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Abstract 
G-Quadruplex (G4) structures are secondary nucleic acid structures located in 
guanine-rich regions of DNA and RNA sequences, involved in gene regulation 
and cellular maintenance. Efforts to target G4s in a therapeutic setting are 
scarce, mainly due to vague details about the binding interactions between the 
ligands and the G4 structure combined with the lack of emphasis on drug-like 
properties early in the ligand development process. Furthermore, the ability to 
target specific G4 structures with small drug-like molecules remains a big 
challenge to overcome in the field. In this thesis, extensive organic synthesis 
developments coupled with computational-aided design and orthogonal in 
vitro assays has been used in tandem to reveal in-depth knowledge about 
ligand-to-G4 interactions. First, a macrocyclic approach was applied to design 
and discover novel G4 ligands which showed that macrocycles offer a solid 
foundation for ligand design. Next, computational tools to optimise the 
macrocyclic molecular conformation were used based on the macrocycles' 
abilities to stack on the G4 surface. In addition, macrocyclic, and non-
macrocyclic ligands that bound G4 with high potency were shown to correlate 
with electron-deficient electrostatic potential (ESP) maps. The frequent 
inclusion of cationic residues in G4 ligands and their enhancement on ligand-to-
G4 binding was, thereof, ascribed to their impact on the electrostatic character 
of the ligands' arene-arene interactions with the G4 surface, and not through 
direct electrostatic ionic interactions. In addition, the dispersion energetic 
component in the arene-arene interactions between the G4 ligand and the G4 
was discovered to be paramount for ligand-to-G4 binding. The implementation 
of these descriptors in practice resulted in the discovery of potent G4 binders 
with adequate pharmacokinetic (PK) properties, accentuating the significance of 
understanding the molecular interactions between ligands and G4s in rational 
ligand design. Finally, a G4 ligand conjugated to an oligonucleotide was 
demonstrated as a modular approach to achieve selective binding of a ligand to 
a specific G4 structure.  
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Sammanfattning på Svenska 
Guanin-rika regioner av DNA- och RNA-sekvenser har förmågan att bilda 
sekundära strukturer som kallas ”G-Quadruplexes”, även kallade G4. Dessa 
substrukturer har etablerats som viktiga element vid genreglering och andra 
viktiga cellulära processer. Försök att utveckla små molekyler som interagerar 
med G4 för terapeutiska ändamål har i dagsläget inte resulterat i några 
läkemedel trots deras viktiga roll vid bland annat utveckling av cancer. 
Begränsningar i både kunskaperna gällande de exakta interaktionerna mellan 
molekyl och G4, samt bristen av fokus på läkemedelsliknande egenskaper tidigt 
i utvecklingsprocessen av nya molekyler är troligtvis bidragande till att sådana 
projekt stannar i ett tidigt stadie. En annan viktig faktor som troligtvis är den 
mest bidragande, är utmaningen i att kunna utveckla molekyler som endast 
interagerar med en specifik G4-struktur. Detta anses viktigt eftersom det finns 
hundratusentals positioner i det mänskliga genomet där G4 skulle kunna bildas. 
I denna avhandling har omfattande organisk syntesutveckling i kombination 
med beräknings-baserad design och ortogonala in vitro-analyser använts för att 
i detalj förstå interaktionerna mellan molekyl och G4. Denna information har 
sedan applicerats för design och utveckling av nya molekyler med bättre 
egenskaper. Först prövades en makrocyklisk design-strategi för att utveckla nya 
G4-ligander. Detta visade sig vara en bra grund för molekyl-design som även 
gjorde molekylerna selektiva för att binda till G4-DNA över dubbelsträngat DNA. 
För att ytterligare förbättra makrocyklernas förmåga att interagera med de 
exponerade ytorna på G4-strukturen så undersöktes makrocyklernas 
molekylära konformation med hjälp av beräkningsmetoder. Fördjupade 
beräkningsstudier med både makrocykliska och icke-makrocykliska molekyler 
visade sedan att de molekyler som band G4 med hög affinitet uppvisade 
elektronfattiga egenskaper genom så kallade ESP-kartor. Den frekventa 
användningen av kat-joniska funktionella grupper i G4-ligander och dess positiva 
inverkan på interaktionen mellan molekyl och G4 föreslogs därför vara kopplad 
till deras inverkan på den elektrostatiska karaktären av molekylernas aren-aren-
interaktioner med G4-ytan, och inte genom en direkt jon-jon-interaktion. Utöver 
detta visade studierna att dispersions-komponenten i arena-aren-
interaktionerna mellan molekyl och G4 är avgörande för en stark bindning. 
Tillämpningen av dessa molekylära egenskaper i praktiken resulterade i 
upptäckten av potenta G4-ligander med läkemedelsliknande egenskaper, vilket 
betonar vikten av att förstå de molekylära interaktionerna mellan molekyler och 
G4. Slutligen utvecklades en ny strategi, baserat på en G4-ligand konjugerad till 
en oligonukleotid, som visade stark potential för att uppnå selektiv bindning till 
specifika G4-strukturer.
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1. G-Quadruplex DNA 
The ability of guanine nucleotides to form aggregates in an aqueous solution 
was noted as early as 1910.1 It was later disclosed that such aggregates were 
composed of arranged self-stacking guanine nucleobases.2,3 The ordered form 
of these aggregates in guanine-rich sequences of DNA and RNA have since 
become well-known as G-quadruplex structures (G4s).4 The G4s are assembled 
through the stacking of the G-quartets (plane-assemblies of four guanines), 
which in turn form a framework of internal Hoogsteen hydrogen bonds (Figure 
1A and 1B). The structures are stabilised by the stacking (arene-arene) 
interactions between each G-quartet and cation coordination through the 
carbonyl oxygen of each guanine, preferably to K+.5, 6 An illustration of the G-
quartet and a crystal structure of the c-MYC G4 DNA (Pu22), along with a view 
of how the guanines on the G4 surface presents the accessible area for 
interactions with molecules,  are shown in Figure 1A-C. G4 structures typically 
show rapid folding kinetics,7 (dependent on ion concentration) and have 
thermal stabilities that can match or be even higher than the double-stranded 
DNA helix.8  

 
Figure 1. A) Illustration and structure of a single G-quartet. B) Crystal structure of G4 DNA Pu22 (5W77) shown 
from the top (left) and the side (right) edited in the Chimera software. C) Illustration of how the G4 surface 
with its available guanines offer a binding surface where molecules can stack and bind. D) Illustration of how 
intramolecular G4 structures with either a parallel, antiparallel, or hybrid topology can be viewed.  

The G4 structures are distinct and can adopt different secondary arrangements, 
commonly referred to as different topologies. The type of topology is assigned 
according to if the strands connecting the guanines are aligned parallel, 
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antiparallel, or hybrid (Figure 1D). Furthermore, the G4 structure can also be 
inter- or intramolecular with respect to the strands of guanines. What 
determines the topology of a G4 structure has been attributed to the 
composition of the other nucleotides in the strand, the length of the loops 
between the guanines, and the cation composition.5,9–11 The area of G4 
topologies is a small science of its own10,11 and will not be covered in much more 
depth. However, for the context of this thesis, it is important to note that the 
type of topology can affect the steric accessibility of the G4 surface, e.g. if the 
connecting loops cross the diagonal of the G4 surface. The formation of G4 
structures requires single-stranded nucleic acid sequences. Consequently, any 
local event that disrupts the Watson-Crick base-pairing, and subsequently the 
DNA helix, can favour G4 folding. Hence, G4 formation is likely to occur naturally 
during events which result in the formation of single-stranded nucleic acid 
sequences: During negative supercoiling, DNA damage repair, transcription, or 
DNA replication.12,13  

1.1 G4s and Biology 
Guanine-rich (G-rich) nucleotide regions capable of forming G4 structures are 
evolutionary conserved.14,15 Such G-rich sequences with the possibility to fold 
into G4s in the human genome have been estimated to be several hundreds  of 
thousands through computational algorithms and whole-genome 
sequencing.16,17 The in vivo formation of G4 structures has been reinforced by 
experimental data and the existence of proteins, such as helicases, that can 
facilitate their folding or unfolding.4,12,18,19 G4s are not arbitrarily distributed but 
abundant in transcriptional regulator sequences, highlighting their roles in gene 
expression regulation, notably in proto-oncogenic sequences.16,20–25 In addition, 
G4 forming sequences are localised in the DNA of the mitochondrial genome,26 
evocative of their involvements in managing mitochondrial DNA replication and 
transcription.27 Furthermore, G4 involvements in the regulation of mRNA 
translation has also been explored.21,22,28 Recently, it was also shown how G4s 
are enriched at active and poised enhancer regions (distal factors that control 
the regulation of gene expressions that are essential for development), 
underscoring their roles in more complex transcriptional mechanisms.29 

The single-stranded overhangs of telomeric DNA contain G-rich sequences, 
which have been shown to fold into G4s in vivo.30 Telomeric G4s have been 
ascribed to be involved in the telomeric maintenance machinery through 
telomere end-capping and telomerase engagement (nucleotide extension of the 
telomeric ends).22,31 In addition, G4s are proposed to play a role in the regulation 
of the origin of replication by binding protein factors which initiates DNA 
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replication.32,33 G4s in the context of neurodegenerative disorders like 
Alzheimer’s and Amyotrophic Lateral Sclerosis (ALS) have been identified. The 
role of G4 structures in the disease development process have been attributed 
to their effects on the dysregulation of DNA transcriptional and RNA 
translational events.34,35 Finally, G4s has also been connected to important steps 
in the life cycle of several viruses. 36 

Taken together, it becomes apparent that G4s are involved in central biological 
processes and manipulation of their presence and stability can have direct effect 
on central biological processes and human disease development.37,38 

1.1.1 c-MYC 
A well-known proto-oncogene where a G4 structure is a part of the intricate 
gene regulatory mechanism is the c-MYC.13,39 The c-MYC gene is associated with 
cell proliferation and is dysregulated in 70% of all known cancers.40 The MYC 
protein is considered hard to drug with small organic molecules due to its 
undefined binding sites and short half-life.41 Hence, it has been proposed that a 
way to inhibit cancer cell growth would be to instead downregulate the c-MYC 
gene expression.40 The c-MYC gene transcription is, in part, regulated by the 
transcriptional regulatory nuclease hypersensitivity element III1 (a location in 
DNA gene sequences that can bind to transcription-regulatory proteins) 
abbreviated NHEIII1, which consist a guanine-rich nucleotide sequence.40 This 
guanine-rich sequence, called Pu27, can form a G4 structure upon the disruption 
of the double-stranded DNA through negative supercoiling during 
transcription.13 Pu27 has been frequently studied in vitro by its mutated 
sequences Pu22 and Pu24T, each representing a single intramolecular parallel 
G4 structure.42–44 When the endogenous c-MYC G4 sequence (Pu27) is folded, 
transcription is repressed and the c-MYC protein expression is reduced.45 
Several studies have shown that ligand-induced stabilisation of the G4 structure 
in this sequence can reduce c-MYC expression and cancer growth.46 Thus, the 
use of ligands to bind and stabilise the G4 structure in the c-MYC promotor 
region offers an attractive approach to treat c-MYC-dependent cancers, which 
avoid the pitfalls of targeting the c-MYC protein directly.38,41,47 

1.1.2 c-KIT and Ras 
The c-KIT gene is another proto-oncogene elevated in cancers, notably in 
gastrointestinal stromal tumours (GIST).48,49 In patients with GIST, clinical 
resistance to conventional treatment with kinase inhibitors is known to occur 
due to mutations in the KIT protein, posing challenges in treating GIST through 
KIT targeting with conventional drug-protein strategies.50 In the native promotor 
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region of the c-KIT gene, there is a guanine-rich sequence with the ability to form 
a G4 structure under physiological conditions.51 This G4 structure is, in vitro, 
represented by the mutated structures cKIT151 and cKIT2.52 Studies indicate that 
ligand binding to the G4 in the c-KIT promotor region could reduce gene 
transcription through G4 stabilisation.47,53  

The Ras (KRas, NRas, HRas) proto-oncogene is the most recurrently 
dysregulated (by mutations) gene in pancreatic cancers.54 The Ras promotor 
sequence has a guanine-rich sequence which, when folded into a G4, silences 
the transcription of the Ras proteins.55–57 Along this line, targeting the G4 in the 
Ras sequence is considered a promising way to complement the current 
strategies for treating Ras-associated cancers, especially pancreatic cancer that 
is associated with a poor patient prognosis.47,54,55 

In addition to these examples, several other relevant proto-oncogenes have 
been disclosed where G4 formation in the gene promotor region correlates with 
a reduction in expression. Such examples are the BCL258 and VEGF59 genes, 
among others.47 

1.2 Therapeutic Potential 
There are substantial connections between G4s and the development of 
cancers. Numerous studies have shown how ligands can bind and stabilise G4 
structures, resulting in a reduction in cancer growth.38,46,47,60,61 In the literature38, 
three main mechanisms have been discussed to account for the antiproliferative 
effects of ligand-induced formation and stabilisation of G4 structures (Figure 2).  

The first: Telomeric G4 stabilisation blocks telomerase activity, whose function 
is crucial for the cancer cells to continuously replicate,62 and this effect has been 
shown in vivo.30 The antiproliferative effect of ligands binding to telomeric G4s 
has also been attributed to the influence of different telomeric maintenance 
factors.63,64  

The second: Regulation of proto-oncogene transcription by ligand-induced 
stabilisation of G4s in gene promotor sequences,25,47 as discussed in the previous 
section.  

The third: G4 stabilisation during for example  replication, can result in genomic 
instability and apoptosis,12,18 and G4 ligands have been shown to induce such 
DNA damage responses.65 
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In addition, there are also several slight variations of the above-mentioned 
mechanisms that account for the activity of G4 ligands.38 

 
Figure 2. Illustration of how different mechanisms of ligand induced formation and stabilisation of G4 
structures in distinct genomic sequences could account for the antiproliferative effects of G4 ligands. This 
illustration was inspired by graphics in the literature.38 It is important to emphasise that this picture only 
represents a visual illustration of the events and not a detailed picture which is accurate for the actual 
biological events. 

Considering the mechanisms of action of G4 ligands (Figure 2), one challenge 
discussed in the field of targeting G4s in a therapeutic setting is to design ligands 
that bind only G4s with high potency, typically through the G4 surface (Figure 
1C), while not binding other DNA or RNA motifs. The second hurdle to overcome, 
perhaps the more challenging, is to target specific G4s in the genome. This is 
considered difficult due to the conserved G4 binding surfaces and overall 
similarities across the G4 genome. The reason why it is desired to get selectivity 
for specific G4s is that targeting multiple G4s will likely have adverse effects 
since several key cellular processes can be affected simultaneously (Figure 2). 
However, pan-oncogene repressor G4 ligands have been suggested as a possible 
therapeutic option for certain types of aggressive cancers.4  

Ways to combat the problems of G4 selectivity have been discussed in terms of 
exploiting the topological diversity of G4s (figure 1D), and ligands designed to 
target such specific differences in various G4s could be a way of gaining 
selectivity.47 However, this still remains as a big challenge in the field.12,38 Still, 
several promising studies show the scientific relevance of targeting 
G4s.4,38,46,47,60,66–70 Notably, G4 interacting compounds 5a and 5b (Figure 3) have 
advanced into clinical trials. Compound 5a70 was, however, withdrawn. 5b68,69 is 
still undergoing clinical testing (see further below). Such studies further 
underscore the significance of the development of novel ligands that target G4s 
in a therapeutic setting.  
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2. G-Quadruplex Ligands 
The extensive efforts within the field to design and develop ligands that bind 
and stabilise G4 structures have resulted in more than 1000 known G4 ligands.71 
Some notable examples (Figure 3) are: BRACO-19 (1),72 MM41 (2),73 RHPS4 (8),74 
and Pyridostatin (6)64 which bind telomeric G4s in vivo, reducing cancer cell 
growth through DNA damage at the telomeres. Another well-known potent G4 
ligand is Phen-DC3 (3),75 and it was recently shown how Phen-DC3 could 
intercalate and stabilise telomeric G4 DNA effectively.76 However, this 
compound suffers from poor PK properties, such as poor cell nucleus 
localisation.77 The macrocyclic natural product Telomestatin78 (4) binds G4 DNA 
and prevents telomerase activity, similarly to the synthesised macrocycle 
TmPyP4 (7).79 Compound CX-3543 (5a)70 is a G4 ligand that entered clinical trials 
for treating endocrine cancers but was withdrawn due to concerns with 
bioavailability, highlighting the need for accenting drug-like properties in novel 
G4 ligand design.47 An analogue of CX-3543 (5a), called CX-5461 (5b),68,69 is 
another known G4 ligand that has reached phase I/II clinical trials for its use in 
treating BRCA1/2 deficient tumours. This compound has been disclosed to 
selectively inhibit RNA polymerase I, in addition, to binding and stabilising G4 
DNA.68 Two other notable examples are compounds 980 and 1067. Compound 9 
has been shown to suppress c-MYC expression and reduce cancer cell growth 
through G4 binding. Compound 10 exhibited good binding and stabilisation to 
G4s and was selective for killing cancer cells over healthy cells. 

 
Figure 3. Summary of selected known G4 ligands, highlighting their structural and chemical similarities. 
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The tell-tale structural features of G4 ligands (Figure 3) are often structurally 
rigid polyaromatic, typically heterocyclic, compounds that can stack on the G4 
surface and engage in arene-arene interactions with the terminal G 
quartets.46,71,81 Moreover, such compounds often contain one or more cationic 
groups, which in the literature are ascribed to engage in strong electrostatic 
interactions with the nucleic acid phosphate backbone. It has also been stated 
that electron-withdrawing groups on the compounds can improve ligand-to-G4 
binding.46,81 However, the developments of compounds that target G4 
structures in therapeutic applications are scant,12,38,60 partially due to the poor 
PK properties often associated with known G4 ligands.47,4  

A thorough understanding of what types of interactions that are essential for 
ligand-to-G4 binding and how to carefully tune and modulate them are lacking 
within the field. The fact that polyaromatic systems can engage in arene-arene 
interactions with the G4-surface, that electron-withdrawing groups can 
contribute to binding, and that cations can engage in electrostatic interactions 
with the phosphate backbone are important pieces of the puzzle, but more in-
depth knowledge of the exact interactions are needed to see the big picture. 
Hence, a better understanding of the ligand-to-G4 interactions is essential to 
spearhead G4 ligands in therapeutic applications. 
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3. Molecular Interactions 
Understanding the molecular interactions governing how and why a molecule 
bind to its target is imperative for every medicinal chemistry project focused on 
developing novel drugs. Non-covalent molecular interactions, and three-
dimensional molecular conformations, govern every biological process. The 
interactions between a small molecule and its target are typically hydrophobic 
dispersion interactions, arene-arene interactions, hydrogen bonding, and 
electrostatic interactions. Complementary, understanding the aspects of 
structural features and the bioactive conformation is as important as 
understanding the drug-target interactions.82 Knowledge about the components 
and conformational preferences that drive interactions in a particular system 
can thus be used to understand why a molecule bind to its target. This 
information can subsequently guide the design of novel and improved 
compounds for the target under study. Hence, both aspects should be carefully 
considered at the vanguard of drug development projects. 

3.1 Macrocycles 
The molecular conformation vs bioactive conformation is a fundamental aspect 
to consider in drug development. Molecules that have several low-energy 
molecular conformations different from the bioactive conformation will have a 
higher entropic penalty upon binding to their target. A strategy to lock the 
compound closer to its bioactive conformation and thereby reduce the entopic 
penalty upon binding is to use macrocycles.83 Macrocycles are cyclic 
compounds, typically 12 atoms or more.84 They are known to exhibit chemical 
and structural properties that allow for molecules that violate Lipinski’s rule of 
five (beyond Rule of Five or bRo5),85 that is, having a mass >500 Da, number of 
rotatable bonds >10, without sacrificing PK properties like solubility and cell 
permeability. Furthermore, macrocycles have been shown to tolerate polar 
surface area (PSA) >140 Å2 which is typically a problem concerning PK properties 
for small organic molecules.86–89 In addition, macrocycles can bind flat and 
featureless binding sites, such as sites for protein-protein interactions, with high 
potency and selectivity.87,90 These attributes thus render a macrocyclic design 
strategy a viable option in the discovery of novel G4 ligands.  



 

 

9 

3.2 Arene-Arene Interactions 
An essential component of ligand-to-G4 binding is the arene-arene interactions 
between the aromatic systems of the ligands and the guanines on the G4 
surface.46,81 Arene-arene interactions, usually abbreviated p-p-stacking, are the 
interactions between two arenes which is central for the binding and 
recognition of organic molecules and biological systems, especially with DNA.91–

94 There are, in principle, two energetic components in arene-arene interactions 
that contribute to the favourable binding event: Dispersion and Electrostatic 
interactions.93,94,94–96 The dispersion (Van Der Waals) energetic component is 
usually ascribed as the major contributor to the favourable binding.94,95 The 
beneficial factor in increasing the dispersion interactions is substituents on the 
arenes. Hence, the dispersion interactions typically become more favourable 
with the increasing number of substituents on the arenes, regardless of their 
electronic character.93,95,96 This fact is attributed to direct dispersion interactions 
between the substituents on one arene with the other arene system. It is worth 
pointing out that the same rationale of direct interactions as for dispersion has 
been ascribed for rationalising cation/anion-arene interactions (direct 
interactions between the ion and the substituents on the arene). Substituents 
can also have negative or no effects on the binding if the substituent, because 
of positioning, cannot interact or has direct repulsive interactions with the other 
arene system.93,96,97 The electrostatic energetic component in arene-arene 
interactions is based on the electrostatic potential, frequently depicted by 
electrostatic potential (ESP) maps, of the interacting arenes. The ESP maps show 
how chemical groups in the molecule, through space, affect the electrostatics of 
the whole molecule, and therefore also the arene.93,96 Electrostatic interactions 
between the arenes can usually be rationalised by comparing their electrostatic 
character, and electronically matched pairs (an electron-deficient arene and an 
electron-rich arene) are known to be beneficial for the binding.92,93,97  

3.3 Ionic Interactions 
The interactions between ions, also called salt bridges, are widely known to 
occur in biological systems between charged groups, for example, aspartic acid 
and arginine. Such interactions can result in strongly cooperative binding events, 
especially when a charged residue is liberated from a hydrophobic 
environment.82,98,99 As outlined earlier, the inclusion of cationic groups in G4 
ligands is a characteristic element that unambiguously contributes to the ligand-
to-G4 binding. In the literature, the improved binding is attributed foremost to 
the electrostatic interactions between the cationic groups and the anionic 
phosphate backbone.46,81 Hence, for this statement to be true, the interactions 
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between the cations and the charged phosphates, both solvated in an aqueous 
environment, must result in a strongly favourable energetic event (Figure 4). On 
the contrary, ionic interactions in aqueous environments generally contribute 
little or nothing to the binding energies due to the high desolvation costs of the 
charged species.82,98,99 The rationale that such interactions would contribute 
considerably to the ligand-to-G4 binding is thus unlikely, and a different 
explanation for this observation is merited.  

Figure 4. Visual illustration of a ligand binding to a G4 and why ion-pairing in solvent exposed areas generally 
do not contribute to the overall binding event due to desolvation penalties of the charged species. 
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4. Compound Evaluations 
In this section, some key methods to evaluate how the compounds discussed in 
the thesis interact with G4 DNA will be listed.  

4.1 Fluorescence Resonance Energy Transfer 
To study how G4 ligands bind and stabilise G4 DNA, fluorescence resonance 
energy transfer (FRET) assays are frequently used.100 In this assay, G4-forming 
oligonucleotide sequences labelled with two fluorophores, one donor (FAM) 
and one acceptor (TAMRA), at each end of the DNA sequence is used. In the G4 
folded state, the two fluorophores are in proximity to each other, and the donor 
emission is quenched by the acceptor upon light excitation (496 nm for FAM). If 
a temperature gradient is applied, the G4 will melt at a specific temperature 
(Tm), which will cause the donor and acceptor to be far apart, enabling donor 
emission without quenching (519 nm for FAM) (Figure 5). In this assay, it is 
important that the acceptor (TAMRA) does not have the same excitation (559 
nm for TAMRA) or emission (583 nm for TAMRA) as the donor. The thermal 
stability of the G4 can then be measured in the absence and presence of 
different G4 ligands to record how each ligand affects the thermal stability of 
the G4 (ΔTm).46,100,101 Thus, if a ligand affects the stability of the G4, the ΔTm will 
be greater in the presence of the ligand than in the G4 alone.  

 
Figure 5. Visual illustration of a FRET melting assay concept. 
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4.2 Microscale Thermophoresis 
Microscale thermophoresis (MST) is a powerful technique to measure the 
binding affinities (Kd) between a compound and G4 DNA. MST measures the 
movement of fluorescently labelled molecules (in this case fluorescently 
labelled DNA) in a microscopic temperature gradient applied by an IR laser 
(Figure 6A and 6B). Once the IR laser is turned on, the labelled molecules will 
move out of the heated area (thermophoresis) until complete migration (or 
simply equilibrium). Once the laser is turned off, the molecules will return to the 
initial distribution (Figure 6B). Unbound and bound labelled targets will move 
differently depending on size, hydration shell, and charge. Therefore, the 
titration of a ligand to the labelled target will allow for quantification of the 
bound target since a difference in thermophoresis will occur dependent on how 
much of the target that is bound at different concentrations of added ligand 
(Figure 6C). Subsequently, a Kd value can be obtained for each ligand by plotting 
the equilibrium fluorescence from the MST curves against ligand concentration 
(Figure 6C). In this thesis, the method requires a G4 sequence labelled with a 
fluorescent dye (typically Cy5) at either end of the sequence. In addition, the 
ligand should not affect the fluorescence of the dye. If the ligand, however, does 
induce a fluorescence quenching upon binding to the G4, this quenching can be 
plotted against concentration to afford the Kd, as an alternative to MST. 

 
Figure 6. A) In the MST assay, capillaries with identical concentrations of a fluorescently labelled DNA are 
prepared and varying amounts of ligand are present in each capillary. The IR laser heats up one capillary at a 
time and measures the thermophoresis of the labelled molecules. B) Illustration of how the thermophoresis 
event in the capillary translates to an MST diagram. C) How different concentrations of bound target molecule 
will result in different degrees of thermophoresis, and consequently different MST curves. The thermophoresis 
equilibrium fluorescence can then be plotted against the ligand concentration to generate a binding curve. 
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4.3 Compound Calculations 
Complementary to the various in vitro experiments used in this thesis, 
computational techniques were applied. Molecular mechanics (MM) 
simulations have been used to compare similarities and differences in the 
compounds’ conformational preferences. In addition, quantum mechanics (QM) 
calculations were used for structural optimisations and the generation of ESP 
maps. All calculations were performed in the Maestro software.102 The MM 
simulations were performed using the OPLS3e103 force field, as implemented in 
macromodel.104 Reported procedures were applied for macrocyclic compound 
conformation sampling.105 Geometry optimisations and ESP maps were 
generated using density functional theory (DFT) calculations with the B3LYP-
D3106–108 basis set as implemented in Jaguar.109 

4.4 NMR Titration Assay 
The tightly bound protons involved in the hydrogen bonding network within 
each G-quartet, also called imino protons, in G4 structures are not exchanged 
with the solvent. Therefore, these protons can be observed by 1H NMR 
recordings as well-defined proton signals, shown by the NMR spectrum of c-MYC 
G4 DNA Pu22 (Figure 7). Each signal corresponds to an imino proton associated 
with a specific guanine in the G4 structure. Thus, titration with a G4 ligand can 
upon binding change the chemical environment where it interacts, and 
consequently, change the imino-proton signals. From this, information 
regarding if and where the compound bind to the G4 can be acquired. 

 
Figure 7. 1H NMR spectrum of c-MYC G4 DNA Pu22 measured at 850 MHz, only showing the region (10-12 
ppm) containing the signals of the imino-protons. Which signal that corresponds to which guanine and in 
which quartet (layer) of the G4 structure is shown to the left. The numbers refer to which number the guanine 
has in the DNA sequence (TGAG3TG3TAG3TG3TA2). 
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5. Aims of the Thesis 
The work summarised in this thesis aimed to a) discover and develop new 
ligands with ability to strongly bind and stabilise G4 DNA structures, b) increase 
the understanding of which interactions that are critical for ligand-to-G4 binding 
and selectivity, and c) decipher how such knowledge can be used in the 
advancement of G4 ligands in therapeutic applications and to further unveil 
their biological functions.  

Specifically, the thesis aims to investigate: 

• If macrocycles can be used as baseline design of novel G4 ligands. 

• The roles of cationic residues in G4 ligands. 

• The interplay of dispersion and electrostatic energetic components in 

the arene-arene interactions between G4 DNA and ligands. 

• If detailed descriptors can be identified that describe interactions 

between G4 ligands and G4s, and if those can aid in the development 

of G4 ligands with strong potency. 

• How the challenge of selectivity for specific G4 structures can be 

overcome. 
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6. Investigations of Macrocycles as 
an element in G4 Ligand Design 
(Paper I) 

6.1 Introduction: G4 Ligand Starting Point 
Studies developed before 2018 in the research group disclosed compounds 11-
13 (Figure 8) as potent G4 binders with a strong impact on G4 stabilisation.110,111 
Compound 11 suffered from a too-rigid framework that extended the aromatic 
systems beyond the G4 surface, prohibiting binding. Hence, the greater 
flexibility generated in 12 by disconnecting the bis-indole C-2 bond afforded a 
superior binder. The scaffold was further optimised by introducing the bis-indole 
C-3 methyl-linkage (13), allowing for satisfactory placement of the ligand atop 
the G4 surface. Despite this, compound 13 still suffered from choice of a linear 
conformation, deviating from its presumed crescent bioactive conformation. 
Promising studies have previously reported on macrocyclic G4 ligands,112–117 
However, the expansion of such studies was still limited, leaving much to explore 
in terms of using macrocycles as a design feature in G4 ligand development.46 
Thus, a macrocyclic design was hypothesised as a promising strategy to improve 
this (13) compound class.83 Furthermore, the macrocyclic design was attractive 
since the G4 ligands must bind to the flat and featureless G4 surface.87,90  

 
Figure 8. Structures of compound developments 11-13 with highlighted structural changes.  

6.2 Results & Discussion 

6.2.1 The Macrocyclic Design 
The novel macrocyclic design was envisioned through a di-amide linkage 
between the quinolines either in the 7- or 6-position as shown in Figure 9. These 
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features would allow us to consider different macrocyclic conformations and 
sizes by varying the linker length. Furthermore, we wanted to investigate the 
impact of an aliphatic amine incorporated in the linker. The two macrocyclic 
analogues are summarised in Figure 9A. The retrosynthetic analysis (Figure 9B) 
first lead to the disconnection of the macrocycle into the di-indole amine and 
the di-quinoline acid. We anticipated that the macrocyclization event could be 
favoured by dilute reaction conditions and that the second intramolecular 
amide cyclisation would be faster than another intermolecular coupling. The di-
indole scaffold was planned using a SNAr condensation and subsequent 
hydrogenation starting from 5-nitroindole.118 The plan for the di-quinoline 
synthesis was based on a di-amide coupling to connect the linker to the 
quinolines, which in turn could be synthesised from appropriate starting 
materials. 

 
Figure 9. A) Summary of the macrocyclic analogues and their various linkers. B) Retrosynthetic analysis of 
the macrocycles. 

6.2.2 Organic Synthesis 
The synthesis of the di-indole part (15) was achieved from 5-nitroindole through 
condensation with formaldehyde in water with 10% sodium dodecyl sulphate 
(SDS) as an emulsifier to afford 14 in 92% yield after purification. Catalytic 
hydrogenation of 14 afforded 15 in 90% overall yields. The bis-quinoline 
synthesis was commenced from either 3- or 4-nitrobenzaldehyde to deliver the 
azide intermediates (18a/18b) in overall yields >80%. Next, an NBS radical-
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mediated cyclisation119 was applied to afford the quinolines 19a/19b. Starting 
azide 18b is symmetric and can, therefore, cyclise to give a single regioisomer. 
Azide 18a, however, can cyclise to give either the 8- or 6-nitro product, 6-nitro 
(18a) being the desired product. Unfortunately, the major product of the 
cyclisation was the 8-nitro. In the reported literature,119 the 6-nitro product was 
reported as the major product. The reason for the observed difference might be 
that the reaction scale in the reported procedure was 0.5 mmol while these 
reactions were carried out on a 5.3 mmol scale. Running the reaction at a 
reported 0.5 mmol (130 mg of starting compound 18a) did not make sense from 
a perspective of time and to get enough material through to the next steps. 
Despite the screening of different radical initiators (AIBN, TBHP, benzoyl 
peroxide), and replacement of NBS with NCS or NIS, the initial conditions gave 
the best results. The Baran lab has made extensive studies of the radical 
additions on heteroarenes120 where p-electron-withdrawing groups strongly 
direct the radical additions on the ortho positions. This could provide some basis 
for the observed regioselectivity. Since those studies were conducted on 
heteroarenes however, the same rules might not be applicable to the system in 
18a. It is worth mentioning that this reaction requires dilute conditions (20 mM) 
to avoid cross-reactions instead of cyclisation. Reduction to the anilines 
(20a/20b) was achieved through catalytic hydrogenation. If the reaction times 
in this step were extended, partial reduction to the dihydroquinolines was 
observed. For 20a, both regioisomers of the nitroquinolines from the previous 
step were reduced to the aniline and then separated on silica. The reason for 
this is that the two regioisomers of 20a (6- and 8-aniline) have dramatically 
different polarities on silica, likely attributed to the internal hydrogen bonding 
between the 8-NH2 and the quinoline nitrogen. Synthesis of the different di-
quinoline acids (22a1-4, 22b1-5) was attempted next, with the amide coupling 
of either aniline (20a/20b) with their respective diacid linkers. The synthesis is 
shown in Scheme 1. 



 

 

18 

 
Scheme 1. Total synthetic strategy for the macrocyclic compounds. 

A few typical amide coupling reagents were investigated: EDC•HCl, PyAOP, and 
HATU. However, T3P121 gave superior results, providing the diester quinolines 
(21a1-4, 21b1-5) in 79-95% yields without the need for column purification. The 
di-acids (22a1-4, 22b1-5) were obtained by aqueous LiOH-mediated ester 
hydrolysis without purification in yields between 91-97%. With the diacids 
(22a1-4, 22b1-5) in hand, we perused the construction of the macrocycles 
(23a1-4, 23b1-5). Analogous to the amide coupling screen for the synthesis of 
compounds 21a1-4/21b1-5, we tried different amide coupling reagents 
(EDC•HCl, PyAOP, HATU, and T3P) at a dilution of 2 mM.122 None, however, 
proved successful, and only trace amounts of macrocycle could be observed, 
whilst polymeric products or unreacted starting materials instead were 
obtained. We then moved on to try TCFH and N-methylimidazole as these 
conditions had been reported to be successful for challenging amide 
couplings.123 These conditions gave cleaner reaction outcomes and full 
consumption of the starting materials. Still, mostly polymers were obtained and 
after extensive optimisation, we ran the reaction at a 2 mM concentration and 
added the di-indole slowly with a syringe pump which afforded the macrocycles 
(23a1-4, 23b1-5) in yields between 20-28%. These yields were deemed sufficient 
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due to the fact the two amide couplings were performed in the same reaction. 
Subsequent methylation with CH3I afforded the final macrocyclic products 
(24a1-4, 24b1-5). Finally, the Boc deprotection of 14a1/14b1 to afford the 
deprotected 25a/25b was conducted. We could, however, not obtain clear NMR 
spectra for these compounds to characterize them completely. We did however 
find the correct mass for both compounds with LC-MS analysis and choose to 
include them in the initial FRET assay anyway. The total synthesis is shown in 
Scheme 1 and the obtained macrocycles are summarised in Figure 10. 

 
Figure 10. Summary of the synthesised macrocycles. 

6.2.3 FRET Melting Assay 
To evaluate the macrocycles’ abilities to bind and stabilise G4 DNA, a FRET 
melting assay was applied (see details in section 4.1). The effect on the G4 
structure Pu22 (c-MYC) showed that all compounds could stabilise the G4 
structure (Figure 11A). The macrocycles connected in the quinoline 6-position 
with a shorter linker were superior (24a1-2). This is likely connected to the 
macrocyclic fit on the G4 surface in combination with less flexibility and a better 
preorganisation in the macrocyclic structure, e.g. compare macrocycles 24a1 
and 24a2 to macrocycles 24a4 and 24b2-5. Interestingly, non-macrocyclic 
analogue 13 had a similar ability to bind and stabilise the G4 structure as 24a2, 
showing that the macrocyclic design did not make a big difference for this 
compound. However, the macrocycles did not have an impact on the thermal 
stability of double-stranded DNA, which was observed for 13 and more 
pronounced at the higher concentrations (Figure 11B). The amine macrocycles 
25a/25b showed a moderate impact on thermal stability, which was surprising 
due to their smaller ring size like the best macrocycles (24a2/24b2). The low 

HN NH

HN NH
O O

N N

R

linker in quinoline 6-position linker in quinoline 7-position

24a1

24a2

24a3

24a4

24b2

24b3

24b4

24b1

NH HN
O O

R R

NH HN
O O

Boc
N

R R

NH HN
O O

R R

NH HN
O O

R R

NH HN
O O

R R

NH HN
O O

R R

NH HN
O O

R R

NH HN
O O

N
Boc

R R

NH HN
O O

R R

24b5

NH HN

XO O
n

HN NH

HN NH
O O

N N

R

HN NH

O OX
n

6 7

25a
NH HN

O O
H
N

R R

25b
NH HN

O O

N
H

R R



 

 

20 

stabilising ability of 25a/25b could have been connected to a solvation penalty 
of the amine upon binding or linked to other factors as 25a/25b were never 
properly characterised. The Boc-protected macrocycles (24a1 and 24b1) also 
had a significant impact on the thermal stability of the G4 DNA, likely attributed 
to their smaller macrocyclic size, similar to 24a2. Macrocycle 24a1 displayed the 
strongest effect on G4 stabilisation but did also show a significant effect on 
double-stranded DNA. The compounds were also tested on other G4 DNA 
structures Pu24T (c-MYC) and cKIT2 (c-KIT), which revealed the same trends for 
all compounds.  

 
Figure 11. FRET melting assay at 1, 2, and 5 µM of the compound for A) Pu22 c-MYC G4 DNA, B) double 
stranded DNA, showing the induced thermal stability (ΔTm) for each compound. DNA concentration is 0.2 µM. 
Tm in absence of ligands for Pu22 c-MYC G4 DNA is 64.3 ± 0.2 °C and ds DNA is 68.0 ± 0.2 °C. Error bars 
correspond to SD of at least three independent experiments. 

The modest difference between compound 13 and macrocycle 24a2 in terms of 
G4 binding could be rationalised by looking at the conformational preferences 
of the two compounds. Compound 13 (Figure 12A) has a limited conformational 
space, where the lowest energy-populated states resided either in the U-shaped 
form or the opened form. There was an energetic preference for the U-shape, 
but less than a 4 kcal/mol difference. For the macrocyclic analogue 24a2 (Figure 
12B), the compound has a very similar conformational preference to 13, except 
that it cannot exist in an open form because of the macrocyclic structure. This 
similarity in conformational preference can be the reason why there is not much 
gain in terms of binding for the introduction of the macrocyclic design in this 
compound class. Furthermore, the di-indole fragment imposes a bent V-shaped 
structure (Figure 12A and 12B), which constrain the compounds in a twisted 
shape which likely also reduces ability to bind the flat G4 surface. This will be 
discussed more in paper II. 
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Figure 12. A) The calculated conformational preference for compound 13. B) The calculated conformational 
preference for macrocycle 24a2. 

6.2.4 Binding Affinities 
To assess crude binding affinities for selected macrocycles (24a2, 24a3, 24b3, 
and 24b5) with different G4s (Pu22, Pu24T, and cKIT2), we used a fluorescence 
intercalator displacement (FID) assay.124 In this assay, the dye thiazole orange 
(TO) is bound to the G4 and emits fluorescence. If TO is displaced by another 
ligand, the fluorescence emission is lost and based on the Kd of TO, a rough Kd 
value for each ligand can be measured. Overall, the smaller macrocycle 24a2 
was the best binder, with Kd values for the different G4s below 1 µM. Compound 
13 did show a better Kd (0.49 µM) compared to 24a2 in the TO assay,111 which 
likely can be linked to the macrocyclic design for this compound class that did 
not match the G4 surface. However, the FID assay showed that 13 was better at 
displacing TO from double-stranded DNA compared to 24a2, underscoring that 
the macrocyclic design showed a better selectivity for G4 DNA over double-
stranded DNA compared to the non-macrocyclic design. 

To record more exact Kd values for the same macrocycles, we employed an MST-
based fluorescence quenching assay with Cy5-labelled G4 DNAs (Pu22, Pu24T, 
and cKIT2). The results from this assay supported macrocycle 24a2 as the best 
binder. The Kd values from the FID and MST-based fluorescence quenching assay 
are summarised in Table 1. Complementary, 1H NMR studies recorded at 850 
MHz for the same G4s (Pu22, Pu24T, cKIT2) showed a change in the chemical 
environment for the G4-quartet imino-protons upon titration with the 
macrocycles (24a2, 24a3, 24b3, and 24b5), corroborating the binding event (see 
paper I for more details). The titrations did, however, not provide much 
information about which specific guanines that were affected the most, since all 
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proton signals corresponding to the guanines in the G4 structure displayed 
considerable broadening in the presence of increasing amount of added ligand. 

 

Table 1. a Kd values from the FID assay. b Kd values from the MST-based fluorescence quenching assay. n.d. = 
not determined. Errors correspond to SD of at least two independent experiments. 

6.2.5 Selectivity and the Macrocyclic Design 
To challenge the macrocyclic design and its selectivity for G4 DNA over double-
stranded DNA, we conducted another FRET melting assay. In this setup, a 
constant concentration (2 µM) of the macrocycle (24a2) and labelled G4 DNA 
(0.2 µM) was used, and the melting temperature of the G4 DNA was recorded 
in the absence and presence of different equivalents (15, 50, and 100 
equivalents) of double-stranded DNA. Satisfyingly, the thermal stability of the 
G4 DNA (Pu22, Pu24T, cKIT2) was unaffected by the addition of double-stranded 
DNA, underscoring the power of macrocyclization for selectively targeting G4 
DNA in the presence of excess double-stranded DNA. Furthermore, 24a2 
showed complete discrimination for parallel and hybrid over antiparallel G4 
structures, indicating that macrocycles to some extent can be used to gain 
selectivity for G4s with different topologies (see Figure 1D for description of 
topologies). Finally, to challenge the concept of macrocyclization and its impact 
on G4 binding, a more flexible molecule (26) was synthesised together with its 
macrocyclic analogue 27 (Figure 13A). The results from FRET melting assay 
analysis of these derivatives with Pu24T G4 DNA (Figure 13B) and Pu22 (Figure 
13C) clearly showed that macrocyclization can be a powerful tool to improve the 
G4 binding of a non-macrocyclic compound. 
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Figure 13. A) Compound 26 and a macrocyclic analogue 27. FRET melting assay at 1, 2, 5, and 8 µM 
concentrations for B) Pu24T G4 DNA, C) Pu22 G4 DNA. DNA concentration is 0.2 µM. Tm in absence of ligands 
of Pu24T G4 DNA is 62.5 ± 0.3 °C and Pu22 G4 DNA is 64.3 ± 0.2 °C. Error bars correspond to SD of at least 
three independent experiments. 

6.3 Summary Paper I 
Synthetic procedures to several novel G4-binding macrocyclic compounds were 
developed based on a non-macrocyclic G4 ligand 13. Macrocycle 24a2 showed 
the best ability to bind and stabilise several G4 DNA structures. The G4 binding 
and stabilisation proved to be sensitive to small variations in the ring size of the 
macrocycles and the smaller size of 24a2 was crucial for optimal binding to G4. 
Overall, the macrocyclic design of this compound class resulted in similar G4 
binding compared to non-macrocycle 13, likely caused by comparable inherent 
structural preferences in 13 and macrocycle 24a2. However, macrocycle 24a2 
could in contrast to 13 discriminate G4 DNA over double-stranded DNA and 
display selectivity for parallel and hybrid over antiparallel G4 structures. Finally, 
the macrocyclic strategy proved very valuable also in terms of improving G4 
stabilisation in more flexible compounds, as showcased with the non-
macrocyclic compound 26 and macrocycle 27.  
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7. Using a Macrocyclic Design to 
Decipher the Interactions of G4 
Ligands (Paper II) 

7.1 Optimisation of the Macrocyclic Structure 
and Novel G4 Ligand Design 
Macrocycle 24a2 had strong abilities to bind and stabilise G4 DNA. However, the 
bent v-shape conformational preference imposed by the di-indole scaffold 
rendered the structure non-optimal for binding to the flat G4 surface (Figure 
12B and 14A). Hence, the replacement of the di-indole scaffold was envisioned 
to optimise the macrocyclic conformational preference, and consequently, 
improve the binding to G4. Along this rationale, the replacement of the di-indole 
(24a2) with a tryptamine scaffold (28a/28b) was proposed. With the tryptamine, 
the macrocyclic framework could potentially adopt a more planar arrangement 
and provide a better overall fit on the G4 surface. Two different linker lengths, 
four (28a) and five (28b), were used to investigate if the macrocyclic size was 
important. The indole system was also proposed to be exchanged for a simple 
phenyl (29) to understand if the indole was important for interactions or if it was 
mainly the conformational aspects of the indole scaffold that was important for 
binding.  

To expand this study further, the possibility to replace the permanently charged 
methylated quinoline aromatic system with a neutral aromatic system was 
explored with the aim to improve physicochemical and PK properties. As 
outlined in the introduction (section 3.2), arene-arene interactions between 
ligands and G4s are essential for the binding event. However, any description 
about the interactions between the aromatic systems in G4 ligands and G4s 
other than that ligands stack on the G4 surface are explained or discussed in the 
literature.46,81 Therefore, we wanted to explore how changing the electrostatic 
component in the arene-arene interactions between G4 ligands and G4s would 
affect the binding.93,95,96 Hence, we sought to changing the electrostatic nature 
of the arenes in the macrocycles. To do this, the benzofuran scaffold was chosen 
as a replacement for the methylated quinoline. The reason for choosing the 
benzofuran was that it represents an electrostatically electron-rich aromatic 
system. This was in sharp contrast to the very electron-deficient nature of the 
methylated quinoline system, clearly displayed by the ESP maps in Figure 14B.  
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Figure 14. A) Left: The V-shaped di-indole scaffold present in 24a2 (side and top view) forces the entire 
macrocyclic structure into a distorted twisted shape, not optimal for interacting with the planar G4-surface 
(represented by the populated lowest energy conformation of 24a2). A) Right: Superimposed image 
representative of the lowest energy populated states of 24a2. B) Calculated ESP maps for the two fragments 
(methylated quinoline and benzofuran). The ESP maps are shown with an ISO-value of 0.005 and an energy 
span of -40-160 kcal/mol. The colour span represents different energy levels going from red (lowest negative, 
-40 kcal/mol) to blue (highest positive, 160 kcal/mol). C) top Exchange of the di-indole scaffold to a tryptamine 
scaffold could optimise the macrocyclic size and geometry for efficient binding to the G4-surface. C) bottom 
Summary of the novel macrocyclic compounds and their respective structural features included in this paper 
II. 
 

In addition, benzofurans have been reported as G4 binders.80 Thus, benzofuran 
macrocycles with the phenyl (30a and 31a) and tryptamine (30b and 31b) 
scaffold were proposed. The reason to include an aliphatic amine linkage (31a 
and 31b) in addition to the amide linkage (30a and 30b) for the benzofuran 
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macrocycles was to see if cations in G4 ligands contribute to the binding. And in 
more detail, if this contribution is linked to cation-𝜋 interactions93,96 with the 
guanines on the G4 surface or if it is mainly an electrostatic effect on the arene 
electrostatics’. All the planned macrocyclic modifications and their comparisons 
are shown and highlighted in Figure 14C. In addition, all the non-macrocyclic 
analogues were also desired to compare the value of macrocyclization. 

7.2 Organic Synthesis 
The synthesis of the quinoline macrocycles (28a, 28b, and 29) was perused first 
(Scheme 2). Thus, 30 was first assembled through a SEAr reaction between 5-
nitroindole and oxalyl chloride followed by ammonia quenching. Subsequent 
global reduction of 30 with LiAlH4 in refluxing THF afforded 31 in 24% yield. In 
the reported literature procedure of 31,125 the yield was considerably higher. 
Despite the higher yields reported in the literature and repeated attempts, 
tryptamine 31 was never obtained in higher yields, independent of running the 
reaction in refluxing THF or dioxane. Alternatively, the synthesis of 31 can be 
accomplished by first reacting 5-nitroindole with the venerable Vilsmeier 
reagent126, followed by condensation with nitromethane and subsequent 
reduction. However, this alternative route did not improve the yield (<20%). 
Next, the macrocyclization between 22a2/22a3 and 31 was performed similarly 
to paper I. The novel tryptamine macrocycles (31a and 31b) were obtained in 
yields of 22-25% and subsequent methylation furnished the final macrocyclic 
compounds 28a and 28b. For the macrocyclization between 22a2 and xylene di-
amine, different coupling reagents were tested. Ultimately, COMU®127 was 
discovered to be the ideal choice, providing satisfying yields of 61% with a 
similar reaction setup as for the other macrocyclizations. To note, since 
macrocycles 28a and 28b were already obtained, these reaction conditions were 
never explored for their macrocyclization reactions.  
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Scheme 2. Synthetic strategy for quinoline macrocycles 28a, 28b, and 29. 

To construct the benzofuran macrocycles (30a/b and 31a/b), it was 
hypothesised that benzofuran diol (40) could be oxidised into the di-acid (41) 
and subsequently converted into the benzofuran amide macrocycles (30a and 
30b). Correspondingly, diol 40 could also be converted into dichloride (42) and 
reacted with either diamine to furnish the benzofuran amine macrocycles (31a 
and 31b). Hence, 2-iodo-4-nitrophenol and propargyl alcohol was subjected to 
Larock-type conditions to form benzofuran 36 in 70-80% yield, followed by 
subsequent TIPS protecting of the alcohol to generate 37. A seemingly simple 
reduction of the nitro group with catalytic hydrogenation proved challenging. 
The reaction gave mixtures of desired product 38b and dihydrofuran 38a. On a 
few occasions, 38b was obtained as a single product without any obvious 
rationale, and the reaction outcome remained highly irreproducible. Alternative 
conditions with catalytic Pt/C and cyclohexadiene128 were attempted, but this 
only worked in a reaction scale <50 mg, non-optimal for progression. Despite 
this, progress with the available material of 38b was attempted, and T3P-
mediated di-amide coupling afforded 39 in 60-70% yield. After TIPS 
deprotection with TBAF, diol 40 was subjected to oxidation. Oxidation of diol 40 
proved challenging, and a one-step oxidation (Swern, Dess-Martin, or MnO2) to 
the aldehyde was not successful. The inability to generate much material of 40 
and the early setbacks indicative of problems with the oxidation warranted a 
change in strategy. However, one last attempt to utilise this strategy for the 
synthesis of 31a/b was attempted, circumventing going through problematic 
intermediate 38b. Thereof, 36 was reduced directly into the amino alcohol 43 in 
the presence of SnCl2. Then, deoxychlorination afforded HCl salt 44. However, 
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attempts to react 44 into amide 42 were unfruitful, resulting in an unwanted 
side product resembling a polymer on crude analysis. The problem with this 
strategy was perhaps, not a surprise considering the daring approach of an 
intermediate like 44, having both an electrophile and nucleophile in the same 
molecule. The failed synthetic strategy is shown in Scheme 3. 

 
Scheme 3. Unsuccessful synthetic strategy for benzofuran macrocycles 30a/b and 31a/b. 

After careful reconsideration and revisiting the first strategy, a second approach 
was devised. It was surmised that starting from the benzofuran ester (45) could 
be a convenient way of accessing either di-acid 41 via hydrolysis or diol 40 
through a reduction. In addition, with the electron-withdrawing ester, the furan 
ring should be less prone to react during the nitro group reduction. Thus, the 
commercially available benzofuran 45 was first reduced to aniline 46 in 
quantitative yields. A subsequent amide coupling in the presence of T3P 
afforded di-ester 47 in 79% yield, and hydrolysis of di-ester 47 afforded 
intermediate di-acid 41. Correspondingly, di-ester 47 was reduced with DIBAL-
H to afford diol 40 in 81% yield. Slightly baffling, 40 could be obtained directly 
from benzofuran 43 in the presence of EDC and DIPEA, although in lower yields. 
Diol 40 could next be chlorinated in the presence of SOCl2 to furnish dichloride 
42 in an 85% yield. This reaction was concentration sensitive and if more dilute 
conditions were used, uncharacterised side-products were obtained, perhaps 
owing to intramolecular reactions between the monochlorinated product and 
the remaining alcohol. With each key intermediate (41 and 42) obtained, the 
focus was next turned to the macrocyclizations. First, synthesis of the amide 
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macrocycles (30a/b) were attempted starting with the xylene di-amine scaffold. 
Hence, the COMU® reagent was again applied for the macrocyclization, which 
afforded benzofuran macrocycle 30a in 38% yield. Despite an extensive screen 
with different amide coupling reagents like; COMU®, PyAOP, T3P, EDC, HATU, 
and TCFH, benzofuran amide 30b could not be obtained nor observed on LC-MS.  

 
Scheme 4. Synthetic strategy for benzofuran macrocycles 30a and 31a. 

Again, the synthesis of xylene di-amine macrocycle (31a) was first attempted. 
Thus, dichloride (42) and xylene di-amine were reacted in THF (2 mM) in the 
presence of KI and K2CO3, but only starting material was obtained. THF was 
replaced with CH3CN, and macrocycle 31a could be observed upon LC-MS 
analysis, although at a slow rate. The reaction was therefore heated to 50 °C to 
combat the slow reaction progress. With these conditions, macrocycle 31a was 
obtained in 24% yield. The synthesis of tryptamine macrocycle 31b, like the 
amide counterpart 30b, was unfortunately not observed using the same 
reaction conditions as for the synthesis of 31a. Synthesis of the benzofuran 
macrocycles (30a and 31a) are summarised in Scheme 4.  
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Non-macrocyclic tryptamine compound 51 was synthesised through a double 
amide coupling between 33 and two equivalences of quinoline-3-carboxylic acid 
in the presence of COMU which afforded 49 in 69% yield. Subsequent 
methylation of the quinolines afforded 51 in 66% yield. In a similar fashion, 
compound 52 was synthesised starting from the amide coupling between xylene 
diamine and two equivalences of quinoline-3-carboxylic acid in the presence of 
T3P to afford 50 in 68% yield. Methylation of the quinolines afforded 52 in 69% 
yield. Benzofuran analogue 56 was synthesised by reacting xylene diamine with 
2 equivalences of benzofuran acid (53) in the presence of T3P to afford 56 in 
68% yield. To obtain compound 57, benzofuran acid 53 was first reduced to the 
benzylic alcohol in the presence of LiAlH4 to afford benzofuran alcohol 54 in 68% 
yield. Subsequent conversion of the alcohol (54) to chloride (55) was achieved 
in the presence of the Vilsmeier reagent to afford 55 in 95% yield. Xylene 
diamine was then reacted with 2 equivalences of 55 in the presence of 
potassium iodide and K2CO3 in CH3CN at 40 °C to afford 57 in 41% yield. The 
synthetic strategy for the non-macrocyclic analogues (51, 52, 56, and 57) are 
shown in Scheme 5A. 

 
Scheme 5. A) Synthetic strategy for the non-macrocyclic analogues. B) Summary of all the synthesised 
compounds. 
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Despite not obtaining either benzofuran macrocycles 30b or 31b, the final set of 
compounds (28a, 28b, 35, 30a, 30b) were still considered adequate to answer 
the question outlined in the introduction. Macrocycles 28a/b would provide 
information about the optimisation from starting compound 24a2. 
Macrocycle 35 would indicate what effects the indole vs phenyl had on G4 
binding. The non-methylated version of 35 (29) was also included in the final set. 
The synthesised compounds are shown in Scheme 5B. 

7.3 Interactions with G4 

7.3.1 FRET Screen 
All the compounds, including starting macrocycle 24a2, were screened in a FRET 
melting assay with G4 DNA Pu24T (c-MYC) (Figure 15A). Macrocycle 28a, where 
the di-indole in 24a2 has been replaced with the tryptamine scaffold, showed a 
clear improvement in stabilising the G4 structure compared to 24a2. The 
improvement is even more evident at the lower concentrations. This supports 
the notion that the macrocyclic conformation and size in 28a, where the di-
indole in 24a2 has been replaced with the tryptamine scaffold (28a), improved 
binding to the G4 surface. The extension of the carbon linker in 28a with one 
carbon (28b) results in a drop in G4 stabilisation, rendering it similar to the 
phenyl analogue (29). This data suggests that the indole was more likely to be 
important for conformational rigidification of the macrocycle and, therefore, 
favourable for the binding event rather than partaking in specific binding 
interactions with the G4 surface. Macrocyclization is clearly beneficial for this 
compound series as shown by comparing 28a, 28b, and 29 with their non-
macrocyclic analogues (51 and 52). The benzofuran amide macrocycle (30a) 
showed poor abilities to stabilise the G4 structure, indicating that the 
electrostatically electron-rich benzofuran core is not beneficial for binding to the 
G4 surface. This could be solely due to the benzofuran vs the quinoline core. 
However, the non-methylated quinoline analogue of 29 (35) displays the same 
inability to stabilise the G4 as 30a. The benzofuran amine macrocycle (31a) did 
not show any ability to salvage the poor binding seen for 30a, suggesting that 
the classical cation-𝜋	interactions93,96 with the G4 surface are not beneficial. This 
data suggests that an electrostatically electron-deficient arene is essential for 
the compound to engage in strong arene-arene interactions with the G4 surface. 

To conclude that this trend was not simply an artefact for a single G4, different 
G4s were screened (Figure 15B) for selected compounds (28a, 29, 35, 30a, and 
31a). All macrocycles showed some degree of stability towards G4 cKIT1 (c-KIT). 
The same trend was observed for these macrocycles as described in paper I, thus 
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preferring parallel and hybrid G4 structures over antiparallel. In addition, also 
these macrocyclic compounds showed selectivity for G4 DNA over double-
stranded DNA.  

 
Figure 15. A) The FRET melting assay with all the compounds at 1, 2, and 5 µM concentrations for Pu24T (c-
MYC promoter) (0.2 µM). B) The FRET melting assay with 28a, 35, 29, 30a, and 31a at 2 µM concentrations for 
several G4 DNA structures (0.2 µM). Pu22 (c-MYC promoter); cKIT1, cKIT2 (c-KIT promoter); KRas (K-RAS gene) 
and 25 ceb (human minisatellite) are parallel G4 forming sequences. Bcl2 (BCL-2 promoter) and 21G (human 
telomere) are hybrid G4 forming sequences. Bom17 (Bombyx telomere) and Tba (thrombin binding aptamer) 
are antiparallel G4 forming sequences. Error bars correspond to SD of at least three independent experiments. 

7.3.2 Binding 
The new macrocycle 28a showed satisfactory binding affinities to c-MYC G4s 
(Pu22 and Pu24T) and c-KIT G4 (cKIT2) in the sub-micromolar ranges. This data 
shows considerable improvement compared to macrocycle 24a2. Macrocycle 
29, with the phenyl scaffold instead of tryptamine, displayed higher binding 
affinities to the G4s compared to 28a. This is the same trend as observed in the 
FRET assay although the difference is even more clear when comparing binding 
affinity compared to stabilisation, as measured in the FRET assay. Benzofuran 
macrocycles 30a and 31a showed no ability to bind c-MYC G4 DNA Pu24T, even 
at 100 µM, displayed by the fluorescence plots in Figure 16B and 16C. Since no 
fluorescence quenching of the labelled G4 DNA was observed for 30a (Figure 
16B) and 31a (Figure 16C), MST measurements were also attempted. However, 
no binding affinities for 30a or 31a were obtained with MST either. All the 
binding affinities are summarised in Figure 16A. 
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Figure 16 A) Measured Kd-values from the fluorescence quenching assay of different G4 DNA (Pu24T, Pu22, 
and cKIT2) at 0.25 nM for 24a2, 28a, 29, 30a, and 31a. N. D. = Not possible to determine. B) Fluorescence 
quenching of 5’Cy5Pu24T at 25 nM for different concentrations for 30a. C) Fluorescence quenching of 
5’Cy5Pu24T at 25 nM for different concentrations for 31a. 

7.4 Calculations and PK Properties 
To complement the assay data, compound calculations were performed to 
obtain the lowest energy populated conformational states for selected 
compounds (28a, 28b, 29, 30a, and 31a). The conformations shown were taken 
from the 30 lowest energy-populated states (roughly within 5 kcal/mol) that 
were found more than 15 times in the calculations. More than two 
conformations, albeit quite similar, were obtained for each compound after this 
filtering. However, for illustrative purposes, all are not shown (Figure 17A and 
17B). All the selected conformations can be found in the supporting information 
of paper II. Macrocycle 28a, where the di-indole has been replaced with the 
tryptamine, possess a more planar conformation (Figure 17A and 17B) 
compared with the twisted nature of 24a2 (Figure 14A). This is in full agreement 
with the assay data and underscores the value of computational-aided tools in 
rational G4 ligand design. For macrocycle 28b, where the carbon linker has been 
extended with one carbon, thus making the macrocycle more flexible, the 
conformational preference is exclusively in a folded rod-like structure (Figure 
17A and 17B) that prohibit an efficient fit on the G4 surface. This preference 
would rationalise why macrocycle 28b is a worse G4 binder, compared to 28a, 
even though the difference between them is only one carbon. Next, macrocycle 
29, which showed similar abilities to stabilise G4 DNA in the FRET assay as 28b, 
also has a flexible non-flat conformation (Figure 17A and 17B). The 
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conformational preference of 29 compared to 28a (based on a xylene diamine 
or tryptamine, respectively) suggest that the more rigid indole in 28a had a 
constructive effect on the compound geometry that allow better stacking on the 
G4 surface compared to the flexible xylene diamine in 29. The benzofuran 
macrocycles 30a and 31a prefer a twisted, more rod-like conformation like 28b 
(Figure 17A and 17B). This fact would, however, not solely explain their poor 
binding to G4.  

As a comparison, conformational preferences of the known G4 binder Phen DC3 
(3), among others (shown in paper II), were conducted. This shows that Phen 
DC3 likewise prefers a flat and rigid conformation with all the aromatic systems 
more or less in the same plane (Figure 17A and 17B). 

For the same set of compounds (28a, 28b, 29, 30a, 31a, and 3) geometry 
optimisations and ESP map calculations were performed. For the compounds 
with methylated quinolines, the ESP maps have a considerably electron-
deficient character, as shown in Figure 17C. in contrast, Benzofuran amide 
macrocycle (30a) displays an electron-rich ESP map, supporting the theory that 
electron-deficient ESPs in the arenes that bind are essential for strong binding 
interactions. Benzofuran macrocycle (31a) displays a more electron-deficient 
character due to the protonated nitrogen. However, the G4 binding, and 
stabilisation data suggest that this does not seem to result in favourable 
interactions, likely because the cation is located too close to the guanine surface 
upon binding. However, the effect of the cation in 31a on the ESP map can partly 
rationalise why aliphatic amine tails in known G4 ligands,46,81 that are 
protonated at physiological pH can improve the binding to G4; by tuning the ESP 
of the interacting arenes. 

Fundamental PK properties of the synthesised compounds revealed that the 
aqueous solubility of the compounds was low, except for the non-macrocyclic 
benzofurans (56 and 57). Caco-2 measured cell permeability revealed a modest 
uptake for macrocycle 28a. The overall poor PK properties highlighted the 
problematic nature of these types of large polyaromatic systems with 
permanent charges if applications beyond in vitro studies are the aim, despite 
such compounds being good G4 binders.  
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Figure 17. A) Superimposed image representative of the lowest energy populated states for each compound 
(28a, 28b, 29, 30a, 31a, and 3) viewed from the top. B) Superimposed image representative of the lowest 
energy populated states for each compound (28a, 28b, 29, 30a, 31a, and 3) viewed from the side. C) Optimised 
geometry of the compounds (28a, 28b, 29, 30a, 31a, and 3) showing the ESP map with an ISO-value of 0.005 
and an energy span of -40-160 kcal/mol. The colour span represents different energy levels going from red 
(lowest negative, -49 kcal/mol) to purple (highest positive, 160 kcal/mol). 
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7.5 Summary Paper II 
This work disclosed macrocycle 28a as a potent G4 binder and showed that 
macrocyclization can be a powerful tool in G4 ligand development and 
optimisation (28a vs 51). The improved G4 binding upon macrocyclization was 
attributed to the molecular pre-organisation being closer to the bioactive 
conformation. Furthermore, the macrocyclic structure made the compounds 
selective for binding G4 DNA over double-stranded DNA. The comparison 
between macrocycles 24a2 and 28a emphasised the value of computational 
tools in the rational design and optimisation of potent G4 binders. This was 
further validated in the structural comparison between macrocycles 28b and 29. 
This comparison indicated that the indole was likely not critical for the 
interactions between the compound and G4 but rather for a better compound 
conformation and fit on the G4 surface. Hence, the impact that the 
conformational preference of the macrocycles had on their abilities to bind to 
the G4 surface underscored the value of computational tools early in G4 ligand 
developments or optimisations. Furthermore, the results suggested that 
electron-deficient species, shown by ESP maps, are essential for the compounds 
to engage in potent arene-arene interactions with the G4 surface. Protonated 
cations seemed to have a negative effect on the binding interactions when 
placed directly on the G4 surface. However, protonated aliphatic amines can 
tune the ESP character of the compounds arene system into a more electron-
deficient species (31a). Since the ionic interactions between cationic species in 
G4 ligands and the anionic DNA phosphate backbone should not contribute 
much to the binding event, due to the high desolvation penalties. Hence, the 
effect of cations on the G4 ligands ESP could explain why cationic groups in G4 
ligands improve the binding to G4. Finally, fundamental PK properties were 
measured for the compounds. These results underscored the problematic 
nature of the permanently charged quinolines (poor solubility and low cell 
permeability) if G4 ligands are to be developed towards therapeutic inventions. 
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8. The Roles of Aliphatic Amines and 
the Interplay Between Dispersion 
and Electrostatics in Ligand to G4 
binding (Papers III and IV) 

8.1 Introduction Paper III 
Paper II suggested that G4 ligands can benefit from cationic groups such as 
aliphatic protonated amines, which change the ESP map of the compound into 
a more electron-deficient system. This can be exemplified by looking at the ESP 
maps of known G4 ligands BRACO-19 (1) and Pyridostatin (6) (Figure 18A), that 
both contain aliphatic amines. The general hypothesis for inclusion of aliphatic 
amines in G4 ligands is that it improves binding through electrostatic 
interactions between the cationic groups and the anionic phosphate 
backbone.46,81 However, ion-pairing in solvent-exposed areas is known to often 
contribute little or nothing to the total binding energy.82,98,99 Thus, the rationale 
that cationic groups strongly improve G4 binding through direct electrostatic 
interactions with the phosphate backbone can be questioned. With this 
argument, we proposed that cationic groups instead improve G4 binding by 
tuning the electrostatic nature of the compound, and consequently boost the 
arene-arene interactions. 

 
Figure 18. A) ESP maps of the two known G4 ligands BRACO-19 (1) and Pyridostatin (6), with their aliphatic 
amine groups protonated. The ESP map is shown with an ISO-value of 0.005 and an energy span of -40-160 
kcal/mol. B) Known G4 scaffold 58 that would allow introduction of various amine side chain analogues (59). 
The colour span represents different energy levels going from red (lowest negative, -40 kcal/mol) to purple 
(highest positive, 160 kcal/mol).   
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To test this hypothesis and gain more in-depth knowledge about the ligand-to-
G4 interactions, we decided to use a scaffold known to bind G4129,130 (58, Figure 
18B), and append different side chains (59) with varying composition (cationic 
and neutral) and chain length. Scaffold 58 was chosen because this, in contrast 
to methylated quinolines, is a more attractive central fragment in terms of 
therapeutic potential; low molecular weight, good solubility, and without 
permanent charges. 

8.2 Results and Discussion Paper III 

A set of compounds (64-72) with various side chains were synthesised for both 
the cyclopentyl (a) and cyclohexyl (b) fused quinazoline system. Thus, aniline 
(60a or 60b) was first reacted with mesityl oxide (formed in situ) to form the 
dihydroquinolines (61a/b) in yields around 60%. A subsequent ring-opening 
ring-closing reaction with cyanoguanidine afforded the quinazoline guanidine’s 
(62a/b) in 61-67%. Condensation between 62a/b and ethyl acetoacetate 
afforded intermediates 58a/b and deoxychlorination with POCl3, followed by 
SNAr, provided the final compounds (64-72a/b) in yields between 31-93%. The 
synthesis is shown in Scheme 6. 

 
Scheme 6. Synthetic strategy for quinazolines 64-72a/b. 

The synthesised quinazolines (64-72a/b) were next evaluated for their abilities 
to stabilise the c-MYC G4 DNA Pu24T (Figure 19). The fused cyclopentyl (a) or 



 

 

39 

cyclohexyl (b) displayed similar results. The neutral side chains (64, 65, 66, 67, 
and 70) generally displayed lower abilities to stabilise the G4 structure, with the 
boc-protected piperazine side chain in 67 sticking out as the weakest stabiliser. 
However, the tryptamine (66a/b) did display good stabilisation at higher 
concentrations, especially 66a. However, the cationic sidechains are overall 
superior, foremost 71 and 72, reaching a high degree of induced thermal 
stabilisations also at lower concentrations. The G4 stabilisation seem to increase 
when the cation is positioned further away from the G4 surface, demonstrated 
by the piperazine chain in 71a/b in comparison with 72a/b. Morpholine (69) and 
ester (68), though cationic, are less potent stabilisers. This is likely owed to the 
larger degree of hydrophobic character in the solvent-exposed side chain, which 
should cause less favourable interactions with water. Identical trends were 
observed for the FRET melting assay of the KRAS DNA G4 structure.  

 
Figure 19. The FRET melting assay with all the compounds at 1, 2, 5, and 8 µM concentrations for Pu24T (0.2 
µM). 

MM calculations were performed for selected compounds (66b, 67b, 68b, 71b, 
and 72b), which revealed a concomitant conformational preference (Figure 
20A). The low-energy conformations that were found the most times (exclusive 
for 67b) were crescent-shaped (Figure 20A), except for 68b (Figure 20A), where 
the linear shape was preferred. This could, in part, explain the lower stabilisation 
seen for 68a/b. Shifting attention to the ESP maps (Figure 20C), the neutral 
compounds 66b and 67b have, as expected, considerably more electron-rich 
ESPs compared to the cationic compounds (68b, 71b, 72b). This fact could also 
explain why 67b is a less effective stabiliser. The stronger stabilisation observed 
for the tryptamine (66b) is more difficult to rationalise, but due to its flexibility, 
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the indole can potentially reach additional interactions on the G4 surface to 
improve the binding. This is, however, purely speculative. Finally, compounds 
71b and 72b differ in having the piperazine connected directly to the aromatic 
core (72b) or with a two carbon-chain linker in-between (71b). The latter is more 
efficient in stabilising G4s, which is in line with the discussion for the benzofuran 
macrocyclic analogues in paper II that suggested protonated cations close to the 
G4 surface to be unfavourable for binding. In addition, the piperazine moiety on 
a linker can likely partake in solvation interactions during the binding event 
above the centroid of the solvent-exposed side of the compound, as seen for 
71b in Figure 20A.  

 
Figure 20. A) MM simulations of selected compounds (66b, 67b, 68b, 71b, and 72b) showing the major 
populated state of the low energy conformations along with a ChemDraw picture for illustration. B) ESP maps 
of each compound viewed from the side showing the surface of the aromatic core system. The ESP map is 
shown with an ISO-value of 0.005 and an energy span of -50-140 kcal/mol. Note, both amines in the piperazine 
ring of 71b were protonated and calculated for but resulted in more or less identical outcomes. The colour 
span represents different energy levels going from red (lowest negative, -50 kcal/mol) to purple (highest 
positive, 140 kcal/mol).   
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The best compound (71b) was next studied together with Pu22 c-MYC G4 DNA 
by using NMR to probe if information about where the compound interacts with 
the G4 could be obtained. Upon titration of 71b to Pu22 G4 DNA, the shifting of 
specific imino protons and consequently also specific guanines could be 
observed. The affected guanines in the G4 structure are shown in Figure 21A 
(top view) and 21B (bottom view), illustrated with the Pu22 crystal structure 
(5W77). On the 5’ side (Figure 21A), the two guanines situated in the more 
accessible hydrophobic space in the crystal structure were the ones affected the 
most in the NMR spectrum. The two guanines covered by steric bulk (Figure 21A) 
were also affected less. Similarly, the 3’ guanines (Figure 21B) that were more 
accessible were also the ones more affected, displayed by the orange colour of 
the three most accessible guanines (Figure 21B). Only one guanine (G12) in the 
middle quartet displayed a change in the chemical shift, shown in both Figure 
21A and 21B. The reason why G12 was the only guanine in the middle quartet 
that was noticeably affected could be due to its positioning directly below the 
two strongly affected guanines in the 5’ quartet (Figure 21A). Thus, the NMR 
titration suggests that this compound class bind this G4 at the accessible 
hydrophobic areas of the G-quartets likely through arene-arene interactions. 

 
Figure 21. A) 5´, and B) 3’ views of the affected guanines in the c-MYC Pu22 (5W77) G4 DNA structure upon 
binding of 71b. Observed chemical shift changes in the NMR spectrum are shown in red (large shifts), orange 
(moderate shifts), yellow (small shifts), and guanines with no shifts are not shown.  

To complement the first set of compounds (64-72a/b), a new set was 
synthesised (73-83b) using the same synthetic strategy as outlined in scheme 6, 
with foremost different aliphatic amines with varying degrees of chain length 
(Figure 22A). The FRET melting studies of these compounds (73-83b) showed 
that almost any amine that could be protonated at physiological pH was good 
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for G4 binding and stabilisation. The side chain length is not very sensitive to 
variations; however, a 3-carbon linker seemed to be the best. In line with 
previous observations, a lower stabilisation was observed when the cation was 
placed closer to the arene core of the compound and consequently closer to the 
G4 surface (like in 73). A more flexible side chain, e.g., 3 carbons, likely resulted 
in the protonated amine maintaining solvation interactions during the binding 
event whilst also affecting the electrostatic character of the arene. A longer side 
chain (83b) should result in more hydrophobic contacts between the additional 
carbons in the chain and the water, and this could explain why the longer chain 
is slightly worse for binding. Next, binding affinities for selected compounds (79-
82b) with c-MYC G4 DNA Pu24T were recorded with MST. All compounds 
showed good binding to Pu24T with Kd values between 0.14-0.32 µM, 
confirming that these compounds are potent G4 binders. Finally, 
compounds 79b and 80b showed promising abilities to target cancer cells over 
healthy cells, underscoring the value of these compounds as potent G4 binders 
balanced with good cellular uptake. 

 
Figure 22. A) Summary of the second series of synthesised compounds (73-83b). B) A general display of 
scaffold 84, highlighting the aspects that we proposed to be good for binding and what still needs to be 
discovered.  

8.3 Summary Paper III 
This study showed that 84 (Figure 22B) represented a suitable scaffold for the 
study and development of potent G4 binders with adequate cellular uptake 
(suggested by the compounds’ potent effect on cancer cells). Aliphatic amine 
side chains with a 3-carbon linker appended to 84 appeared good for binding to 
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G4 DNA. The protonated amines affected the ESP of the compounds, making 
them more electron-deficient, clearly shown by the ESP maps. We, therefore, 
proposed that the inclusion of cationic groups in G4 ligands improves the 
binding to G4 DNA indirectly by tuning the ESP of the molecule and consequently 
the electrostatic component in the arene-arene interactions. Further 
exploration of the central arene fragment is warranted to determine the 
synergism between the dispersion and electrostatic energetic components of 
the arene-arene interactions between G4 ligands and G4 DNA structures. 

8.4 Introduction Paper IV 
In this paper, the focus was to design and synthesise a set of compounds that 
would provide insight into the dispersion component in the arene-arene 
interactions between ligands and G4. Dispersion is typically the dominating 
favourable energetic component in arene-arene interactions (section 3.2). 
Substituents on one arene increase the favourable dispersion interaction 
through direct interactions with the other arene partner, and the interactions 
typically become more favourable with an increasing number of substituents, 
regardless of electronic character. It is important to remember that steric 
factors and the positioning of the substituents on the arene also can have an 
effect. 

8.5 Results and Discussion Paper IV 
The quinazoline scaffold 84 served as a natural starting point to continue the 
exploration of G4-ligand interactions with G4 DNA structures. We thus used this 
central fragment and designed a small series of novel compounds to investigate 
the dispersion component in the arene-arene interaction between G4 ligands 
and G4 DNA. Quinazoline compound 85, carrying no substituents on the central 
quinazoline core, should have the lowest degree of dispersion interactions with 
G4s. Sequential addition of methyl substituents on the quinazoline core (86-88) 
should increase the interactions with the G4 if dispersion is critical. 
Correspondingly, the methoxy (89) and chlorine (90) quinazolines should retain 
the dispersion interactions, despite their different electronic characteristics 
compared to the methyl (87). In addition to the quinazoline core (85), the 
quinoxaline core (91) was chosen. This was to discern if small changes in the 
aromatic system would result in distinct differences in the arene-arene 
interactions between the ligand and G4. Same as for the quinazoline core, 
different substitutions with variable electronic characteristics for the 
substituents on the quinoxaline core were proposed (92-94). The amine side 
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chain for all compounds (85-94) was kept to a 3-carbon chain length, as 
disclosed in paper III. Since the nature of substituents on the amine was not 
paramount, dimethyl was selected. The compounds are summarised in Figure 
23A. Moreover, to assure that the discussed modifications are the only factors 
affecting the binding to G4, conformational and ESP calculations were 
performed for the compounds (85-94). Gratifyingly, the compound series shared 
a uniform conformational preference with the cationic amine side chain 
extending above one face of the compound, depicted by 
compounds 85 and 91 (Figure 23B). Likewise, the ESP maps in the presence of 
the protonated aliphatic dimethylamine were analogous (Figure 23B).   

 
Figure 23. A) Summary of the target compounds either with a quinazoline (85-90) or quinoxaline (91-94) core 
with varying substitution patterns. B) Conformational preference of compounds 85 and 91, showing that the 
two scaffolds share the same conformational preference as well as electrostatic potential. The ESP map is 
shown with an ISO-value of 0.005 and an energy span of -40-140 kcal/mol. The colour span represents different 
energy levels going from yellow/green (lowest negative, -40 kcal/mol) to purple (highest positive, 140 
kcal/mol). 



 

 

45 

8.5.1 Organic Synthesis 
Construction of the quinazoline compounds was undertaken first. Hence, 2-
chloroquinazoline was reacted with guanidine through a microwave-assisted 
SNAr reaction to afford 95 in 52% yield. Subsequent condensation with ethyl 
acetoacetate followed by a PyAOP-assisted131 SNAr reaction to install the amine 
side chain delivered quinazoline 85 in 12% overall yields. Substituted 
quinazolines (86-90) were constructed starting from suitable anilines. Each 
aniline was reacted with mesityl oxide (formed in situ) to afford substituted 
dihydroquinolines (97a-97e) in yields between 43-71%. Quinazoline guanidine’s 
(98a-98e) were obtained in 53-91% and subsequent condensation with ethyl 
acetoacetate afforded intermediates (99a-99e) in 58-92% yields. PyAOP-
assisted SNAr finally afforded the quinazolines (86-90) in yields between 21-65%. 
The quinoxaline compounds (91-94) were pursued next. Employing a similar 
strategy as for the quinazolines, 91 was constructed starting from o-
phenylenediamine. Thus, condensation with ethyl glyoxylate followed by deoxy 
chlorination in the presence of POCl3 afforded quinoxaline 101 in 90% overall 
yields. Then, a microwave-assisted SNAr followed by condensation, and finally, 
PyAOP-assisted SNAr, afforded quinoxaline 91 in 27% overall yield. It is worth 
pointing out that for the synthesis of 103 from 102, a side product was formed 
if the reaction was run for a longer time. This was only observed for compound 
102, likely owed to the unsubstituted C-2 position on the quinoxaline. To secure 
the substituted quinoxalines (92-94), the same synthetic strategy as for 91 was 
applied, starting from the appropriate diamine, and performing the first 
condensation with sodium pyruvate. The synthesis of all compounds (85-94) is 
shown in Scheme 7. 
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Scheme 7. Total synthetic scheme for the target quinazoline (85-90) and quinoxaline (91-94) compounds. 

8.5.2 The synergism Between Dispersion and Electrostatic 
Components 
All the compounds were first tested in a FRET melting assay with c-MYC G4 DNA 
Pu22 (Figure 24), and the results were quite striking. First, quinazoline 85, with 
no substituents on the quinazoline core, had a clear but moderate effect on the 
thermal stability of the G4. The addition of one methyl on the quinazoline (86) 
resulted in an increase, almost doubling the effect the compound had on the G4 
stability. Adding another methyl (87) had a modest increase of around 0.5 °C on 
thermal stability compared to 86. The reason for the small difference might be 
that substituents in that position cannot partake in many additional interactions 
with the G4 surface. Adding another methyl group (88) resulted in an even 
better compound, with a maximum induced thermal stability of 20 °C. This 
points in the direction that dispersion is central for the arene-arene interactions 
between G4 ligands and G4 DNA structures. This was emphasised further by 
replacing the methyl in 87 with either a methoxy (89) or chlorine (90) since the 
compounds retain their ability to stabilise the G4, despite very different 
electronic characters (methyl vs methoxy vs chlorine).  
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Changing the location of the nitrogen in quinazoline 85 one step, affording 
quinoxaline 91, resulted in a complete loss in thermal stability. The drastic loss 
in thermal stabilisation as a result of small changes in the arene system 
underscores that the arene-arene interactions between the ligand and the G4 
surface are paramount for ligands binding to G4. It is also interesting that the 
amine side chain in 91 did not seem to be able to compensate for the loss in 
activity. In agreement with the quinazoline series, the quinoxalines did advance 
into modest G4 stabilisers when substituents were added to the quinoxaline 
core (92-94), irrespective of their electronic character. 

 
Figure 24. The FRET melting assay with the synthesised compounds (85-94) at 1, 2, 5, and 8 µM of added 
compound for c-MYC G4 DNA Pu22 (0.2 µM), showing the ability of the compounds to affect the thermal 
stability of the G4 structure. Error bars correspond to the SD of six independent experiments. 

Next, binding affinities for each compound with c-MYC G4 DNA Pu22 were 
recorded using MST (Figure 25). The binding affinities reflected the results from 
the FRET assay and disclosed potent novel G4 binders. Quinazoline 88, bearing 
the most substituents were the strongest binder with a Kd value of 0.05 µM. The 
two di-substituted quinazolines 87 (methyl) and 89 (methoxy) closely followed, 
with Kd values of 0.1 µM and 0.09 µM, respectively. Chloro-quinazoline (90) 
displayed slightly worse binding (0.17 µM) and was similar to mono-substituted 
quinazoline 86 (0.15 µM). Unsubstituted quinazoline 85 displayed a Kd value of 
1.4 µM, again underscoring the importance of dispersion interactions for potent 
G4 binding. In agreement with the FRET data, the quinoxalines showed a worse 
binding affinity, with the most substituted derivatives (93 and 94) showing 
better binding. 
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Figure 25. MST binding curves of each compound (85-94) at varying concentrations (dilution factor: 1:3) with 
c-MYC G4 DNA Pu22 (0.025 µM). The error bars correspond to the SD of two independent experiments. Kd for 
each compound is written out in the graph and colour coded accordingly.  

 
Figure 26. A) Adjusting the amine side chain for the best quinazoline compounds (86-90) into their 
corresponding methylated derivatives (108-112). B) Synthesis of the methylated quinazolines (108-112). C) 
Comparison of the amine side chain quinazolines and their methylated analogues, illustrated by 88 and 110, 
highlighting their electrostatic differences. The ESP map is shown with an ISO-value of 0.005 and an energy 
span of -40-140 kcal/mol. The colour span represents different energy levels going from yellow/green (lowest 
negative) to purple (highest positive). 

As stated in the first section of the results, the compounds (85-94) shared an 
analogous electrostatically electron-deficient character (Figure 23B), which 
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likely considerably impacts the binding interactions to G4. Hence, we next 
investigated if the dispersion interactions between ligand and G4 followed the 
same trend if the strong electron-deficient electrostatic component was 
removed. To probe this, a set of new ligands (108-112, Figure 26A) with a methyl 
instead of the aliphatic amine side chain was proposed based on the best 
quinazoline scaffolds (86-90, Figure 26A). The synthesis of this novel set of 
compounds was achieved by condensing appropriate quinazoline guanidine 
(98a-f) with acetylacetone to furnish each methyl quinazoline (108-112) in yields 
between 31-57% (Figure 26B). The difference in the ESP is shown by comparing 
88 and 110, where the removal of the cationic aliphatic amine drastically 
changes the ESP map of the compound into a far more electron-rich species 
(Figure 26C). 

 
Figure 27. A) The FRET melting assay with the synthesised compounds (108-112) at 1, 2, 5, and 8 µM of added 
compound for c-MYC G4 DNA Pu22 (0.2 µM). Error bars correspond to the SD of six independent experiments. 
B) MST binding curves of each compound (108-112) at varying concentrations (dilution factor: 1:3) with c-MYC 
G4 DNA Pu22 (25 nM). The error bars correspond to the SD of two independent experiments. Kd for each 
compound is written out in the graph and colour coded accordingly.  

The new quinazoline compounds (108-112) were tested for their abilities to 
stabilise the c-MYC G4 DNA Pu22 (Figure 27A). The trends for the FRET assay 
were identical to the previous analogues (86-90), with the most substituted 
quinazoline (110) having the highest impact on thermal stability. This trend was 
also true for the MST-measured binding affinities for each compound with c-
MYC G4 DNA Pu22 (Figure 27B), 110 having a measured Kd of 0.8 µM. It is 
apparent that the dispersion component in the arene-arene interactions is a 
critical factor in ligand-to-G4 binding that can be used to develop potent G4 
binders. However, by comparing the first quinazoline compounds (86-90) with 
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the second (108-112), there is no ambiguity that the aliphatic amines could 
improve the binding to G4 DNA markedly. We propose that the amines tune the 
electrostatic potential of the compounds, thus beneficially affecting the 
electrostatic component in the arene-arene interactions. With this rationale, the 
arene-arene interactions between ligand and G4 DNA benefit the most from 
synergism between a strong dispersion component together with an electron-
deficient electrostatic component.  

To further challenge the in vitro assay data, all the compounds (85-94 and 108-
112) were tested in a polymerase extension assay (Figure 28). In this assay, a 
DNA template sequence containing a G4 structure is extended by Taq 
polymerase. In the absence of ligand, the polymerase is partly at the G4 
structure upon advancing along the template sequence but can still advance to 
synthesise a certain amount of full-length oligo product. However, if a 
compound can bind and stabilise the G4 structure, the polymerase is halted, 
resulting in a reduced amount of full-length oligo product and a higher amount 
of halted oligo product (product up until the G4 structure). The results from this 
assay were in good agreement with the other assays. For each additional 
substituent on the quinazoline core (85-90), the better stabilisation and thus 
lower amount of full-length product is observed (best viewed at 0.24 µM, 
showed by the arrows in Figure 28). Compound 88 with the most substituents 
was the best stabiliser with a 50% inhibition of full-length product at 0.048 µM. 
Furthermore, either di-methyl (87), methoxy (89), or chlorine (90) (all having 
two substituents on the quinazoline core) were better than 86, that only have 
one methyl (one substituent on the quinazoline core). The quinoxalines (91-94) 
were worse binders as expected. Removal of the aliphatic amine to the methyl 
quinazolines (108-112) were also not performing as well in this assay. The most 
substituted methyl quinazoline 110 were, however, good at the higher 
concentrations. Importantly, none of the compounds displayed any significant 
effect on the polymerase function when a non-G4 template was used suggesting 
that the compounds are very selective for G4 DNA. 
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Figure 28. Polymerase extension assay with all the synthesised compounds (85-94 and 108-112) at 0.048, 0.24, 
1.2, and 6 µM. The concentration of DNA in the assay is 0.048 µM. Error bars correspond to the SD of at least 
two independent experiments 

8.5.3 Further Evaluations of Compounds 88 and 110 
The most promising compound 88 and its methyl analogue (110) were tested in 
a FRET melting assay with different G4 structures. Compound 88 had a clear 
impact on the thermal stability of cKIT2 (c-KIT promoter), Bcl2 (BCL-2 promoter), 
25ceb (human minisatellite), 21G (telomeric), Bom17 (telomeric). Compound 
110 did have a similar effect, although weaker. However, 110 did not stabilise 
Bom17 and only had a slight effect on the Bcl2 G4. Neither of the compounds 
showed any effect on Tba (thrombin-binding aptamer). Since most structures 
were affected, this compound class does not seem to discriminate between G4 
topologies, unlike the macrocyclic compounds (papers I and II). Both compounds 
(88 and 110) did however show good capacities to selectively stabilise G4 DNA 
in a FRET competition assay with c-MYC G4 DNA Pu22 and Pu24T in the presence 
of large excess of double-stranded DNA.  

8.6 Summary Paper IV 
Novel quinazoline (84-90 and 108-112) and quinoxaline (91-94) compounds 
were developed with an emphasis on the dispersion and electrostatic 
components of the arene-arene interactions between ligand and G4. We 
showed that the dispersion component was paramount for the arene-arene 
interactions between ligand and G4. Exchanging the quinazoline core to the 
quinoxaline core (a nitrogen atom shifted one position) resulted in the 
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compounds that did not bind the G4 DNA well. This underscored that the arene-
arene interactions between G4 ligands and G4s are essential for binding, since 
such small changes in the core aromatic system was detrimental for the binding 
event. A strong dispersion component in synergism with an electron-deficient 
ESP of the ligands was optimal for binding to G4. We also showed that these 
concepts were applicable in more complex assays, such as a polymerase 
extension assay. This underscored the value of understanding and applying 
detailed knowledge regarding the binding interactions between ligands and G4 
in the discovery and optimisation of novel G4 ligands.  
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9. Selectivity for Specific G4s (Paper 
V) 
The possibility to selectively bind and stabilise a specific G4 DNA structure is 
often raised as a key challenge in the field. If successful, this would make it 
possible to explore the biology of G4 DNA and the potential of G4 DNA as a 
therapeutic target. Many discussions have been directed towards trying to 
achieve selectivity based on the topology of the desired G4.133 A different early 
approach to specific G4 targeting was to utilise peptide-conjugated compounds 
that, through the additional interactions between the peptide and G4, gain 
specificity.134 Other approaches included the linkage of a G4 ligand with a DNA 
double-stranded binding ligand, and thereby gain specificity based on the 
double-stranded sequence adjacent to the desired G4.135,136 Building on this 
concept, approaches using  PNA-137 or oligo-conjugated138 G4 ligands to gain 
specificity for a desired G4 structure through the complementary interactions 
with the nucleic acid sequence flanking the selected G4 have shown promising 
results. Despite this, endeavours in driving the concepts of oligo-conjugated G4 
ligands for G4 specificity are so far expanded upon slowly, and this area of 
research is still in its infancy.  
The oligonucleotide research area has over the past 40 years resulted in novel 
therapeutics for the treatment of several difficult-to-treat diseases. As of 2020, 
there were 10 FDA-approved oligonucleotide drugs on the market, such 
as Spinraza and Onpattro. Oligonucleotides with between 8-40 residues have 
been reported in the antisense research field, with good selectivity for binding 
the intended single nucleic acid sequence.139 Along these lines, an 
oligonucleotide-G4 ligand conjugate approach was considered a natural starting 
point to push the apex of targeting specific G4 structures. 

9.1 Results and Discussion 

9.1.1 Oligonucleotide Design and Compound 
Conjugation 
The suggested approach to gain selectivity for a specific G4 structure was based 
on the conjugation between a G4 ligand and an oligonucleotide sequence, 
complementing the nucleotide sequence flanking the desired G4 structure 
(figure 30A). In this way, the oligonucleotide sequence should guide the G4-
ligand to only the target G4 structure. This strategy could work with short (10-
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20 bp) oligonucleotide guide sequences because a) this will only match the 
nucleic acid sequence flanking the G4 structure, b) the conjugated G4 binding 
compounds are selective for binding G4 DNA, and c) the binding of the 
compound to a G4 with a non-matching flanking sequence should repel contacts 
between the compound-conjugated oligo and the flanking sequence (Figure 
30B). 

 
Figure 30. A) Illustration (not representative of details in the binding event) of how a compound + 
oligonucleotide conjugate (matching sequence) would bind only the G4 structure with a flanking nucleic acid 
sequence complementing the matching sequence. B) Illustration of how a compound + oligonucleotide 
conjugate (non-matching sequence) should prevent binding to the G4 structure since the flanking nucleic acid 
sequence will not complement the ligand conjugated oligo sequence. C) Written out sequences of c-MYC G4 
DNA Pu24T, RFO+Pu24T, and MRFO. The CD spectrum for Pu24T, RFO+Pu24T, and MRFO and RFO+Pu24T are 
shown, colour coded accordingly. 
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To investigate the concept of this approach, the folding of the G4 structure in 
the presence of a flanking oligonucleotide sequence in vitro was first confirmed. 
Thus, Pu24T c-MYC G4 DNA connected to a random flanking oligonucleotide 
sequence, alias random flanking oligonucleotide (RFO), was characterised by CD 
(circular dichroism) spectroscopy (Figure 30C). With CD, we measure the ability 
of the biomolecule to absorb circularly polarised light, and from this absorption, 
characterisation of the CD curve of the sample compared to a reference CD 
signature can be done. CD analysis showed that the Pu24T G4 structure 
remained folded upon the addition of the RFO (Figure 30C). Furthermore, the 
addition of the matching oligonucleotide sequence (Matching RFO or MRFO) to 
the RFO+Pu24T did not affect the G4 structure (Figure 30C).  

In addition, the 1H NMR (850 MHz) spectra of MRFO and RFO+Pu24T were 
recorded. This revealed that the G4 structure remained intact, as shown by the 
presence of the imino protons. For the combined (MRFO and RFO+Pu24T) 
recording, the hydrogen-bonded double-stranded protons between the two 
matched random sequences (MRFO and RFO) could also be observed, showing 
that the complementary strands can form dsDNA simultaneously as the G4 
structure remained intact.  

Next, the goal was to conjugate a compound to the MRFO that could bind and 
stabilise the G4 simultaneously as the double-stranded formation between 
MRFO and RFO to guide the conjugate to the target sequence. For this, 
quinazoline compound 113, a known potent G4 binder of the type disclosed in 
papers III and IV, with an azide at the end of the amine side chain (Figure 31), 
was chosen. This ligand (113) was chosen before much of the work from papers 
III and IV, and a different ligand might have been more optimal. The click 
(Huisgen) reaction for the conjugation reaction was chosen, based on its wide 
applications in bioconjugation approaches.140 Hence, three different MRFO to 
113 conjugates were proposed (Figure 31), one with simply the MRFO (MRFO1), 
one with an added nucleotide complementary to the spacer in RFO+Pu24T 
(MRFO2), and one with two complementary spacer nucleotides (MRFO3). 
Compound 113 was consequently conjugated with each MRFO to generate 
three different MRFO+113 conjugates, namely, MRFO1+113, MRFO2+113, and 
MRFO3+113 (Figure 31). The conjugation was performed on the 5’ side of MRFO 
since that should be adjacent to the G4 structure. 
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Figure 31. Written out sequences of c-MYC G4 DNA Pu24T, RFO+Pu24T, and MRFO. The conjugation of 
compound 113 to the 5’ side of MRFO via the click reaction between either MRFO1, MRFO2, or MRFO3. The 
MRFO+113 conjugates (MRFO1+113, MRFO2+113, and MRFO3+113) are finally shown. 

9.1.2 Binding to of Stabilisation of RFO+Pu24T 
With the compound conjugated MRFOs in hand, the binding was recorded using 
MST with 5’Cy-labelled RFO+Pu24T. Thus, each MRFO1-3+113, compound 113 
alone, and a non-matching MRFO (non-MRFO), were tested for their abilities to 
bind RFO+Pu24T (Figure 32). Compound 113 alone had a Kd value above 200 nM, 
as expected for this compound (paper III). The MRFO alone was a potent binder 
to RFO+Pu24T with a Kd value of 60 nM. In contrast, when the non-MRFO was 
used, there was no observable binding to RFO+Pu24T since no matched double-
stranded can assemble. When the G4 ligand conjugated MRFOs (MRFO1-3+113) 
were analysed, the binding was notably improved compared to 133 and MRFO 
alone, suggesting that this concept is a viable strategy for specific G4 targeting. 
The best was MRFO1+113, which has the shortest length between the 
compound and MRFO and was the best binder with a Kd value of 12 nM. 
Extending the length by the introduction of either one (MRFO2+113) or two 
(MRFO3+113) nucleotides showed a modest increase in binding, however, both 
still being very potent binders. When the RFO was removed from the G4, 
resulting in G4 Pu24T structure alone, no observable binding of the compound 
conjugated oligos could be observed either. Hence, this strategy should be 
viable for targeting specific G4 structures. 
The MRFO1+113 was challenged further with MST competition experiments. In 
this setup, the binding affinity of MRFO1+113 to RFO+Pu24T was measured, in 
the presence of Pu24T. In both scenarios, the MRFO1+113 retained its potent 
binding to RFO+Pu24T. This underscored the ability of this concept to 
discriminate binding to other G4s. 
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Figure 32. Illustration of the RFO+Pu24T, Pu24T, MRFO1+113, MRFO2+113, and MRFO3+113, highlighting their 
differences and similarities. The Kd values for the different species (113, MRFO, non-MRFO, and MRFO1-3+113) 
for 5’Cy5-RFO+Pu24T. 

Variable temperature 1H NMR (850 MHz) studies were conducted to investigate 
the difference in thermal stability of the RFO+Pu24T in the presence of either 
simply MRFO or MRFO1+113. In this experiment, the temperature was increased 
in increments of 5 °C, and the proton signals for the double-stranded formation 
and G4 were observed separately. This is possible since the double-stranded 
signals appear at 12-14 ppm, while the protons from the G4 appear between 10-
12 ppm. However, at 50 °C, the double-stranded signals were almost completely 
gone, while the signals for the G4 remained, showing that the G4 structure is 
more stable than the double-stranded DNA. When 1H NMR of the RFO+Pu24T 
and MRFO1+113 were recorded, the double-stranded signals remained intact 
until 60 °C. Hence, the double-stranded DNA and G4 structure had a higher 
degree of thermal stability in the presence of the G4 ligand conjugated to the 
recognition sequence (MRFO1+113), compared to only the MRFO. These results 
were validated in a CD melting experiment. 

9.1.3 Specificity and Synergism of the Conjugated 
Oligonucleotide Approach 
Next, the strategy was challenged in a polymerase extension assay. In this setup, 
the DNA template was comprised of either Pu24T with the non-matching RFO 
(non-RFO+Pu24T) or the RFO (RFO+Pu24T). The ability of the Taq polymerase to 
extend beyond the G4 structure in both templates was measured in the 
presence of either 113 alone or MRFO1+113 (Figure 33A and 33B). 
Compound 113 did, as expected, reduce the full-length DNA product for both 
DNA template strands since it should not differentiate between different G4s. 
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Strikingly, when the MRFO1+113 and non-RFO+Pu24T were combined, the DNA 
synthesis was virtually unaffected until above 1 µM concentrations (Figure 33A 
and 33B). In contrast, for the complementary RFO+Pu24T and MRFO1+113, the 
DNA end-product was significantly reduced, already at 0.2 µM (Figure 33A and 
33B). This data shows that this approach offers a powerful way towards 
specificity for a desired G4 with the matching oligo sequence and improves the 
G4 stabilisation compared to the G4 ligand (113) alone. 

As another control experiment, the Taq polymerase extension assay was carried 
out with the DNA template containing RFO+Pu24T, but with either just the 
MRFO sequence, compound 113, MRFO and 113 together (but not covalently 
linked), or with MRFO1+113 (Figure 34). This setup was designed to provide 
information on how well the conjugation strategy synergised in comparison to 
simply having a G4 stabilising compound and a separate oligonucleotide that can 
hybridise with the flanking sequence. The MRFO alone did not show a 
considerable effect on the G4 stability, as expected, based on the observed low 
thermal stability of the double-stranded in the variable temperature NMR 
measurements. Compound 113 alone could reduce the amount of DNA end-
product, analogous to its ability to stabilise the G4 structure in the FRET assay 
(paper III). When compound 113 and the MRFO were not conjugated but added 
as separate units in combination, a reduction in the DNA end-product was 
observed, which was slightly more prominent compared to either 113 or MRFO 
alone. However, when MRFO1+113 was used, the results showed an even higher 
reduction in DNA end-product. This showed that the conjugated compound to 
oligo approach results in an even better G4 stabiliser compared to the two 
components alone without conjugation. Thus, this approach does provide a way 
to gain G4 specificity, but also a synergistic effect which results in improved G4 
binding and stabilisation of the oligo+compound, not achieved by the separate 
components. 
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Figure 33. A) Taq polymerase extension assays in the presence of control compound 113 (lanes 2-5 and 7-10) 
without oligonucleotide addition or with MRFO1+113 (lanes 12-15 and 17-20) on two different templates that 
includes a 15 nts DNA sequence that was either the RFO+Pu24T (lanes 6-10 and 16-20, DNA indicated in blue) 
or non-RFO+Pu24T (lanes 1-5 and 11-15, DNA indicated in red) to the oligo portion (oligonucleotide addition 
indicated in orange) of MRFO1+113. B) Full-length (79 nts DNA run-off product) quantification of the Taq 
polymerase extension assays. The full-length product is expressed in % of the full-length band intensity that 
was obtained in the control reaction that did not contain compound. Mean and standard deviation was 
calculated (n=4). 
 

Finally, the two other compound-conjugated oligonucleotides (MRFO2-3+113) 
were tested for their abilities to stabilise the G4 structure in the Taq polymerase 
extension assay (for more information, see paper V). The different MRFOs+113 
had similar binding affinities to the RFO+Pu24T on the MST measurements 
(Figure 30). Despite this, MRFO2+113, having one extra nucleotide in the spacer 
(Figure 30), showed to be superior (see paper V for more information) in 
stabilising the G4 structure in the Taq polymerase extension assay, indicating 
that the best ability for the compound and MRFO to bind simultaneously is when 
the MRFO began two nucleotides away from the start of the G4 structure (with 
a strong effect already at 0.04 µM). This showed that the distance between the 
oligo and ligand was very important, and the linker strategy will thus be crucial 
in future developments. 
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Figure 34. Taq-polymerase extension assays in the presence of MRFO alone (lanes 1-5), 113 alone (lanes 6-
10), MRFO and 113 (lanes 11-15), or MRFO1+113 (lanes 16-20) on a DNA template that includes a 15 nts DNA 
sequence complementary to the oligo (in orange). 

9.2 Summary Paper V 
The concept of a compound conjugated to an oligonucleotide sequence resulted 
in a very potent G4 binder, exemplified by the interactions between RFO+Pu24T 
and MRFO2+113. Furthermore, the data show that no binding between the 
MRFO+113 and G4 structure occurs when the RFO is not matching the MRFO 
conjugated to the compound. In summary, both G4 specificity and improved G4 
binding were achieved using this strategy. We surmise that this strategy could 
be applied in a highly modular way to access G4 specificity through the 
conjugation between short oligonucleotides and known G4 ligands. The ideality 
of this approach can be emphasised in the vast access to synthetic strategies for 
short and modified oligos, as well as conjugation strategies. In addition, the 
rapid expansion of the oligonucleotide drug delivery field could serve as a 
bridgehead for specified deliveries and modulation of unwanted PK properties 
in G4 ligand-conjugated oligos. The hope is that this work can inspire other 
researchers to apply this strategy to expand the knowledge of G4s in biology and 
to strive towards possible therapeutic applications. 
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10. Concluding Remarks 
This thesis describes the discovery and synthetic development of novel G4 
ligands and investigations of the essential components in the molecular 
interactions between ligands and the G4 surface.  

Major synthetic efforts resulted in the development of several novel macrocyclic 
G4 ligands. The work shows that macrocyclic compounds can serve as a basis for 
novel G4 ligand design. Careful consideration and optimisation of the 
macrocyclic ring size were critical for binding to the G4 surface. The macrocycles 
presented discriminate between G4 DNA and double-stranded DNA and 
preferred parallel and hybrid G4 topologies, and this strategy can thus improve 
G4 selectivity. Computational tools were successfully applied in optimising the 
macrocyclic design. This optimisation resulted in macrocycles with a 
conformational preference similar  

ESP map calculations of different G4 ligands revealed that the compounds that 
efficiently bound and stabilised G4s displayed an electrostatically electron-
deficient character. This electron-deficient character could be attributed to 
cationic charged side chains such as protonated aliphatic amines. However, 
protonated cations in the ligands did not seem beneficial for the binding 
interactions when located close to the G4 surface upon binding. Hence, the 
inclusion of cationic groups in G4 ligands should be placed outside of the G4 
surface and was suggested to improve the binding to G4s indirectly through the 
electrostatic component of the arene-arene interactions. 

A small set of heterocyclic compounds were designed, aided by computational 
methods, to disclose the role of the dispersion energetic component in the 
arene-arene interactions between G4 ligands and G4 DNA structures. This 
showed that the dispersion component is paramount for binding. The relocating 
of a nitrogen atom from the quinazoline aromatic core to afford the quinoxaline 
core resulted in no binding. This underscored the importance of the arene-arene 
interactions between G4 ligands and G4 DNA. Furthermore, a strong dispersion 
component in synergism with an electron-deficient ESP was imperative for 
optimal binding to G4. In addition, this revealed small organic compounds 
without permanent charges demonstrating a balance between good PK 
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properties and potent G4 binding. Thus, the discoveries revealed in this thesis, 
especially regarding ligand-to-G4 interactions, is ample to assist in novel G4 
ligand developments and can be valuable to catalyse the advance of G4 ligands 
in therapeutic settings.  

Finally, an oligonucleotide conjugated to a G4 ligand approach was 
demonstrated as a tool to generate a very potent G4 binder. The compound 
conjugated oligo did not bind the G4 structure when the flanking 
oligonucleotide sequence did not complement the conjugated oligonucleotide. 
Hence, the data shows that considerable G4 specificity was achieved. Thus, both 
increased G4 binding and G4 specificity were accomplished by this strategy. This 
approach must now be evaluated to study if specific targeting of G4s will affect 
the transcription of the target gene and not others. Furthermore, cell 
permeability and the effect on cell viability should be considered. Perhaps, the 
methods currently being developed for the delivery of oligonucleotide therapies 
could be applied to the delivery of oligonucleotide-conjugated G4 ligands. 
Thereof, a Phosphorothioate (PS) backbone is known to improve 
oligonucleotide stability. Locked nucleic sugars (LNAs) are a popular strategy for 
generating more specificity in binding to the correct complementary sequence, 
thereby reducing off-target effects. 

To conclude, most of the aims of this thesis have been reached. Although, a lot 
of future work remains to fully understand the interactions between G4 DNA 
and G4 ligands, as well as to explore approaches to achieve specificity for 
individual G4 structures. 
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