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Francis Crick described the central dogma of molecular biology as “the exchange 
of genetic data, embedded in deoxynucleic acid (DNA), goes in only one direction to 
ribonucleic acid (RNA) to proteins.”[1] The first step in this dogma is to read DNA 
and transcribe this to RNA. This step is performed by the transcription machinery 
that is recruited towards DNA. This protein complex reads DNA and simultaneously 
transcribes it to RNA. Subsequently, RNA is translated into the encoded protein. 

DNA can adopt multiple conformations that allow DNA binding proteins to 
recognize DNA sequences. It generally consists as a right-handed double-stranded 
helical structure, called B-DNA, and was first described by Watson and Crick.  [2] 
Other secondary DNA structures are Z-DNA,  G-quadruplexes, i-motifs, hairpins 
and Holliday Junctions (Figure 1.1a-b). [3–7] These secondary structures are the result 
of canonical base pairing and the chemical composition of DNA. DNA contains a 
phosphor group, a sugar backbone and four complementary bases: adenine (A) is 
complementary toward thymine (T) and cytosine (C) is complementary towards 
guanine (G) (Figure 1.1c). The sequence composition combined with secondary 
elements are important for the flow of genetic data: they allow for specific gene 
recognition by transcription factors (TFs).

TFs are key proteins involved in the central dogma of molecular biology. They 
are a group of  proteins that can bind a specific DNA sequence and regulate DNA 
transcription. [8–10] Therefore, these modalities appear to challenge the central dogma 

Figure 1.1: Exemplary DNA structures. a) Possible DNA double helical confirmations. From left to 
right: A-DNA (PDB = 4IZQ), B-DNA (PDB = 1BNA), Z-DNA (PDB = 1DCG). b) Examples of identified 
DNA structures. From left to right: Hairpin DNA (PDB = 1AC7), i-loop (PDB = 1A83), G-quadruplex 
(PDB = 1K8P), Holliday Junction (PDB = 2CRX). For clarification, a schematic representation of each 
structure has been incorporated next to each structure. c) Canonical base pairing first described by 
Watson and Crick. Adenosine and Thymine form a couple, Cytosine and Guanine form second couple.



11

Chapter 1

1

of molecular biology, as they regulate the flow of genetic information from protein to 
DNA. There are approximately 1600 human TFs that are sequence specific. [10] They 
often bind small binding sites (binding motifs) that are 6-12 bp in size. Considering 
that a nine bp sequence occurs ~15.000 times in the human genome and that a 
sequence becomes unique when it is sixteen bps long, TFs often need to work closely 
together in order to provide specificity. [11–15] Additionally, DNA methylation,[16] DNA 
shape[17] and post translational modifications[18–20] can also have an influence on 
specific DNA binding as well. TFs need to be precise as unspecific binding can result 
in the development of disease. It is estimated that dysregulation of ~19% of all TFs is 
involved in a disease, emphasizing their importance as therapeutic targets. [10]

It is suggested that around 22% of the human genome are either intrinsically disordered 
proteins (IDPs) or have intrinsically disordered regions (IDRs). [21] Without a distinct 
and stabilized structure, proteins can adopt multiple conformations in solution. 
Moreover, with no binding pockets, it is difficult to develop small molecules that can 
recognize and bind this class of proteins. 

TFs can contain disordered regions or can be completely disordered. Upon DNA 
binding, these regions undergo a conformational change and adopt an ordered 
structure. It is estimated that more than 80% of all TFs contain IDRs.  [22] Due 
to their disordered nature and their location inside the cell, TFs were considered 
‘undruggable’ for a long time. [22] As Johnson and McKnight described in their review 
in 1989, TFs first need to adopt a tertiary structure before they are able to bind DNA, 
which is similar for protein-protein interactions (PPI).  [23] These structured DNA 
binding motifs enable another approach to target TFs: designed peptidomimetics 
and miniproteins based on endogenous TFs. Peptides and miniproteins can bind 
large surface areas and can recognize DNA or disordered proteins. Often, they are 
designed to target the DNA sequence of a TF. These artificial TFs therefore block the 
endogenous TF and thus function as a transcriptional repressor. Chapter 2 describes 
an extensive overview of peptides and miniproteins designed to bind to disease-
related sequences.

The aim of this thesis is to target the oncogenic TF c-Myc (from now on Myc) with 
inhibitors based on endogenous TFs. In Chapter 3 and 4 miniproteins are developed 
based on a TF, whereas in Chapter 5 the protein-protein interaction (PPI) between 
Myc and a binding partner is exploited for inhibitor design. In the following sections 
the main challenges for artificial TFs and peptide-based inhibitors are specified. 
Subsequently, Myc is described in detail to provide a better understanding on why 
we need to target Myc using peptide- and protein-based moieties. 

1.1 Difficulties in artificial TF design

A strategy often observed in literature is to use defined DNA binding motifs of 
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Figure 1.2: Solutions to overcome challenges in artificial TF design. a) The crystal structure of Zinc 
Finger (ZF) 268. A trimeric ZF recognizes DNA inside the major groove. Each ZF contains conserved 
Histidines and Cysteines that coordinate around a zinc ion. This promotes the formation of one α-helix 
and a β-hairpin. A single ZF recognizes a triplet of DNA base pairs inside the major groove by residues 
at position -1, 2, 3 and 6. PDB = 1AAY. b) The crystal structure of c-Myc-Max. This heterodimeric 
complex adopts a basic Helix-loop-helix (bHLH) fold and utilizes the Leucine Zipper (LZ) domain to 
dimerize. Once dimerized this complex recognizes DNA. PDB = 1NKP. c) DBD attached via a linker 
and schematic representation of chimeric TFs developed by the group of Mascareñas. The GCN4 DBD 
is attached to the AT-Hook,[48] the GAGA ZF is attached to the AT-Hook. [48] d) Promoting similar fold as 
parent compound. Fully bHLH-LZ either as hetero- or as homodimers covalently attached. [49,50] bHLH-
LZ (loop removed) or bZIP TFs covalently attached.  [43,51] e) Combining two domains can increase 
specificity. Chimeric TF that contains the DBD of GCN4 that is attached to a ZF of GAGA by the AT-
Hook,[52] Two GAGA ZFs are attached by the AT-Hook. [53] The AT-Hook functions as a cell penetrating 
peptide.
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Info Box I: Stapling techniques

Peptide stapling entails covalently attachment of two residue sidechains to enforce 
a desired secondary structure within the peptide. Th is technique is oft en combined 
with SPPS. Th ere are two strategies of stapling, one- and two-component stapling. [54]

For one-component stapling, two sidechains within the peptide perform an 
intramolecular reaction to create a staple, whereas for a two-component staple an 
intermolecular reaction occurs between two sidechains and an external reagent. 
Th e latter oft en utilizes the reactivity of two cysteines.  [46] By covalently linking 
two sidechains a peptide sequence is locked in a favored secondary conformation, 
depending on the position of the staple. For example, the Grossmann Group 
demonstrated that a metastasis staple promoted the formation of a β-sheet within 
their peptidomimetic. [55] For α-helix promotion, the side chain positions relatively 
towards each other are important. One α-helical turn is approximately four residues 
long. By incorporating a staple that spans four residues (i, i+4) a staple locks a 
single helical turn. [54] Additionally, a staple that spans two (i, i+7) or three (i, i+11) 
helical turns is also applied. Besides their ability to lock a peptide into a secondary 
formation, staples can also promote cell permeability and protease stability.

Info box Figure

Staples can be incorporated via one- or two-
component stapling. Th e one-component 
strategy entails staple incorporation through 
an intramolecular reaction, whereas for a two-
component staple an intermolecular reaction 
takes place that oft en involves cysteines.

endogenous TFs as starting point to inhibit TFs. Th is includes the use of Zinc Fingers 
(ZF, Figure 1.2a)[24] and motifs that fold upon and get stabilized by DNA binding, such 
as the Helix-Loop-Helix motif (HLH, Figure 1.2b). [25] A diffi  culty when designing 
artifi cial TFs using this strategy is loss of specifi city due to the removal of domains 
from the parent protein. Th e designed TF needs to fold and act similarly compared 
to the parent protein. For example,  basic Zipper (bZIP) TFs need to act as a dimer 
and need their basic region for DNA binding. [26]  It was therefore envisioned that two 
basic regions must be linked together to target DNA as the dimerization domain was 
removed (Figure 1.2c). [27,28] To asses this hypothesis, two basic regions of GCN4, a 
classic bZIP TF, were covalently linked through a disulfi de bond. [27] Another study 
used a light sensitive linker and showed that the cis isomer had the highest affi  nity. [28]

Both studies demonstrated that the isolated bZIP domain has low selectivity to DNA 
and need a DNA guiding domain to coordinate the basic region correctly towards 
DNA. Th is was validated through the addition of a metal complex that conjugated 
two synthetic GCN4 basic regions together. [29,30] Th e metal complex could coordinate 
the two monomers diff erently relative to each other. Other strategies to retrieve the 
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selectivity of the basic region of GCN4 entail the covalent attachment of DNA,[31] 
pyrrole-imidazole polyamides,[32,33] oligoguanidinium tail[34] or distamycin A[35] to the 
GCN4 bZIP domain. The latter resulted in a DNA binding hybrid with nanomolar 
affinity.

The designed peptidomimetic also needs to adopt a similar secondary structure 
as the parent compound. The correct structure promotes a peptide or miniprotein 
to recognize and bind specifically to DNA or protein partners. bZIP proteins need 
to form an α-helix, which normally occurs through dimerization. As a single bZIP 
domain can adopt multiple conformations in solution, α-helicity can be stabilized 
by the incorporation of a small peptide scaffold[43–45] or by connecting two residues 
covalently together (stapling).  [41,46] Indeed, a stapled GCN4 DNA binding domain 
(DBD) was able to bind to DNA and enter RAW264.7 cells.  [47] Instead of a two-
component method where a staple is covalently attached (See Info box I), the 
incorporation of two histidines provided a non-covalent solution. [48] The addition 
of palladium resulted in the formation of an α-helix and DNA binding. Moreover, 
using this technique a reversible staple was created in such a way that DNA binding 
and cellular uptake could be tuned depending on the palladium concentration. 
Aside from structure stabilization, the incorporation of a metal also provided the 
possibility for self-assembly of a chimeric protein system containing a bZIP DBD 
and minor groove binder. [49,50] Solid phase peptide synthesis (SPPS) allows for the 
incorporation of unnatural amino acids that can be used for stapling (See Info box 
II). The Moellering group designed an all-carbon stapled artificial TF based on the 
X-box-binding protein 1 (Figure 1.2d).  [41] Their miniprotein was able to inhibit 
hypoxia-dependent gene expression in vivo.

Next to structure, cell permeability is also a major challenge when designing peptide-
based inhibitors. Generally, the bigger a compound, the lower the cell permeability. 
There are multiple techniques to increase permeability such as stapling and decreasing 
overall size. Additionally, it was observed that increased positive charge can enhance 
cell permeability.  [51] Often cell-penetrating peptides are incorporated into the 
peptidomimetic design. For example, the AT-hook is a small positively charged AT-
rich-minor groove binding motif originally occurring in HMG-I(Y).  [52,53] Recent 
approaches involve the attachment of the AT-hook to the basic domain of GCN4,[36] 
two GAGA ZFs[38] or between a GCN4 and GAGA domain (Figure 1.2e). [37] Alone, 
the AT-hook has low affinity towards its target and, therefore, two low affinity DNA 
binders were combined with the AT-hook to increase selectivity and affinity (Figure 
1.2c). [36] Additionally, it was observed that the AT-hook facilitated cellular penetration 
(Figure 1.2e)[36,37] and promoted selectivity.  [37] Thus, the covalent attachment of a 
linker between DNA binding motifs could improve cellular uptake.
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Info Box II: Solid phase peptide synthesis

Solid phase peptide synthesis (SPPS) is a technique that enables the straightforward 
assembly of peptides with virtually any residue sequence. SPPS, fi rst developed 
by Merrifi eld in 1963,[61] applies an insoluble resin as starting point (Point 1) 
from which one by one a single amino acid is coupled until the fi nal peptide or 
protein sequence is reached. A key aspect within SPPS is the use of orthogonal 
protection groups (PG) at the functional sidechain of each individual amino acid, 
compared to the PG at the α-amino group at the N-terminus. A standard coupling 
cycle is as follows: from the incoming amino acid the carboxyl is converted to an 
activated ester by an activating agent (e.g. Hexafl uorophosphate Azabenzotriazole 
Tetramethyl Uronium, HATU, Point 2). In the presence of a weak base, the free 
amine group on the resin-bound amino acid reacts with the activated ester, thereby 
forming a peptide bond (Point 3). All unreacted products are then drained away 
and the resin is washed. Th e resin-bound PG at the N-terminus is removed (Point 
4) so that the coupling cycle can start again (point 5) and the peptide can grow on 
the solid support. Finally, the peptide is cleaved from the resin (point 6). Depending 
on sequence composition and resin capacity, generally the size of a peptide that can 
be synthesized using this technique is 30-70 residues. 

Info box Figure

Th e general procedure of solid phase 
peptide synthesis. An insoluble resin (1) is 
introduced that allows for the pre-activated 
(2) coupling of an amino acid (3). Next, the 
orthogonal N’ terminal protection group is 
removed (4) that allows for the next cycle 
(5) or when fi nished cleavage of the peptide 
from the solid support (6).

1.2 Examples of successful ZF-based artifi cial TF designs 

ZFs are a classic example for an artifi cial TF design and demonstrate the possibilities 
when a design is successful. Th ey can be engineered to bind a designed sequence and 
moreover are intrinsic cell permeable. ZFs are small ~30 amino acids long peptides 
that can bind the major groove of DNA. Generally, a single ZF contains one α-helix 
and two β-sheets that form a β-hairpin (Figure 1.2a). [24] Th ere are multiple classes 
of ZFs but the most common class is named aft er its four conserved residues that 
coordinate around a single zinc ion: Cys2His2. [56] Th is DNA binding motif contains 
two conserved histidines inside its α-helix and two cysteines inside its β-hairpin. 
Within ZFs, the helix is responsible for DNA recognition inside the major groove. 
Four specifi c residue positions are responsible for recognizing four bps in the major 
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Figure 1.3: Myc is an oncogenic TF that can be targeted by protein modalities or small molecules. 
a) Myc is a largely disordered TF that has six conserved Myc Homology boxes (MB) within its Trans 
activation domain (TAD) and central region. The DBD domain adopts a classic bHLH-LZ fold. b) 
Examples of small molecules that can inhibit Myc activity. c) There are multiple ways to target Myc. Myc 
can be inhibited by preventing Myc transcription, stabilization, Myc-Max formation or DNA binding. 
d) Crystal structure of a Max-Max mimic that recognizes the E-box sequence (PDB = 5RCU). e) Crystal 
structure of Omomyc. Omomyc recognizes E-box DNA as a dimer (PDB = 5I50).

groove: position -1, 2, 3 and 6 (Figure 1.2d). To recognize specific DNA sequences, 
TFs often harbor multiple ZFs. Based on these findings, there has been research 
towards the development of artificial TFs based on ZFs that can be engineered to 
recognize specific sequences[24] and, moreover, can modify DNA. 

A pioneer in the field of artificial ZFs was Carlos Barbas III. He envisioned that 
ZFs could be engineered to target every sequence. As ZFs have specific positions 
that are important for DNA recognition, he attempted to identify, through phage 
display, for each possible triplet the optimal α-helix composition. [57–60] This resulted 
in the identification of a specific α-helix composition for most DNA triplets and the 
development of Zinc Finger tools; a webserver that allows you to design ZFs based 
on the DNA sequence input. [62] With the possibility to design ZFs for specific DNA 
sequences, more complex artificial TFs could be designed. ZFs were designed to 
function as activators or as repressors, depending on the fused protein domain. [63] 
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Info box III: Th e Myc/Max/Mxd network

Th e Myc family consists of L-Myc, Myc and N-Myc. Myc belongs to the bHLH-LZ 
TF family and participates in the Myc/Max/Mxd network. Myc is disordered when 
not in complex with protein partners. It needs to interact with Max to bind DNA. 
Max can interact with all Mxd1-4 proteins, homodimerize and Mga. Th e Mxd1-4 
proteins also interact with Mlx.

Info box Figure

A schematic representation of 
the Myc/Max/Mxd network. 

Moreover, ZFs proved to be useful tools for the design of artifi cial TFs that can 
modify DNA sequences by means of methylation[64–66] or act as nucleases[67,68] or 
recombinases. [69]  

All challenges described above are applicable on peptidomimetics and miniproteins. 
We needed to overcome these challenges to target the oncogenic TF Myc. Myc is 
a prime example of an ‘undruggable TF’ because it is intrinsically disordered 
without its protein partners and is located inside the nucleus. Moreover, it is 
highly involved in cancer and therefore an important pharmaceutical target.  

1.3 Th e bHLH-LZ TF Myc

Myc is involved in important cellular processes such as diff erentiation, growth 
and death.  [70–72] Th ere are three family members in eukaryotes: Myc, N-Myc and 
L-Myc. Myc is involved in approximately 15% of all gene transcription. [73] Although 
structurally and functionally similar, these proteins diff er in their expression pattern. 
Myc is widely expressed and the fi rst discovered family member,[74,75] whereas N-Myc 
and L-Myc are mainly expressed in neural tissues and the lungs, respectively. Th e 
general structure of the Myc family is conserved between all three members. All 
members contain a C-terminal DNA binding and dimerization domain and an 
N-terminal disordered Trans-activation domain (TAD, Figure 1.3a). Within its 
disordered domain, the Myc family members have Myc homology boxes (MB) that 
allow other proteins to interact with Myc, regulate DNA binding and facilitate DNA 
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recognition (Figure 1.3a). [76]

Myc belongs to the HLH TF family. This structure contains two α-helices connected 
by a flexible loop (Figure 1.2b). [23,77] Often HLH proteins also contain a basic region 
(b) that allow them to bind to DNA. Additionally, HLH TFs need to form a dimeric 
complex to function and bind to DNA. This can be a hetero- or homodimeric 
complex. Myc has a leucine zipper (LZ) dimerization region. However, it cannot 
homodimerize and needs to interact with Myc-associated factor X (Max) to bind 
to DNA. Both Myc and Max are part of the Myc/Max/Mxd network (See box III). 
Other members of this protein network are Max- binding protein (MNT), Max-like 
protein X (Mlx) and Max gene-associated (Mga). Within this network, Myc can only 
interact with Max, whereas Max can homodimerize or interact with Mga and Mxd1-
4. The Myc-Max complex recognizes Enhancer box (E-box) sequences (CACGTG) 
and when bound regulate downstream pathways. 

Myc contains six MBs which mediate interactions with proteins partners (Figure 
1.3a).  [71] For example, Myc recruits Transactivation/Transformation-Domain 
Associated Protein (TRRAP) with MBII for histone acetylation and it interacts with 
Histone Deacetylase 3 (HDAC3) through its MBIIIa domain to promote histone 
deacetylation.  [71,78] These PPI examples highlight why Myc is strictly regulated as 
it controls through chromatin remodeling a multitude of cellular processes via two 
contradictory protein partners. 

Myc is regulated on two levels: on the mRNA and on the protein level. Both Myc 
RNA and the protein have short half-life’s of approximately 10-20 min and 20 min, 
respectively. [79] Myc transcription is controlled by secondary DNA structures, including 
G-quadruplexes and Z-DNA.  [70,79] A variety of TFs regulate Myc transcription by 
binding to Myc enhancer sites. [72,79,80]  For example, Bromodomain protein 4 (BRD4) 
interacts with enhancer regions and stimulates increased Myc expression. [72,80] It was 
identified that JQ1, a BRD4 inhibitor, led to lower Myc expression levels. [80] 

Myc is also regulated through phosphorylation[81] and protein partners. [79] Depending 
on phosphorylation patterns and cascades, Myc can either be stabilized or it can be 
marked for ubiquitination and therefore degradation. [81] Other proteins can stabilize 
Myc by interacting with its MBs, such as Aurora kinase A.  [79] Another layer on 
Myc regulation is through Max. Max is essential for Myc to act as a transcriptional 
regulator.  [70,71,82] By homodimerization or interacting with other members of the 
Myc/Max/Mxd network, Max monomers are sequestered away from Myc. 

A major function of Myc is to sustain cellular proliferation by preventing cell cycle 
arrest and thereby cellular differentiation. Additionally, Myc is involved in diverse 
biological processes, such as metabolic reprogramming and angiogenesis.  [72] 
Myc can function as a transcription amplifier that can bind to promotors close 
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to Transcriptional Start Sites. Contrarily, when interacting with Myc Interacting 
Zinc Finger 1 (Miz-1), Myc acts a transcriptional repressor, thereby inhibiting cell 
differentiation and apoptosis. [83,84] It is anticipated that 25-40% of genes repressed by 
Myc involve Miz-1. [83,85] When bound to Miz-1, Myc can repress genes, such as p21Cip1 

and p15Ink4b, that are involved in cell cycle progression.

Dysregulation of Myc can lead to the development of cancer.  [79] Strikingly, Myc 
engages in more than 50% of all human cancers and moreover, cancer cells become 
addicted and heavily dependent on Myc activity. Thus, highlighting the importance 
of Myc inhibition as a pharmaceutical strategy. Under physiological levels, Myc binds 
to high-affinity promotors guided by PPIs that stabilize Myc-Max-DNA binding by 
interacting with MBs in the N-terminus of Myc (e.g. WDR5 binds MBIII). [86,87] In 
Myc driven cancers, Myc is highly overexpressed allowing it to occupy low-affinity 
promotors as well, which is called promoter invasion. [86] This can eventually lead to 
uncontrolled cell division. Exemplary cancer types with Myc involvement are lung, 
breast and brain cancer. [88] 

Taken together, it is extremely difficult to inhibit Myc activity. Its complex regulation 
system, cellular location, involvement in PPIs and its disordered nature make it a 
challenging pharmaceutical target. This also explains why there is no direct Myc 
inhibitor on the clinical market while writing this thesis. However, there are attempts 
to target Myc using small molecules and peptidomimetics. 

1.3.1 How to target Myc

Myc was originally deemed ‘undruggable’. Improved insight into Myc function 
facilitated the development of novel approaches to suppress Myc activity. Although 
Myc is intrinsically disordered, there are small molecules and peptide/protein-based 
inhibitors developed that can target Myc. Two strategies are applied to inhibit Myc, 
either direct or indirect inhibition. Additionally, there are also inhibitors dubbed 
double negative inhibitors as they can inhibit Myc by direct and indirect inhibition. 
The following section describes examples how Myc is targeted using small molecules 
and peptide mimetics. The following reviews provide a more extensive overview on 
Myc inhibitors. [70,71]

1.3.2 Myc inhibition with small molecules

Myc gene transcription is regulated through secondary DNA elements that can be 
targeted. Within its promotor, Myc contains a G-quadruplex that functions as a gene 
silencer. [92,93] The G-quadruplex is untwined to activate Myc transcription. A Myc 
inhibition strategy is to stabilize the G-quadruplex in the Myc promotor and thereby 
prevent Myc transcription. [70] Small molecules have been identified that can stabilize 
the Myc G-quadruplex (Figure 1.3b-c). [92–96] One of these compounds, CX - 5461 
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(Figure 1.3b), is currently in clinical trials for BRCA-deficient breast cancer.  [97] 
Additionally, peptides have been identified to stabilize the Myc G-quadruplex. [98,99] 
Other strategies entail the inhibition of upstream proteins of Myc, such as BRD4,[80] 
the interaction with Myc stabilizing proteins, such as Aurora A,[100] or the development 
of Proteolysis Targeting Chimeras (PROTACs). [101–104]

Small molecules have also been identified that target the Myc-Max interaction 
(Figure 1.3c). [71]  Nomura et al. recently developed EN4 (Figure 1.3b). [105] EN4 is 
a covalent ligand that can target cysteine171 in Myc, whereas it is suggested that 
it is unable to interact with N- or L-Myc as this cysteine is not conserved among 
Myc family members. It was suggested that EN4 destabilizes Myc, which renders it 
unable to interact with Max. Han et al. developed small molecules that could inhibit 
Myc in cells by Myc-Max inhibition, hampering Myc expression and promoting 
Myc degradation through phosphorylation.  [106] Moreover, their lead compound, 
MYCi361 and its improved version MYCi975 (Figure 1.3b), could suppress tumor 
growth in mice. Struntz et al. identified KI-MS2-008 that could stabilize the Max-
Max homodimer, while simultaneously reducing both expression levels of Myc and 
proteins regulated by Myc (Figure 1.3b). [107] Other examples of small molecules that 
can prevent Myc-Max formation are 10058-F4 and 10074-G5 (Figure 1.3b). [108,109] 
These compound could bind Myc while not properly folded and prevented it from 
refolding to a bHLH-LZ fold with Max. 

1.3.3 Myc inhibition with peptido- or protein mimetics

Transcription repressors have been designed to inhibit Myc activity based on 
endogenous Myc inhibitors (Figure 1.3c-e). Recently, Speltz et al. developed a 
transcription repressor based on Max that displayed Myc inhibition (Figure 1.2d, 
1.3d).  [42] The flexible loop was removed from the Max sequence and the Zipper 
domain was decreased in size. The DBD and the remaining part of the Zipper region 
were covalently linked with a maleimide linker, thereby replacing the flexible loop. 
Additionally, the miniprotein ME47[110,111] and recombinant Mad1,[112] were reported 
to inhibit Myc activity as well. ME47 is a chimeric protein that contains the DBD of 
Max fused to the dimerization domain of E47, whereas Mad1 contains the first 147 
residues of Mxd1. Other strategies entail peptides that are based on the bHLH-LZ 
domain of Max,[113] the LZ domain of Max,[114] covalently linked Myc-Max or Max 
DBDs[115,116] or covalently linked bHLH-LZ region of Myc-Max and Max-Max dimers 
(Figure 1.2b)[39,40]  

One of the first attempts to use bHLH-LZ proteins as a template was based on the 
Myc-Max heterodimer by the Kent group in 1995. [117] Using Native Chemical Ligation 
(NCL, see Info Box IV), Myc and Max monomers were covalently attached, thereby 
forming the heterodimer. Firstly, through thioester formation the C-terminal HLH-
LZ region was attached to the N-terminal basic region to generate the monomers. 
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Info Box IV: Native chemical ligation

As proteins oft en contain more than 70 amino acids that cannot be synthesized 
with SPPS, a diff erent approach has been developed: native chemical ligation 
(NCL). [91] Here, the C-terminal thioester of fragment 1 reacts with the N-terminal 
cysteine of fragment 2 (point 1), which is followed by a spontaneous intramolecular 
S-to-N acyl shift  (point 2). Th is entails that the α-amino group of the cysteine 
attacks the thioester, forming an amide bond and releasing the thiol group. Aft er 
its development, this technique has been applied to the synthesis of proteins 
including for example Max and allows for the incorporation of post translational 
modifi cation that can be studied in an in vitro context. [92,93]  

Info box Figure

Native chemical ligation (NCL) is oft en applied for protein synthesis. First, a transthioesterfi cation 
occurs (1) followed by a spontaneous S->N acyl transfer shift  (2) leading to the release of the thiol 
group, thereby retrieving the original cysteine.

Secondly, an oxime reaction provided the covalent attachment of both monomers that 
resulted in the heterodimer. Additionally, a one-pot thioester and oxime formation 
yielded in the formation of a Max-Max homodimer. Krylov et al.,[118] proposed a 
diff erent strategy. Th is included the removal of the TAD and exchange of basic regions 
that would prevent correct DNA binding. Overexpression could then inhibit Myc-
Max activity. A similar strategy was applied by Soucek et al. to develop Omomyc. [119]

Omomyc is based on Myc with four point mutations in its LZ domain that enables 
homodimerization (Figure 1.3e).  [119] Omomyc can interact with Myc, Max and 
Miz-1, but is unable to interact with Mxd proteins.  [120] Th e crystal structure of 
Omomyc displayed a DNA recognition triad consisting of a His12, Glu16 and 
Arg20. [86] Strategies to analyze Omomyc entail Omomyc expression in mammalian 
cells,[119] recombinant expression and purifi cation,[86] fl ow chemistry[39,40] and 
NCL.  [121] Strikingly, Omomyc has the strongest affi  nity for the E-box sequence as 
a homodimer and is unable to bind to E-box DNA when bound to Myc.[39] It is 
able to inhibit Myc activity when expressed inside cells[86,122] and it is claimed that 
it has cell penetrating properties. [123] Th ere are, however, also reports showing that 
Omomyc is unable to enter cells and that a cell penetrating peptide is benefi cial 
to assist cell permeability. [124] Jung et al. proposed that Omomyc mainly competes 
with Myc-Max for low-affi  nity promotors as the removal of the N-terminus 
renders it unable to interact with stabilizing PPIs.  [86] By competing with Myc at 
low-affi  nity promotors, Omomyc counteracts aberrant expression behavior of 
Myc. Currently, Omomyc-103 is the fi rst direct Myc inhibitor in clinical trials. [125]
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Info Box V: AlphaFold

New and powerful AI methods have been developed to predict how proteins fold. 
This led to the development of AlphaFold2 by Deepmind. [127] AlphaFold is a deep-
learning method that predicts how proteins fold based on their primary sequence. 
AlphaFold is built around a deep neural network that is trained on evolutionary, 
physical and geometric data of protein structures. [127] It contains two main stages. 
The first stage includes Evoformer, which is a novel architecture that operates on 
two datatypes: multiple sequence alignments (MSA) and pair representations. 
After multiple rounds of Evoformer processing, the obtained data is interpreted by 
the second stage that translates the Evoformer data into a 3D structure. The output 
of AlphaFold2 is an end-to-end structure prediction with additional prediction 
scores for each individual residue in the protein. AlphaFold has been applied to the 
whole human genome,[129] including IDPs through fragmentation[130] and PPIs. [131] 

Myc is intrinsically disordered which hinders its characterization and crystallization. 
Additionally, IDPs and IDRs do not adopt defined binding pockets, which impedes 
the use of small molecules. Therefore, another approach is pursued to target 
disordered proteins: the use of deep-learning tools such as RFdiffusion[126] and 
AlphaFold-Multimer.  [127] For example, recently the Baker lab used RFdiffusion 
to design IDR binding proteins.  [128] In the absence of a crystal structure we used 
AlphaFold-Multimer[127] to predict how Myc and Miz-1 interact. This deep-learning 
tool predicts how proteins fold based on their primary sequence without the need for 
a crystal structure (See Info Box V). Based on the prediction we could design Miz-1 
based Myc inhibitors. 

1.4 Aims and outline of this thesis

Despite being involved in more than 50% of human cancers, there are no direct Myc 
inhibitors on the clinical market. Through substantial amount of process over the 
past decades we got a better understanding of Myc activity and Myc involvement 
in cancer. Because Myc is both an IDP and TF it becomes more difficult to inhibit. 
An increase in knowledge enabled scientists to develop inhibitors towards Myc via 
multiple strategies. Additionally, the development of AlphaFold2 revolutionized 
the field in protein structures. This thesis explores the field TF-based inhibitors via 
SPPS and protein expression. Additionally, it utilizes AlphaFold2 to design novel 
peptidomimetics based on a more than decade old unresolved PPI between Myc and 
Miz-1. The aim of this thesis is to design TF-based peptide modalities that can target 
Myc and validate these compounds through biochemical assays.

Myc is not the only disease related TF. Therefore, in Chapter 2 a comprehensive 
overview is provided that entails synthetic peptide modalities able to tackle disease 
related DNA or RNA. Chapter 3 describes the development of DuoMYC. Here, we 
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performed a structure-based study based on the Omomyc sequence that led to the 
design of a smaller bHLH miniprotein that functioned as an artificial transcriptional 
repressor and could inhibit Myc activity in vitro. In Chapter 4 we explored the 
possibilities of expressed protein stapling to improve stability and cell permeability 
of Omomyc. A protocol was developed to express proteins that could be stapled, 
while remaining active. In Chapter 5 a different approach was pursued to inhibit 
Myc. Whereas previous chapters explore the ability to inhibit Myc through artificial 
transcriptional repressors, in this chapter we use AlphaFold2 to predict how Myc and 
Miz-1 interact and used this prediction to develop peptidomimetics that can inhibit 
Myc-Max complex formation. Chapter 6 combines all the findings of this thesis and 
describes the most important conclusions and future perspectives.



24

Drop the Myc

1

1.5. References
[1]	 F. Crick, “Central Dogma of Molecular 

Biology” Nature 1970, 227, 1970.

[2]	 J. D. WATSON, F. H. C. CRICK, 
“Molecular Structure of Nucleic Acids: A 
Structure for Deoxyribose Nucleic Acid” 
Nature 1953, 171, 737–738.

[3]	 R. C. Duardo, F. Guerra, S. Pepe, G. 
Capranico, “Non-B DNA structures as a 
booster of genome instability” Biochimie 
2023, 214, 176–192.

[4]	 S. Neidle, “Beyond the double helix: 
DNA structural diversity and the PDB” 
Journal of Biological Chemistry 2021, 
296, 100553.

[5]	 A. Bansal, S. Kaushik, S. Kukreti, “Non-
canonical DNA structures: Diversity and 
disease association” Front Genet 2022, 
13, 959258.

[6]	 J. Spiegel, S. M. Cuesta, S. Adhikari, 
R. Hänsel-Hertsch, D. Tannahill, S. 
Balasubramanian, “G-quadruplexes are 
transcription factor binding hubs in 
human chromatin” Genome Biol 2021, 
22, 1–15.

[7]	 V. J. Sahayasheela, M. Ooga, T. Kumagai, 
H. Sugiyama, “Z-DNA at the crossroads: 
untangling its role in genome dynamics” 
Trends Biochem Sci 2025, 50, 267–279.

[8]	 D. L. Fulton, S. Sundararajan, G. Badis, T. 
R. Hughes, W. W. Wasserman, J. C. Roach, 
R. Sladek, “TFCat: The curated catalog of 
mouse and human transcription factors” 
Genome Biol 2009, 10, 1–14.

[9]	 J. M. Vaquerizas, S. K. Kummerfeld, 
S. A. Teichmann, N. M. Luscombe, “A 
census of human transcription factors: 
Function, expression and evolution” Nat 
Rev Genet 2009, 10, 252–263.

[10]	 S. A. Lambert, A. Jolma, L. F. Campitelli, 
P. K. Das, Y. Yin, M. Albu, X. Chen, J. 
Taipale, T. R. Hughes, M. T. Weirauch, 
“The Human Transcription Factors” Cell 
2018, 172, 650–665.

[11]	 M. Moore, A. Klug, Y. Choo, “Improved 
DNA binding specificity from polyzinc 
finger peptides by using strings of two-
finger units” Proc Natl Acad Sci U S A 
2001, 98, 1437–1441.

[12]	 Q. Liu, D. J. Segal, J. B. Ghiara, C. F. 
Barbas, “Design of polydactyl zinc-finger 

proteins for unique addressing within 
complex genomes” Proc Natl Acad Sci U 
S A 1997, 94, 5525–5530.

[13]	 Z. Wunderlich, L. A. Mirny, “Different 
gene regulation strategies revealed by 
analysis of binding motifs” Trends in 
Genetics 2009, 25, 434–440.

[14]	 A. Jolma, Y. Yin, K. R. Nitta, K. Dave, A. 
Popov, M. Taipale, M. Enge, T. Kivioja, E. 
Morgunova, J. Taipale, “DNA-dependent 
formation of transcription factor pairs 
alters their binding specificity” Nature 
2015 527:7578 2015, 527, 384–388.

[15]	 H. Göös, M. Kinnunen, K. Salokas, Z. 
Tan, X. Liu, L. Yadav, Q. Zhang, G. H. 
Wei, M. Varjosalo, “Human transcription 
factor protein interaction networks” Na-
ture Communications 2022 13:1 2022, 13, 
1–16.

[16]	 Y. Yin, E. Morgunova, A. Jolma, E. Kaas-
inen, B. Sahu, S. Khund-Sayeed, P. K. 
Das, T. Kivioja, K. Dave, F. Zhong, K. R. 
Nitta, M. Taipale, A. Popov, P. A. Gin-
no, S. Domcke, J. Yan, D. Schübeler, C. 
Vinson, J. Taipale, “Impact of cytosine 
methylation on DNA binding specific-
ities of human transcription factors” 
Science (1979) 2017, 356, DOI 10.1126/
SCIENCE.AAJ2239/ASSET/426CEDB2-
D8EF-46C9-928A-E3A7CC62CCD2/
ASSETS/GRAPHIC/356_AAJ2239_F7.
JPEG.

[17]	 S. Inukai, K. H. Kock, M. L. Bulyk, “Tran-
scription factor–DNA binding: beyond 
binding site motifs” Curr Opin Genet Dev 
2017, 43, 110–119.

[18]	 R. V. Nithun, Y. M. Yao, X. Lin, S. 
Habiballah, A. Afek, M. Jbara, “Deci-
phering the Role of the Ser-Phosphory-
lation Pattern on the DNA-Binding Ac-
tivity of Max Transcription Factor Using 
Chemical Protein Synthesis” Angewandte 
Chemie - International Edition 2023, 62, 
DOI 10.1002/anie.202310913.

[19]	 T. M. Filtz, W. K. Vogel, M. Leid, “Regu-
lation of transcription factor activity by 
interconnected post-translational modi-
fications” Trends Pharmacol Sci 2014, 35, 
76–85.

[20]	 L. Seymour, N. Nuru, K. R. Johnson, J. 
M. V. Gutierrez, V. T. Njoku, C. C. Darie, 
A. N. Neagu, “Roles of Post-Translation-
al Modifications of Transcription Factors 
Involved in Breast Cancer Hypoxia” Mol-
ecules 2025, Vol. 30, Page 645 2025, 30, 
645.



25

Chapter 1

1

[21]	 K. Kosoglu, Z. Aydin, N. Tuncbag, A. 
Gursoy, O. Keskin, “Structural coverage 
of the human interactome.” Brief Bioin-
form 2023, 25, 1–11.

[22]	 M. J. Henley, A. N. Koehler, “Advances 
in targeting ‘undruggable’ transcription 
factors with small molecules” Nat Rev 
Drug Discov 2021, 20, 669–688.

[23]	 P. F. Johnson, S. L. McKnight, “EUKARY-
OTIC TRANSCRIPTIONAL REGULA-
TORY PROTEINS” Annu Rev Biochem 
1989, 58, 799–839.

[24]	 C. A. Gersbach, T. Gaj, C. F. Barbas, 
“Synthetic Zinc Finger Proteins: The Ad-
vent of Targeted Gene Regulation and 
Genome Modification Technologies” Acc 
Chem Res 2014, 47, 2309–2318.

[25]	 M. Kuravsky, C. Kelly, C. Redfield, S. L. 
Shammas, “The transition state for cou-
pled folding and binding of a disordered 
DNA binding domain resembles the un-
bound state” Nucleic Acids Res 2024, 52, 
11822–11837.

[26]	 J. J. Kohler, S. J. Metallo, T. L. Schneider, 
A. Schepartz, “DNA specificity enhanced 
by sequential binding of protein mono-
mers” Proceedings of the National Acade-
my of Sciences 1999, 96, 11735–11739.

[27]	 R. V. Talanian, C. J. Mcknight, P. S. Kim, 
“Sequence-Specific DNA Binding by 
a Short Peptide Dimer” Science (1979) 
1990, 249, 769–771.

[28]	 A. M. Caamaño, M. E. Vázquez, J. 
Martínez-Costas, L. Castedo, J. L. 
Mascareñas, “A Light-Modulated Se-
quence-Specific DNA-Binding Peptide” 
Angewandte Chemie 2000, 39, 3104–
3107.

[29]	 B. Cuenoud, A. Schepartz, “Design of a 
metallo-bZIP protein that discriminates 
between CRE and AP1 target sites: se-
lection against AP1.” Proceedings of the 
National Academy of Sciences 1993, 90, 
1154–1159.

[30]	 B. Cuenoud, A. Schepartz, “Altered 
Specificity of DNA-Binding Proteins 
with Transition Metal Dimerization Do-
mains” Science (1979) 1993, 259, 510–
513.

[31]	 D. Stanojevic, G. L. Verdine, “Decon-
struction of GCN4/GCRE into a mono-
meric peptide-DNA complex” Nat Struct 
Mol Biol 1995, 2, 450–457.

[32]	 J. B. Blanco, M. E. Vázquez, L. Castedo, J. 
L. Mascareñas, “Sequence-Specific DNA 
Recognition by Monomeric bZIP Basic 
Regions Equipped with a Tripyrrole Unit 
on the N-Terminal Side. Towards the De-
velopment of Synthetic Mimics of Skn-1” 
ChemBioChem 2005, 6, 2173–2176.

[33]	 J. B. Blanco, V. I. Dodero, M. E. Vázquez, 
M. Mosquera, L. Castedo, J. L. Mas-
careñas, “Sequence-Specific DNA Bind-
ing by Noncovalent Peptide–Tripyrrole 
Conjugates” Angewandte Chemie Inter-
national Edition 2006, 45, 8210–8214.

[34]	 J. Mosquera, M. I. Sánchez, J. Valero, J. 
de Mendoza, M. E. Vázquez, J. L. Mas-
careñas, “Sequence-selective DNA 
binding with cell-permeable oligoguan-
idinium–peptide conjugates” Chemical 
Communications 2015, 51, 4811–4814.

[35]	 M. E. Vázquez, A. M. Caamaño, J. 
Martínez-Costas, L. Castedo, J. L. Mas-
careñas, “Design and Synthesis of a Pep-
tide That Binds Specific DNA Sequences 
through Simultaneous Interaction in the 
Major and in the Minor Groove” Ang-
ewandte Chemie International Edition 
2001, 40, 4723–4725.

[36]	 J. Rodríguez, J. Mosquera, J. R. Cou-
ceiro, M. E. Vázquez, J. L. Mascareñas, 
“The AT-Hook motif as a versatile minor 
groove anchor for promoting DNA bind-
ing of transcription factor fragments” 
Chem Sci 2015, 6, 4767–4771.

[37]	 J. Rodríguez, J. Mosquera, R. García-
Fandiño, M. E. Vázquez, J. L. Mas-
careñas, “A designed DNA binding motif 
that recognizes extended sites and spans 
two adjacent major grooves” Chem Sci 
2016, 7, 3298–3303.

[38]	 J. Rodríguez, S. Learte-Aymamí, J. Mos-
quera, G. Celaya, D. Rodríguez-Lar-
rea, M. E. Vázquez, J. L. Mascareñas, 
“DNA-binding miniproteins based on 
zinc fingers. Assessment of the interac-
tion using nanopores” Chem Sci 2018, 9, 
4118–4123.

[39]	 M. Jbara, S. Pomplun, C. K. Schissel, S. 
W. Hawken, A. Boija, I. Klein, J. Rodri-
guez, S. L. Buchwald, B. L. Pentelute, 
“Engineering Bioactive Dimeric Tran-
scription Factor Analogs via Palladium 
Rebound Reagents.” J Am Chem Soc 
2021, 143, 11788–11798.

[40]	 S. Pomplun, M. Jbara, C. K. Schissel, S. 
Wilson Hawken, A. Boija, C. Li, I. Klein, 
B. L. Pentelute, “Parallel Automated Flow 



26

Drop the Myc

1

Synthesis of Covalent Protein Complex-
es That Can Inhibit MYC-Driven Tran-
scription.” ACS Cent Sci 2021, 7, 1408–
1418.

[41]	 Z. Qiao, L. C. Nguyen, D. Yang, C. Dann, 
D. M. Thomas, M. Henn, A. Valdespino, 
C. S. Swenson, S. A. Oakes, M. R. Ros-
ner, R. E. Moellering, “Direct inhibition 
of tumor hypoxia response with synthet-
ic transcriptional repressors.” Nat Chem 
Biol 2025, 21, 247–255.

[42]	 T. E. Speltz, Z. Qiao, C. S. Swenson, X. 
Shangguan, J. S. Coukos, C. W. Lee, D. 
M. Thomas, J. Santana, S. W. Fanning, G. 
L. Greene, R. E. Moellering, “Targeting 
MYC with modular synthetic transcrip-
tional repressors derived from bHLH 
DNA-binding domains” Nature Biotech-
nology 2022 2022, 41, 1–11.

[43]	 L. Yang, A. Schepartz, “Relationship 
between folding and function in a se-
quence-specific miniature DNA-binding 
protein” Biochemistry 2005, 44, 7469–
7478.

[44]	 N. J. Zondlo, A. Schepartz, “Highly Spe-
cific DNA Recognition by a Designed 
Miniature Protein” J Am Chem Soc 1999, 
121, 6938–6939.

[45]	 J. W. Chin, A. Schepartz, “Concerted 
evolution of structure and function in a 
miniature protein” J Am Chem Soc 2001, 
123, 2929–2930.

[46]	 H. Jo, N. Meinhardt, Y. Wu, S. Kulkarni, 
X. Hu, K. E. Low, P. L. Davies, W. F. De-
Grado, D. C. Greenbaum, “Development 
of α-helical calpain probes by mimicking 
a natural protein-protein interaction.” J 
Am Chem Soc 2012, 134, 17704–17713.

[47]	 A. Iyer, D. Van Lysebetten, Y. Ruiz García, 
B. Louage, B. G. De Geest, A. Madder, 
“Stapling monomeric GCN4 peptides 
allows for DNA binding and enhanced 
cellular uptake” Org Biomol Chem 2015, 
13, 3856–3862.

[48]	 S. Learte-Aymamí, N. Curado, J. Rodrí-
guez, M. E. Vázquez, J. L. Mascareñas, 
“Metal-Dependent DNA Recognition 
and Cell Internalization of Designed, Ba-
sic Peptides” J Am Chem Soc 2017, 139, 
16188–16193.

[49]	 S. Learte‐Aymamí, J. Rodríguez, M. E. 
Vázquez, J. L. Mascareñas, “Assembly of 
a Ternary Metallopeptide Complex at 
Specific DNA Sites Mediated by an AT‐
Hook Adaptor” Chemistry – A European 

Journal 2020, 26, 8875–8878.

[50]	 M. I. Sánchez, J. Mosquera, M. E. 
Vázquez, J. L. Mascareñas, “Reversible 
Supramolecular Assembly at Specific 
DNA Sites: Nickel-Promoted Bivalent 
DNA Binding with Designed Peptide 
and Bipyridyl-Bis(benzamidine) Com-
ponents” Angewandte Chemie Interna-
tional Edition 2014, 53, 9917–9921.

[51]	 N. Schmidt, A. Mishra, G. H. Lai, G. 
C. L. Wong, 2010, DOI: 10.1016/j.feb-
slet.2009.11.046.

[52]	 L. Aravind, “AT-hook motifs identified in 
a wide variety of DNA-binding proteins” 
Nucleic Acids Res 1998, 26, 4413–4421.

[53]	 T. Lund, K. H. Dahl, E. Mørk, J. Holt-
lund, S. G. Laland, “The human chromo-
somal protein HMG I contains two iden-
tical palindrome amino acid sequences” 
Biochem Biophys Res Commun 1987, 146, 
725–730.

[54]	 Y. H. Lau, P. De Andrade, Y. Wu, D. R. 
Spring, “Peptide stapling techniques 
based on different macrocyclisation 
chemistries” Chem Soc Rev 2015, 44, 
91–102.

[55]	 M. Wendt, R. Bellavita, A. Gerber, N. L. 
Efrém, T. van Ramshorst, N. M. Pearce, P. 
R. J. Davey, I. Everard, M. Vazquez-Chan-
tada, E. Chiarparin, P. Grieco, S. Hennig, 
T. N. Grossmann, “Bicyclic β-Sheet Mi-
metics that Target the Transcriptional 
Coactivator β-Catenin and Inhibit Wnt 
Signaling” Angewandte Chemie - Interna-
tional Edition 2021, 60, 13937–13944.

[56]	 A. A. Fedotova, A. N. Bonchuk, V. 
A. Mogila, P. G. Georgiev, 2017, 
Russian Federation Agency for Sci-
ence and Innovation preprint, DOI: 
10.32607/20758251-2017-9-2-47-58.

[57]	 D. J. Segal, B. Dreier, R. R. Beerli, C. F. 
Barbas, “Toward controlling gene ex-
pression at will: Selection and design of 
zinc finger domains recognizing each of 
the 5′-GNN-3′ DNA target sequences” 
Proc Natl Acad Sci U S A 1999, 96, 2758–
2763.

[58]	 B. Dreier, R. P. Fuller, D. J. Segal, C. V. 
Lund, P. Blancafort, A. Huber, B. Koksch, 
C. F. Barbas, “Development of zinc finger 
domains for recognition of the 5′-CNN-
3′ family DNA sequences and their use 
in the construction of artificial transcrip-
tion factors” Journal of Biological Chem-
istry 2005, 280, 35588–35597.



27

Chapter 1

1

[59]	 B. Dreier, R. R. Beerli, D. J. Segal, J. D. 
Flippin, C. F. Barbas, “Development of 
Zinc Finger Domains for Recognition of 
the 5′-ANN-3′ Family of DNA Sequences 
and Their Use in the Construction of Ar-
tificial Transcription Factors” Journal of 
Biological Chemistry 2001, 276, 29466–
29478.

[60]	 B. Dreier, D. J. Segal, C. F. Barbas, “In-
sights into the molecular recognition of 
the 5′-GNN-3′ family of DNA sequences 
by zinc finger domains” J Mol Biol 2000, 
303, 489–502.

[61]	 R. B. Merrifield, “Solid Phase Peptide 
Synthesis. I. The Synthesis of a Tetra-
peptide” J Am Chem Soc 1963, 85, 2149–
2154.

[62]	 J. G. Mandell, C. F. Barbas, “Zinc Finger 
Tools: Custom DNA-binding domains 
for transcription factors and nucleases” 
Nucleic Acids Res 2006, 34, W516.

[63]	 R. R. Beerli, D. J. Segal, B. Dreier, C. F. 
Barbas, “Toward controlling gene ex-
pression at will: Specific regulation of the 
erbB-2/HER-2 promoter by using poly-
dactyl zinc finger proteins constructed 
from modular building blocks” Proc Natl 
Acad Sci U S A 1998, 95, 14628–14633.

[64]	 W. Nomura, C. F. Barbas, “In vivo 
site-specific DNA methylation with a 
designed sequence-enabled DNA meth-
ylase” J Am Chem Soc 2007, 129, 8676–
8677.

[65]	 X. Li, Z. Wang, J. Huang, H. Luo, S. Zhu, 
H. Yi, L. Zheng, B. Hu, L. Yu, L. Li, J. Xie, 
N. Zhu, “Specific zinc finger-induced 
methylation of PD-L1 promoter inhibits 
its expression” FEBS Open Bio 2019, 9, 
1063–1070.

[66]	 A. G. Rivenbark, S. Stolzenburg, A. S. Bel-
tran, X. Yuan, M. G. Rots, B. D. Strahl, P. 
Blancafort, “Epigenetic reprogramming 
of cancer cells via targeted DNA methyl-
ation” Epigenetics 2012, 7, 350–360.

[67]	 T. Gaj, J. Guo, Y. Kato, S. J. Sirk, C. F. Bar-
bas, “Targeted gene knockout by direct 
delivery of zinc-finger nuclease proteins” 
Nat Methods 2012, 9, 805–807.

[68]	 S. Katayama, M. Watanabe, Y. Kato, W. 
Nomura, T. Yamamoto, “Engineering of 
Zinc Finger Nucleases Through Struc-
tural Modeling Improves Genome Edit-
ing Efficiency in Cells” Advanced Science 
2024, 11, DOI 10.1002/advs.202310255.

[69]	 L. Mukhametzyanova, L. T. Schmitt, J. 
Torres-Rivera, T. Rojo-Romanos, F. Lan-
sing, M. Paszkowski-Rogacz, H. Hollak, 
M. Brux, M. Augsburg, P. M. Schneider, 
F. Buchholz, “Activation of recombinases 
at specific DNA loci by zinc-finger do-
main insertions” Nature Biotechnology 
2024 42:12 2024, 42, 1844–1854.

[70]	 Z. Deng, D. R. Richardson, “The Myc 
Family and the Metastasis Suppressor 
NDRG1: Targeting Key Molecular In-
teractions with Innovative Therapeutics” 
Pharmacol Rev 2023, 75, 1007–1035.

[71]	 S. K. Madden, A. D. de Araujo, M. Ger-
hardt, D. P. Fairlie, J. M. Mason, “Taking 
the Myc out of cancer: toward therapeu-
tic strategies to directly inhibit c-Myc” 
Molecular Cancer 2021 20:1 2021, 20, 
1–18.

[72]	 H. M. Hylton-McComas, A. Cordes, K. 
V. Floros, A. Faber, B. J. Drapkin, W. O. 
Miles, “Myc family proteins: Molecular 
drivers of tumorigenesis and resistance 
in neuroendocrine tumors” Biochimica 
et Biophysica Acta (BBA) - Reviews on 
Cancer 2025, 1880, 189332.

[73]	 C. V. Dang, K. A. O’Donnell, K. I. Zeller, 
T. Nguyen, R. C. Osthus, F. Li, “The 
c-Myc target gene network” Semin Can-
cer Biol 2006, 16, 253–264.

[74]	 M. D. Cole, “The myc oncogene: its role 
in transformation and differentiation.” 
Annu Rev Genet 1986, 20, 361–84.

 [75]	 B. Vennstrom,’, D. Sheiness, J. Zabielski, 
A. J. M. Bishop2, “Isolation and charac-
terization of c-myc, a cellular homolog 
of the oncogene (v-myc) of avian myelo-
cytomatosis virus strain 29” J Virol 1982, 
42, 773–779.

[76]	 S. Schütz, C. Bergsdorf, S. Hän-
ni-Holzinger, A. Lingel, M. Renatus, 
A. D. Gossert, W. Jahnke, “Intrinsically 
Disordered Regions in the Transcription 
Factor MYC:MAX Modulate DNA Bind-
ing via Intramolecular Interactions” Bio-
chemistry 2024, 63, 511.

[77]	 C. Murre, “Helix–loop–helix proteins 
and the advent of cellular diversity: 30 
years of discovery” Genes Dev 2019, 33, 
6–25.

[78]	 Y. Zhou, X. Gao, M. Yuan, B. Yang, Q. He, 
J. Cao, “Targeting Myc Interacting Pro-
teins as a Winding Path in Cancer Thera-
py” Front Pharmacol 2021, 12, 748852.



28

Drop the Myc

1

[79]	 R. K. Jha, F. Kouzine, D. Levens, “MYC 
function and regulation in physiological 
perspective” Front Cell Dev Biol 2023, 11, 
1268275.

[80]	 J. E. Delmore, G. C. Issa, M. E. Lemieux, 
P. B. Rahl, J. Shi, H. M. Jacobs, E. Kastri-
tis, T. Gilpatrick, R. M. Paranal, J. Qi, M. 
Chesi, A. C. Schinzel, M. R. McKeown, 
T. P. Heffernan, C. R. Vakoc, P. L. Bergsa-
gel, I. M. Ghobrial, P. G. Richardson, R. 
A. Young, W. C. Hahn, K. C. Anderson, 
A. L. Kung, J. E. Bradner, C. S. Mitsia-
des, “BET Bromodomain Inhibition as a 
Therapeutic Strategy to Target c-Myc” 
Cell 2011, 146, 904–917.

[81]	 X. X. Sun, Y. Li, R. C. Sears, M. S. Dai, 
“Targeting the MYC Ubiquitination-Pro-
teasome Degradation Pathway for Can-
cer Therapy” Front Oncol 2021, 11, 
679445.

[82]	 N. Meyer, L. Z. Penn, “Reflecting on 25 
years with MYC” Nature Reviews Cancer 
2008 8:12 2008, 8, 976–990.

[83]	 L. Zhang, J. Li, H. Xu, X. Shao, L. Fu, Y. 
Hou, C. Hao, W. Li, K. Joshi, W. Wei, Y. 
Xu, F. Zhang, S. Dai, P. Breslin, J. Zhang, 
J. Zhang, “Myc-Miz1 signaling promotes 
self-renewal of leukemia stem cells by re-
pressing Cebpα and Cebpδ” Blood 2020, 
135, 1133–1145.

[84]	 T. Möröy, I. Saba, C. Kosan, “The role of 
the transcription factor Miz-1 in lym-
phocyte development and lymphoma-
genesis-Binding Myc makes the differ-
ence” Semin Immunol 2011, 23, 379–387.

[85]	 N. Varlakhanova, R. Cotterman, K. Brad-
nam, I. Korf, P. S. Knoepfler, “Myc and 
Miz-1 have coordinate genomic func-
tions including targeting Hox genes in 
human embryonic stem cells” Epigenetics 
Chromatin 2011, 4, 1–14.

[86]	 L. A. Jung, A. Gebhardt, W. Koelmel, C. 
P. Ade, S. Walz, J. Kuper, B. Von Eyss, S. 
Letschert, C. Redel, L. D’Artista, A. Bi-
ankin, L. Zender, M. Sauer, E. Wolf, G. 
Evan, C. Kisker, M. Eilers, “OmoMYC 
blunts promoter invasion by oncogenic 
MYC to inhibit gene expression charac-
teristic of MYC-dependent tumors” On-
cogene 2017 36:14 2016, 36, 1911–1924.

[87]	 F. Lorenzin, U. Benary, A. Baluapuri, S. 
Walz, L. A. Jung, B. von Eyss, C. Kisker, J. 
Wolf, M. Eilers, E. Wolf, “Different pro-
moter affinities account for specificity in 
MYC-dependent gene regulation” Elife 
2016, 5, DOI 10.7554/ELIFE.15161.

[88]	 A. Sorolla, E. Wang, E. Golden, C. Duffy, 
S. T. Henriques, A. D. Redfern, P. Blan-
cafort, “Precision medicine by designer 
interference peptides: applications in 
oncology and molecular therapeutics” 
Oncogene 2020, 39, 1167–1184.

[89]	 P. E. Dawson, T. W. Muir, I. Clark-Lewis, 
S. B. H. Kent, “Synthesis of Proteins by 
Native Chemical Ligation” Science (1979) 
1994, 266, 776–779.

[90]	 O. Harel, M. Jbara, “Chemical Synthe-
sis of Bioactive Proteins” Angewand-
te Chemie 2023, 135, DOI 10.1002/
ange.202217716.

[91]	 R. V. Nithun, Y. M. Yao, O. Harel, S. 
Habiballah, A. Afek, M. Jbara, “Site-Spe-
cific Acetylation of the Transcription 
Factor Protein Max Modulates Its DNA 
Binding Activity” ACS Cent Sci 2024, 
2024, 1295–1303.

[92]	 D. R. Calabrese, X. Chen, E. C. Leon, S. 
M. Gaikwad, Z. Phyo, W. M. Hewitt, S. 
Alden, T. A. Hilimire, F. He, A. M. Mi-
chalowski, J. K. Simmons, L. B. Saunders, 
S. Zhang, D. Connors, K. J. Walters, B. A. 
Mock, J. S. Schneekloth, “Chemical and 
structural studies provide a mechanistic 
basis for recognition of the MYC G-qua-
druplex” Nature Communications 2018 
9:1 2018, 9, 1–15.

[93]	 X. Geng, Y. Zhang, S. Li, L. Liu, R. Yao, 
L. Liu, J. Gao, “Design, synthesis, and 
biological evaluation of novel benzimid-
azolyl isoxazole derivatives as potential 
c-Myc G4 stabilizers to suppress c-Myc 
transcription and myeloma growth” J 
Mol Struct 2023, 1275, DOI 10.1016/j.
molstruc.2022.134673.

[94]	 K. M. Felsenstein, L. B. Saunders, J. K. 
Simmons, E. Leon, D. R. Calabrese, S. 
Zhang, A. Michalowski, P. Gareiss, B. A. 
Mock, J. S. Schneekloth, “Small Molecule 
Microarrays Enable the Identification of 
a Selective, Quadruplex-Binding Inhibi-
tor of MYC Expression” ACS Chem Biol 
2016, 11, 138–148.

[95]	 P. Sharma, K. Paul, “Selective Recog-
nition of Oncogene Promoter C-Myc 
G-Quadruplex: Design, Synthesis, and 
In Vitro Evaluation of Naphthalimide 
and Imidazo[1,2-a]pyrazines for Their 
Anticancer Activity” ACS Appl Bio Mater 
2025, 8, 1377–1396.

[96]	 H. Xu, M. Di Antonio, S. McKinney, V. 
Mathew, B. Ho, N. J. O’Neil, N. Dos San-
tos, J. Silvester, V. Wei, J. Garcia, F. Ka-



29

Chapter 1

1

beer, D. Lai, P. Soriano, J. Banáth, D. S. 
Chiu, D. Yap, D. D. Le, F. B. Ye, A. Zhang, 
K. Thu, J. Soong, S. C. Lin, A. H. C. Tsai, 
T. Osako, T. Algara, D. N. Saunders, J. 
Wong, J. Xian, M. B. Bally, J. D. Brenton, 
G. W. Brown, S. P. Shah, D. Cescon, T. W. 
Mak, C. Caldas, P. C. Stirling, P. Hieter, S. 
Balasubramanian, S. Aparicio, “CX-5461 
is a DNA G-quadruplex stabilizer with 
selective lethality in BRCA1/2 deficient 
tumours” Nat Commun 2017, 8, 1–18.

[97]	 G. C. C. Koh, S. Boushaki, S. J. Zhao, 
A. M. Pregnall, F. Sadiyah, C. Badja, Y. 
Memari, I. Georgakopoulos-Soares, S. 
Nik-Zainal, “The chemotherapeutic drug 
CX-5461 is a potent mutagen in cultured 
human cells” Nature Genetics 2023 56:1 
2023, 56, 23–26.

[98]	 A. Minard, D. Morgan, F. Raguseo, A. Di 
Porzio, D. Liano, A. G. Jamieson, M. Di 
Antonio, “A short peptide that preferen-
tially binds c-MYC G-quadruplex DNA” 
Chemical Communications 2020, 56, 
8940–8943.

[99]	 D. Dutta, M. Debnath, D. Müller, R. Paul, 
T. Das, I. Bessi, H. Schwalbe, J. Dash, 
“Cell penetrating thiazole peptides in-
hibit c-MYC expression via site-specific 
targeting of c-MYC G-quadruplex” Nu-
cleic Acids Res 2018, 46, 5355–5365.

[100]	 Y. Li, X. Li, J. Pu, Q. Yang, H. Guan, M. Ji, 
B. Shi, M. Chen, P. Hou, “C-Myc Is a Ma-
jor Determinant for Antitumor Activity 
of Aurora A Kinase Inhibitor MLN8237 
in Thyroid Cancer” Thyroid 2018, 28, 
1642–1654.

[101]	 S. R. Boyd, S. Chamakuri, A. J. Trostle, H. 
Chen, Z. Liu, A. Jian, J. Wang, A. Malo-
vannaya, D. W. Young, “MYC-Targeting 
PROTACs Lead to Bimodal Degradation 
and N-Terminal Truncation.” ACS Chem 
Biol 2025, 20, 896–906.

[102]	 S. Jia, H. Qi, Z. Shang, X. Hua, A. Liang, 
Y. Tian, D. Wu, Y. Jiang, X. Liu, C. Mao, 
“A novel designed fully peptide-based 
PROTAC, FPP29, demonstrates its po-
tent cytotoxic effects to liver cancer 
HCCLM3 cells by targeting FOXM1” 
Bioorg Chem 2025, 163, DOI 10.1016/j.
bioorg.2025.108626.

[103]	 M. Cornu, T. Lemaitre, C. Kieffer, 
A. S. Voisin-Chiret, 2025, Elsevier 
Ltd preprint, DOI: 10.1016/j.dru-
dis.2025.104376.

[104]	 X. Li, Z. Zhang, F. Gao, Y. Ma, D. Wei, Z. 
Lu, S. Chen, M. Wang, Y. Wang, K. Xu, R. 

Wang, F. Xu, J. Y. Chen, C. Zhu, Z. Li, H. 
Yu, X. Guan, “c-Myc-Targeting PROTAC 
Based on a TNA-DNA Bivalent Binder 
for Combination Therapy of Triple-Ne-
gative Breast Cancer” J Am Chem Soc 
2023, 145, 9334–9342.

[105]	 L. Boike, A. G. Cioffi, F. C. Majewski, J. 
Co, N. J. Henning, M. D. Jones, G. Liu, J. 
M. McKenna, J. A. Tallarico, M. Schirle, 
D. K. Nomura, “Discovery of a Function-
al Covalent Ligand Targeting an Intrinsi-
cally Disordered Cysteine within MYC.” 
Cell Chem Biol 2021, 28, 4-13.e17.

[106]	 H. Han, A. D. Jain, M. I. Truica, J. Iz-
quierdo-Ferrer, J. F. Anker, B. Lysy, 
V. Sagar, Y. Luan, Z. R. Chalmers, K. 
Unno, H. Mok, R. Vatapalli, Y. A. Yoo, 
Y. Rodriguez, I. Kandela, J. B. Parker, D. 
Chakravarti, R. K. Mishra, G. E. Schiltz, 
S. A. Abdulkadir, “Small-Molecule MYC 
Inhibitors Suppress Tumor Growth and 
Enhance Immunotherapy.” Cancer Cell 
2019, 36, 483-497.e15.

[107]	 N. B. Struntz, A. Chen, A. Deutzmann, 
R. M. Wilson, E. Stefan, H. L. Evans, M. 
A. Ramirez, T. Liang, F. Caballero, M. H. 
E. Wildschut, D. V Neel, D. B. Freeman, 
M. S. Pop, M. McConkey, S. Muller, B. H. 
Curtin, H. Tseng, K. R. Frombach, V. L. 
Butty, S. S. Levine, C. Feau, S. Elmiligy, 
J. A. Hong, T. A. Lewis, A. Vetere, P. A. 
Clemons, S. E. Malstrom, B. L. Ebert, C. 
Y. Lin, D. W. Felsher, A. N. Koehler, “Sta-
bilization of the Max Homodimer with a 
Small Molecule Attenuates Myc-Driven 
Transcription.” Cell Chem Biol 2019, 26, 
711-723.e14.

[108]	 M. J. Huang, Y. chih Cheng, C. R. Liu, S. 
Lin, H. E. Liu, “A small-molecule c-Myc 
inhibitor, 10058-F4, induces cell-cycle 
arrest, apoptosis, and myeloid differenti-
ation of human acute myeloid leukemia” 
Exp Hematol 2006, 34, 1480–1489.

[109]	 X. Yin, C. Giap, J. S. Lazo, E. V. Pro-
chownik, “Low molecular weight inhib-
itors of Myc-Max interaction and func-
tion” Oncogene 2003, 22, 6151–6159.

[110]	 J. Xu, G. Chen, A. T. De Jong, S. H. Shah-
ravan, J. A. Shin, “Max-E47, a designed 
minimalist protein that targets the E-box 
DNA site in vivo and in vitro” J Am Chem 
Soc 2009, 131, 7839–7848.

[111]	 L. C. Lustig, D. Dingar, W. B. Tu, C. Lou-
renco, M. Kalkat, I. Inamoto, R. Ponziel-
li, W. C. W. Chan, J. A. Shin, L. Z. Penn, 
“Inhibiting MYC binding to the E-box 
DNA motif by ME47 decreases tumour 



30

Drop the Myc

1

xenograft growth” Oncogene 2017 36:49 
2017, 36, 6830–6837.

[112]	 M. J. Demma, M. J. Hohn, A. Sun, C. Ma-
pelli, B. Hall, A. Walji, J. O’Neil, “Inhibi-
tion of Myc transcriptional activity by a 
mini-protein based upon Mxd1” FEBS 
Lett 2020, 594, 1467–1476.

[113]	 O. Harel, ∥ Ferran Nadal-Bufi, R. V 
Nithun, Y. M. Yao, A. Afek, M. Ven-
drell, M. Jbara, “Chemical Engineering 
of Transcription Factors Uncovered 
Cell-Permeable μMax Modulators” J 
Am Chem Soc 2025, 15, DOI 10.1021/
JACS.5C13964.

[114]	 L. J. Draeger, G. P. Mullen, “Interaction 
of the bHLH-zip domain of c-Myc with 
H1-type peptides. Characterization of 
helicity in the H1 peptides by NMR.” J 
Biol Chem 1994, 269, 1785–93.

[115]	 D. Verzele, A. Madder, “Synthetic Prog-
ress in cMyc-Max Oncoprotein Min-
iaturization: Semi-Online Monitoring 
Gives Solid-Phase Access to Hydropho-
bic b(-HLH-)ZIP Peptidosteroid Twee-
zers” European J Org Chem 2013, 2013, 
673–687.

[116]	 Y. Ruiz García, Y. V. Pabon-Martinez, C. 
I. E. Smith, A. Madder, “Specific dsD-
NA recognition by a mimic of the DNA 
binding domain of the c-Myc/Max tran-
scription factor” Chemical Communica-
tions 2017, 53, 6653–6656.

[117]	 L. E. Canne, A. R. Ferre- D’Amare, S. 
K. Burley, S. B. H. Kent, “Total Chemi-
cal Synthesis of a Unique Transcription 
Factor-Related Protein: cMyc-Max” J Am 
Chem Soc 1995, 117, 2998–3007.

[118]	 D. Krylov, K. Kasai, D. R. Echlin, E. J. 
Taparowsky, H. Arnheiter, C. Vinson, “A 
general method to design dominant neg-
atives to B-HLHZip proteins that abolish 
DNA binding” Proc Natl Acad Sci U S A 
1997, 94, 12274–12279.

[119]	 L. Soucek, M. Helmer-Citterich, A. Sac-
co, R. Jucker, G. Cesareni, S. Nasi, “De-
sign and properties of a Myc derivative 
that efficiently homodimerizes.” Onco-
gene 1998, 17, 2463–72.

[120]	 M. Savino, D. Annibali, N. Carucci, 
E. Favuzzi, M. D. Cole, G. I. Evan, L. 
Soucek, S. Nasi, “The Action Mechanism 
of the Myc Inhibitor Termed Omomyc 
May Give Clues on How to Target Myc 
for Cancer Therapy” PLoS One 2011, 6, 
e22284.

[121]	 Z. Z. Brown, C. Mapelli, I. Farasat, A. 
V Shoultz, S. A. Johnson, F. Orvieto, A. 
Santoprete, E. Bianchi, A. B. McCracken, 
K. Chen, X. Zhu, M. J. Demma, B. M. 
Lacey, K. A. Canada, R. M. Garbaccio, 
J. O’Neil, A. Walji, “Multiple Synthetic 
Routes to the Mini-Protein Omomyc and 
Coiled-Coil Domain Truncations.” J Org 
Chem 2020, 85, 1466–1475.

[122]	 L. Soucek, J. Whitfield, C. P. Martins, A. 
J. Finch, D. J. Murphy, N. M. Sodir, A. 
N. Karnezis, L. B. Swigart, S. Nasi, G. I. 
Evan, “Modelling Myc inhibition as a 
cancer therapy” Nature 2008, 455, 679–
683.

[123]	 M. E. Beaulieu, T. Jauset, D. Massó-Vallés, 
S. Martínez-Martín, P. Rahl, L. Maltais, 
M. F. Zacarias-Fluck, S. Casacuber-
ta-Serra, E. S. Del Pozo, C. Fiore, L. Fora-
dada, V. C. Cano, M. Sánchez-Hervás, 
M. Guenther, E. R. Sanz, M. Oteo, C. 
Tremblay, G. Martín, D. Letourneau, M. 
Montagne, M. Á. M. Alonso, J. R. Whit-
field, P. Lavigne, L. Soucek, “Intrinsic 
cell-penetrating activity propels omomyc 
from proof of concept to viable anti-myc 
therapy” Sci Transl Med 2019, 11, DOI 
10.1126/scitranslmed.aar5012.

[124]	 E. Wang, A. Sorolla, P. T. Cunningham, 
H. M. Bogdawa, S. Beck, E. Golden, R. E. 
Dewhurst, L. Florez, M. N. Cruickshank, 
K. Hoffmann, R. M. Hopkins, J. Kim, A. 
J. Woo, P. M. Watt, P. Blancafort, “Tumor 
penetrating peptides inhibiting MYC as 
a potent targeted therapeutic strategy for 
triple-negative breast cancers” Oncogene 
2018, 38, 140–150.

[125]	 E. Garralda, M. E. Beaulieu, V. Moreno, S. 
Casacuberta-Serra, S. Martínez-Martín, 
L. Foradada, G. Alonso, D. Massó-Vallés, 
S. López-Estévez, T. Jauset, E. Corral de 
la Fuente, B. Doger, T. Hernández, R. Pe-
rez-Lopez, O. Arqués, V. Castillo Cano, 
J. Morales, J. R. Whitfield, M. Niewel, 
L. Soucek, E. Calvo, “MYC targeting by 
OMO-103 in solid tumors: a phase 1 tri-
al” Nat Med 2024, 30, 762–771.

[126]	 J. L. Watson, D. Juergens, N. R. Bennett, 
B. L. Trippe, J. Yim, H. E. Eisenach, W. 
Ahern, A. J. Borst, R. J. Ragotte, L. F. 
Milles, B. I. M. Wicky, N. Hanikel, S. J. 
Pellock, A. Courbet, W. Sheffler, J. Wang, 
P. Venkatesh, I. Sappington, S. V. Torres, 
A. Lauko, V. De Bortoli, E. Mathieu, S. 
Ovchinnikov, R. Barzilay, T. S. Jaakkola, 
F. DiMaio, M. Baek, D. Baker, “De novo 
design of protein structure and function 
with RFdiffusion” Nature 2023 620:7976 



31

Chapter 1

1

2023, 620, 1089–1100.

[127]	 J. Jumper, R. Evans, A. Pritzel, T. Green, 
M. Figurnov, O. Ronneberger, K. Tunya-
suvunakool, R. Bates, A. Žídek, A. 
Potapenko, A. Bridgland, C. Meyer, S. 
A. A. Kohl, A. J. Ballard, A. Cowie, B. 
Romera-Paredes, S. Nikolov, R. Jain, J. 
Adler, T. Back, S. Petersen, D. Reiman, 
E. Clancy, M. Zielinski, M. Steinegger, 
M. Pacholska, T. Berghammer, S. Boden-
stein, D. Silver, O. Vinyals, A. W. Senior, 
K. Kavukcuoglu, P. Kohli, D. Hassabis, 
“Highly accurate protein structure pre-
diction with AlphaFold.” Nature 2021, 
596, 583–589.

[128]	 K. Wu, H. Jiang, D. R. Hicks, C. Liu, E. 
Muratspahić, T. A. Ramelot, Y. Liu, K. 
McNally, S. Kenny, A. Mihut, A. Gaur, 
B. Coventry, W. Chen, A. K. Bera, A. 
Kang, S. Gerben, M. Y.-L. Lamb, A. 
Murray, X. Li, M. A. Kennedy, W. Yang, 
Z. Song, G. Schober, S. M. Brierley, 
J. O’Neill, M. H. Gelb, G. T. Monteli-
one, E. Derivery, D. Baker, 2024, DOI: 
10.1101/2024.07.15.603480.

[129]	 K. Tunyasuvunakool, J. Adler, Z. Wu, 
T. Green, M. Zielinski, A. Žídek, A. 
Bridgland, A. Cowie, C. Meyer, A. Lay-
don, S. Velankar, G. J. Kleywegt, A. 
Bateman, R. Evans, A. Pritzel, M. Fig-
urnov, O. Ronneberger, R. Bates, S. A. 
A. Kohl, A. Potapenko, A. J. Ballard, B. 
Romera-Paredes, S. Nikolov, R. Jain, E. 
Clancy, D. Reiman, S. Petersen, A. W. Se-
nior, K. Kavukcuoglu, E. Birney, P. Kohli, 
J. Jumper, D. Hassabis, “Highly accurate 
protein structure prediction for the hu-
man proteome” Nature 2021 596:7873 
2021, 596, 590–596.

[130]	 H. Bret, J. Gao, D. J. Zea, J. Andreani, R. 
Guerois, “From interaction networks to 
interfaces, scanning intrinsically disor-
dered regions using AlphaFold2.” Nat 
Commun 2024, 15, 597.

[131]	 P. Bryant, G. Pozzati, A. Elofsson, “Im-
proved prediction of protein-protein 
interactions using AlphaFold2” Nature 
Communications 2022 13:1 2022, 13, 
1–11.

 




