foldamers 

functionalized with a maleimide moiety was conjugated to the appropriate thiol 

modified nucleotide forming via a thiosuccinimide linkage. 

2.2. Conjugation on solid support: To test the applicability of solid phase conjugation, 

maleimido propionic acid was coupled to the deprotected oligonucleotide, and the 

conjugate was successfully cleaved resulting in the more stable hydrolysed thioeter 

linked small molecule.  

2.3. Templated ligation of the foldamer modified oligonucleotides and extension sequences 

were successfully carried out, with the introduction of a heat-cool cyle. 

2.4. The PCR amplification of the foldamer modified strand was carried out using Phusion 

polymerase in concentration raised 5-fold compared to standard protocol. 
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ITC fitting and data analysis 

 

[TAZ1/HIF] = KHIF [TAZ1] [HIF] (1) 

[TAZ1/CITED] = KCITED [TAZ1] [CITED] (2) 

[TAZ1/HIF/CITED] = K[TAZ1/HIF]/CITED [TAZ1/HIF] [CITED] (3) 

[TAZ1/HIF/CITED] = K[TAZ1/CITED]/HIF [TAZ1/CITED] [HIF] (4) 

Cooperativity constant α for CITED2 binding to the preformed TAZ1/HIF is defined by: 

K[TAZ1/HIF]/CITED = α KCITED (5) 

α = K[TAZ1/HIF]/CITED / KCITED (6) 

from which the cooperative enhancement of binding CITED2 to the preformed TAZ/HIF-

1α complex was calculated as follows: 

ΔG[TAZ1/HIF/CITED] = -RTln(α KCITED KHIF) = ΔGCITED + ΔGHIF + Δg (7) 

ΔH[TAZ1/HIF/CITED] = ΔHCITED + ΔHHIF + Δh (8) 

-TΔs = Δg-Δh (9) 

 

Equations used for fitting model and data analysis of the fluorescence anisotropy 

competition titrations 

Fluorescence intensity and anisotropy were calculated according to the following 

equations as previously described: 

𝐼 = (2𝑃𝐺) + 𝑆 (10) 

𝑟 = (𝑆 − 𝑃𝐺) (11) 

where I = total intensity, r = anisotropy, P = perpendicular intensity, S = parallel intensity, 

G = instrument factor set to 1. 

Apparent competition KD (KD,app) values for the competitor peptides were fitted using a 

method described previously195,196, using the following equations in Origin Pro: 

𝑟 =
(𝛾𝑟𝑇𝐴𝑍:𝐻𝐼𝐹+𝛾𝑟𝐻𝐼𝐹)

1+𝛾
 (12) 

where r = fluorescence anisotropy, TAZ is TAZ1330-420, HIF is Flu-HIF-1α786-826, rTAZ:HIF 

is the anisotropy of TAZ1 bound Flu-HIF-1α786-826, while rHIF is the anisotropy of unbound 

HIF-1α786-826. γ is given by the following equation: 

𝛾 =
[𝑇𝐴𝑍:𝐻𝐼𝐹]

[𝐻𝐼𝐹]𝑡−[𝑇𝐴𝑍:𝐻𝐼𝐹]
 (13) 
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where [TAZ:HIF] is the concentration of TAZ1 bound Flu-HIF-1α786-826, [HIF]t is the 

total concentration of Flu-HIF-1α786-826. [TAZ:HIF] is given by: 

 

[𝑇𝐴𝑍: 𝐻𝐼𝐹] =
[𝐻𝐼𝐹]𝑡(2√𝑎2−3𝑏 𝑐𝑜𝑠

𝜃

3
−𝑎)

3𝐾𝐻𝐼𝐹+(2√𝑎2−3𝑏 𝑐𝑜𝑠
𝜃

3
−𝑎)

 (14) 

where 

𝜃 = 𝑎𝑟𝑐𝑐𝑜𝑠
−2𝑎3+9𝑎𝑏−27𝑐

2√(𝑎2−3𝑏)3
 (15) 

𝑎 = 𝐾𝐻𝐼𝐹 + 𝐾𝐶𝐼𝑇 + [𝐻𝐼𝐹]𝑡 + [𝐶𝐼𝑇]𝑡 − [𝑇𝐴𝑍]𝑡 (16) 

𝑏 = 𝐾𝐻𝐼𝐹𝐾𝐶𝐼𝑇 + 𝐾𝐻𝐼𝐹([𝐶𝐼𝑇]𝑡 − [𝑇𝐴𝑍]𝑡) + 𝐾𝐶𝐼𝑇([𝐻𝐼𝐹]𝑡 − [𝑇𝐴𝑍]𝑡) (17) 

𝑐 = −[𝑇𝐴𝑍]𝑡𝐾𝐻𝐼𝐹𝐾𝐶𝐼𝑇 (18) 

 

KHIF is the dissociation constant for Flu-HIF-1α786-826, KCIT is the dissociation constant for 

CITED2 or a given variant, while [TAZ] is the total concentration of TAZ1330-420. 

Fitted parameters were KHIF, KCIT, rTAZ:HIF, rHIF, [HIF]t, [TAZ]t, where KHIF, rTAZ:HIF, rHIF, 

[HIF]t were kept constant during fitting. KHIF was determined in a separate experiment in which 

HIF-1α776-826 was the competitor (Figure 3.). [HIF]t was determined using fluorescence 

intensity measurements relative to a fluorescein calibration curve. [TAZ]t was kept as a floating 

parameter to account for incompetent protein fraction. Anisotropy values were normalized and 

represented as Ligand-bound (LB) values as follows: 

𝐿𝐵 =
𝑟−𝑟𝐻𝐼𝐹

𝑟𝑇𝐴𝑍:𝐻𝐼𝐹−𝑟𝐻𝐼𝐹
[𝐻𝐼𝐹] (19) 

 

 

MS spectra of the foldamer oligonucleotide conjugates 

 

 

MT4midS_TW_pure #2802-3036 RT: 8.57-9.26 AV: 235 NL: 2.07E5
T: ITMS - p ESI Full ms [550.00-2000.00]
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MT5midS_LWpure #2992-3111 RT: 9.14-9.48 AV: 120 NL: 2.16E5
T: ITMS - p ESI Full ms [550.00-2000.00]
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MT16_RW_conj_220721 #2885-2912 RT: 8.81-8.90 AV: 28 NL: 1.26E4
T: ITMS - p ESI Full ms [550.00-2000.00]
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