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Abstract 
 

Chapter 1 is a general introduction to the field surrounding quadruplex DNA with a 

focus on the i-motif, a quadruplex DNA structure. 

 

Chapter 2 is split into three sections and explores the interactions of cations with 

quadruplex DNA. The first section discusses what was already known about the 

effects of cations on the G-quadruplex and i-motif structures. The second section 

describes the effects observed upon addition of a range of cations to the i-motif. 

The final section describes the discovery and characterisation of a redox-

dependent system for the control of i-motif DNA structure using copper cations. 

 

Chapter 3 explores the interaction of small molecules with quadruplex DNA. The 

first section discusses reports in the literature relating to the effects of ligands on 

the G-quadruplex and the i-motif. The second describes our efforts using a variety 

of screening methodologies to identify a ligand that is specific for i-motif. The third 

describes how ‘specific’ G-quadruplex ligands have been found to interact with the 

i-motif. 

 

Chapter 4 begins with an introduction on the use of DNA as a functional material. 

This is followed by a discussion of DNA tetrahedra and introduces the proposed 

design of a novel biological nanostructure in an attempt to exploit quadruplex DNA 

to impart further functionality to DNA nanoarchitectures. The third section 

discusses the efforts in synthesising the structure. 

 

Chapter 5 offers a general discussion about this body of work and explores 

avenues for the future development of it. 

 

Chapter 6 describes the experimental procedures used in Chapters 2, 3 and 4. 
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the DNA in the presence of 5 equivalents of each ligand and the 

DNA on its own. ⨯ = not determined. 

Table 3.3.2.4 Ligand DC50 values for DAP determined using FID assay. 

Experiments performed at least in triplicate, and DC50 values are 

reported as the 50% displacement value calculated from fitted 

dose-response curves. Standard errors are calculated using 

R-square values from the statistics on the data fit. ⨯	 =	 not	

determined.	

 

Chapter 4: DNA Nanotechnology 

Table 4.2.3.1 Hydrodynamic diameter of Goodman’s tetrahedron, QTET with 

quadruplex forming segment in one edge and in all edges under 

different annealing conditions measured by DLS. 

 

Chapter 6: Experimental 

Table 6.1.1 Custom oligonucleotide sequences used throughout this research. 

Table 6.1.2 Custom oligonucleotides sequences with end-modifications used 

throughout this research for FRET and SPR experiments. 

Table 6.1.3 Custom oligonucleotide sequences used in this research as 

potential quadruplex segments for QTET. 

 

Appendix 

Table A.2.1 %Rmax calculated for each ligand-DNA pair; colour coded scale 

transitioning from green to red indicating lowest to highest %Rmax 

for each DNA structure respectively. [ligand] = 50 µM Running 

buffer: 10 mM sodium cacodylate, 100 mM NaCl, 0.05% tween at 

pH 5.5. 
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Chapter 1: Introduction 
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1.1 DNA Secondary Structure 
 

A remarkable suggestion was made in 1953 when James Watson and Francis 

Crick, relying on the experimental results of Rosalind Franklin, assimilated nearly 

a century’s worth of research efforts to propose that DNA exists in a three-

dimensional double-helical conformation with the bases on the inside of the helix 

and the phosphates on the outside. In their seminal paper they presented their 

ground-breaking deduction that these two helices are held together by pairs of 

bases, consisting of a purine and a pyrimidine base, and that only specific 

combinations of these pairs would be able to bond together to form this right-

handed structure, concluding that those pairs must be adenine with thymine and 

guanine with cytosine.1 

 

 

Figure 1.1.1 Watson and Crick base pairing and the structure of B-form DNA. 

PDB ID: 1BNA. 

 

This historic discovery was a revolutionary moment in the determination of the 

future direction of biological studies. The debate between a vitalist approach to 

biology, where the whole organism was the object of study, and a reductionist 

approach, where the objective was to decipher the fundamentals of systems, was 
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effectively eliminated as this discovery propelled the field in the direction of 

reductionism and molecular biology.2 As a result, a veritable wealth of information 

has been discovered in the intervening time about the fundamental aspects of the 

structure and function of DNA. The original double helix model proposed by 

Watson and Crick was found to be the most common conformation in living cells 

and was labelled B-DNA.3 Further conformations of double helical DNA have since 

been identified including: A-DNA, a shorter and wider conformer, and Z-DNA, a 

left-handed helix.4 

 

It is now also known that under particular conditions the strands of DNA that make 

up these helices can adopt a multitude of different structures such as hairpins, 

triplexes, cruciforms, junctions and quadruplexes. These different structural 

conformations considerably increase the capacity of DNA to contain and 

coordinate the information which it holds. The ability of DNA to form these 

structures is finely regulated by the environment and the nucleotide sequence, and 

conformational changes result in effects on the DNA’s physical, physiological and 

pathological characteristics.5 

 

 

Figure 1.1.2 Examples of some alternative DNA secondary structures. A) 

A-DNA (PDB ID: 440D). B) Hairpin (PDB ID: 1AC7). C) Triplex 

(PDB ID: 1D3X). D) Z-DNA (PDB ID: 4OCB). E) Four-way junction 

(PDB ID: 467D). 
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1.2 Quadruplex DNA 
 

Particular research efforts of late have been devoted to studying the characteristics 

of quadruplex DNA structures. Two principal quadruplex structures have come to 

the fore as targets for investigation owing to an array of interesting properties: the 

G-quadruplex and the i-motif. The G-quadruplex is formed by sequences 

containing stretches of consecutive guanine nucleotides, and the i-motif is 

dependent on a sequence with cytosine base repeats, both with interspersed loop-

forming regions. 

 

The G-quadruplex is a tetrameric structure, the formation of which requires the 

presence of cations. Four guanine bases form a tetrad through Hoogsteen 

hydrogen bonding, these tetrads are then able to stack thereby forming a channel-

like region in which the localisation of cations is necessary to stabilise the 

quadruplex.6 The i-motif on the other hand derives its name from the intercalation 

of the cytosine bases that occurs, as it is the only known nucleic acid structure 

formed by the systematic intercalation of bases.7 i-Motif formation has been 

associated with the necessity of acidic conditions due to the intercalation requiring 

a hemi-protonated cytosine-cytosine+ (C·C+) base pair, however it has also been 

shown to form at neutral pH.8 

 

While it has been assumed that these structures would be similarly localised in the 

genome, hypothetically in the same place on opposite strands due to the 

complementarity of guanine and cytosine,9,10 the different requirements for the 

formation of each quadruplex make it so that this is not necessarily the case.11 

Some evidence suggests that the concurrent formation of both structures on 

complementary strands, which are capable of forming either structure 

independently, is prevented by steric hindrance between the quadruplexes.12 

Although examples also exist where the quadruplexes, when slightly offset, can 

co-exist on complementary strands; with some evidence even that the formation of 

the first encourages the formation of the second.13 
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Figure 1.2.1 (Top) Hoogsteen hydrogen bonding of G-tetrad with stabilising 

cation in the core (left) and a hemi-protonated cytosine-cytosine+ 

base pair (right). (Bottom) G-quadruplex (PDB ID: 143D; left) and 

i-motif (PDB ID: 1ELN; right). Nucleic Acid Database (NDB) 

colouring: adenine is red, thymine is blue, guanine is green, 

cytosine is yellow. 
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1.2.1 The G-Quadruplex 

 

The more prominent quadruplex of the two in terms of research output is 

undoubtedly the G-quadruplex. The arrangement of the quartet of Hoogsteen 

hydrogen bonded guanine bases that form the tetrads of the G-quadruplex was 

originally proposed in 1962 after observations that concentrated solutions of 

guanylic acid formed gels.14 In the 1980s it was found that specific segments of 

telomeric DNA formed the same structure in vitro.15,16 Since then, the G-quadruplex 

has transformed from an in vitro structural curiosity to an important in vivo regulator 

of biological function.17 An already substantial body of evidence for the significance 

of the G-quadruplex is growing and garnering further interest due to the 

implications raised by the location and effects being discovered. 

 

Various studies have attempted to quantify the potential regions in the human 

genome that can form G-quadruplexes. Initial in silico methods suggested 

>375,000 sequences that have the potential to form a G-quadruplex,18,19 while a 

high-throughput sequencing of the human genome ‘G4-seq’ identified >700,000.20 

More recent work by Mergny and co-workers discusses the challenges surrounding 

the accurate determination of the number G-quadruplexes that form in vivo, and 

suggests a two to tenfold higher number of G-quadruplex forming sequences in the 

human genome than previously proposed, potentially reaching 8 million.21 

 

More important than determining the abundance of G-quadruplexes is evaluating 

the implications of their existence on biological processes. The locations of 

potential G-quadruplex forming sequences from the genomes of divergent 

organisms have been found to be non-random and conserved: evolutionary 

pressure has directed the retention of G-quadruplex forming sequences to specific 

functional regions.22 In the human genome, G-quadruplexes were found to be 

particularly enriched in the telomeric region23 and in the promoter regions of 

genes,24 Additionally, G-quadruplexes have been found in bacteria,25 and in human 

RNA and DNA viruses.26,27 They have been shown to play important regulatory 

roles in biology,17,28 and to be involved in cellular pathways for gene expression29 

including transcription30, translation31 and epigenetics,32,33 and in the maintenance 

of genome integrity.34 
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Figure 1.2.2 Illustration of biological processes in cells which have been found 

to potentially be regulated by G-quadruplexes. 

 

1.3 The i-Motif 
 

A similar, albeit more limited in number, body of evidence has been accumulating 

for the ‘other’ quadruplex structure, the i-motif.35 As far as has been revealed thus 

far, the location and effects of the i-motif are apparently just as interesting as those 

of the G-quadruplex. Unfortunately, the number of sequences in the genome with 

the propensity to form i-motif is not clearly known. The primary cause for the 

discrepancy in research output was the i-motif’s requirement for hemi-protonated 

cytosine base pairs giving rise to the assumption that it necessitated acidic pH and 

would thus not be physiologically relevant.36 This was later shown to clearly not be 

the case and several examples of genomic DNA sequences which form i-motif 

structures at neutral pH have been presented.8,37 
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The term i-motif was coined in 1993 by Gehring, Leroy and Guéron, who, using a 

combination of NMR, PAGE and molecular dynamics (MD), presented the structure 

for the tetrameric complex formed by four strands of 5ʹ-d(TC5). They found that the 

multimeric structure formed readily at higher concentrations (> 1 µM) and acidic 

pH. The quadruplex they observed was highly symmetrical and stabilised by hemi-

protonated C·C+ base pairs. They determined that the structure was composed of 

two parallel duplexes intercalated in an antiparallel orientation to form the i-motif.36 

 

Subsequently, much has been learned about the diverse nature of the i-motif 

structure. The first examples identified, such as that discovered by Gehring et al., 

were intermolecular structures from four separate cytosine-rich strands 

(tetramers).36,38,39 This was shortly followed by the identification of examples 

formed by the intercalation of two hairpin structures (dimers)40 and of 

intramolecular i-motifs (monomers),41 all of which are stabilised by the same C·C+ 

pairing. 

 

 

Figure 1.3.1 Monomeric (PDB ID: 1ELN), dimeric (PDB ID: 2MRZ) and 

tetrameric (PDB ID: 1YBL) i-motifs. 
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Despite the suggestion by Gehring et al. that, while the tetrameric structure they 

reported was not stable at neutral pH, sequences containing cytosines might be 

able to adopt the i-motif structure at “physiological pH and be biologically 

important,”36 scepticism surrounding the biological relevance of a structure that 

appeared to only exist at acidic pH delayed investigation into the biological 

functions of the i-motif.11 Consequently, a large proportion of i-motif research 

focused on using it as a material in nanotechnological applications. Pursuits in this 

direction yielded a great deal of information about the structure of the quadruplex 

as well as a variety of very interesting applications.42 

 

One of the earliest examples of a potential biological role for i-motifs was a result 

of interesting effects being uncovered during the concurrent investigation of the 

G-quadruplex. Human telomeric DNA, as well as that of several other organisms, 

is composed of a disparate distribution of guanines and cytosines, on opposing 

strands. In humans, this distribution consists of repeats of 5ʹ-d(TTAGGG) and the 

complementary 5ʹ-d(CCCTAA),43 which form G-quadruplex and i-motif 

respectively.44 The telomeric region of DNA and a host of associated proteins are 

essential in the faithful replication of cells’ genetic material and protection against 

DNA damage, thereby ensuring genomic stability and integrity.45 Dysfunctional 

maintenance of telomeric DNA, due to elevated levels of the enzyme telomerase’s 

function, has been linked with 85-90% of cancers.46,47 As such, the existence of 

both the G-quadruplex and the i-motif in this region heightened interest into the 

role the quadruplexes could play in inhibiting telomerase activity. 

 

In 1991 Zahler et al. showed that telomerase activity could be inhibited by 

stabilisation of, what they referred to at the time as, the G-quartet by potassium 

ions48 (N.B. this precedes the discovery of the i-motif). What followed in this 

example, illustrative of the overall state of the ‘competing’ quadruplex fields, was a 

rapidly growing arsenal of G-quadruplex stabilising ligands that inhibited 

telomerase expression,49 which by 2009 included three that had been tested in 

vivo.50 By contrast, the first example of telomerase inhibition by stabilisation of the 

i-motif was not reported until 2012. Even this example did not represent a clear 

‘victory’ for the i-motif: single-walled carbon nanotubes were found to cause human 

telomeric duplex dissociation and while they did in-fact stabilise the i-motif, it was 
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hypothesised by Qu and co-workers that the ensuing formation of G-quadruplexes 

on the complementary strand was responsible for telomerase inhibition.51 

 

Nevertheless, evidence for a biological role for the i-motif continued to grow. 

Examples of i-motifs in the promoter regions of genes were presented, alongside 

evidence of their involvement in the control of the transcription of those genes.52,53 

Proteins were found that potentially bound to the i-motif, or with the C-rich single 

strand,54,55 with the most notable example being the BCL2 activating transcription 

factor hnRNP LL.56 As with the G-quadruplex before it,34,57,58 the i-motif began to 

be considered as a physiologically relevant target.55,56,59 

 

While evidence refuting the view that acidic pH was a prerequisite for i-motif 

formation has been available for some time,37 the most significant contributions to 

the acceptance of the i-motif as a physiologically relevant structure were only 

presented in the past two years. I believe three works in particular will stand at the 

helm of a fortune of biological research related to the i-motif that is to come. The 

first, presented by Waller and co-workers, is the identification of genomic DNA 

sequences which form i-motif at neutral pH.8 The second, from Trantirek’s group, 

provided the first in vivo evidence for the persistence of transfected i-motifs in the 

nuclei of living human cells.60 Finally, and most prominently, is Christ’s work on the 

generation and characterization of the i-motif selective antibody (iMab) which 

showed that the i-motif is formed natively in the nuclei of human cells.61 

 

1.4 DNA as a Functional Material 
 

With the abundance of information about DNA that is now readily available it is 

astonishing to realise that this monumental amount of knowledge has almost 

exclusively been amassed in just over half a century. General agreement that 

organisms’ complex genetic information was held in their DNA rather than their 

proteins was only reached as recently as the 1950s.62 Before then, it seemed far 

more likely that proteins, with their 20 constituent amino acids and greater 

complexity, rather than DNA, a simple molecule with merely four subunits, 

contained the “information of life.”62 
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In the past few decades we have gathered invaluable information from studying 

nature’s extraordinary ability to use the four DNA bases to essentially coordinate 

all of life. Armed with this knowledge, inspired researchers have thought of ways 

to exploit the properties of DNA for applications outside of the context of biological 

systems. Several properties of DNA enable it to be a suitable material for designing 

highly structured architectures:63 

(i) the capacity for self-recognition and self-assembly allows for the 

‘simple’ design of very complex systems 

(ii) technological advances have made it relatively easy to synthesise 

and amplify 

(iii) it is electroconductive  

(iv) it can be used to store information  

(v) it can recognise and interact with other molecules  

Another important characteristic property of DNA is its size: with the 2 nm diameter 

of the double helix making it the ideal size to design architectures at the nanoscale. 

 

The approach to the design of nanoscale architectures can generally be classified 

as either “top-down” or “bottom-up.”64 In the top-down approach, the starting point 

is a relatively large structure (generally microscale) and this is manipulated on the 

molecular or atomic level to produce the desired nanoarchitecture.65 In the bottom-

up approach, within which most DNA nanotechnology lies, system design begins 

at the molecular level and constituent molecules are assembled in a manner which 

exploits their individual interactivities to build the nanoarchitecture.66,67 The first 

report of a nanoscale architecture built using DNA was in 1991 by the “Founder of 

DNA Nanotechnology”68 Ned Seeman, who had managed to build a “cube-like 

object.”69 Seeman later explained that from his conception of the idea of building a 

3D-connected object from DNA in 1980, it took more than ten years before the first 

DNA cube was able to be made in the laboratory by Junghuei Chen.68,69 Enormous 

progress has been made since then (Figure 4.1.1), and excitingly per Seeman’s 

own assessment in 2015, this field remains in its infancy70  
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Figure 1.4.1 Illustration of the design space expansion and the growth of 

interest in structural DNA nanotechnology. Reprinted from Current 

Opinion in Biotechnology, 24, Beikko Linko, Hendrik Dietz, The 

enabled state of DNA nanotechnology, 555-561, Copyright (2013), 

with permission from Elsevier.71 

 

1.4.1 Quadruplex DNA Nanotechnology 

 

Notwithstanding the aforementioned properties of DNA which make it a suitable 

material for building DNA nanoassemblies, there are some limitations to 

nanostructures designed using only the classical Watson-Crick base pairs such as: 

susceptibility to enzymatic degradation, poor resistance to heat and/or denaturing 

reagents, flexibility and deformability, and low sensitivity to chemical stimulation. 

The incorporation of quadruplexes into DNA based nanoarchitectures has the 

potential to overcome some of these limitations inherent to B-DNA helices.72 

 

Both quadruplex structures have the advantage in terms of enabling the building 

of more rigid structures: B-DNA duplexes are too flexible to enable the building of 

stable nanostructures.72 On the other hand, the extended backbone of i-motifs and 
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the stacking of the quartets in G-quadruplexes improve rigidity and stiffness relative 

to the duplex.73 G-quadruplexes have been also found to be resistant to conditions 

which typically denature DNA,74 and the formation of both quadruplexes is favoured 

under conditions of molecular crowding which, again, destabilises B-DNA.75–78 In 

addition to these benefits, both quadruplexes have the upper hand in their ability 

to be more responsive to chemical stimuli: both have been characterised to have 

specific responses and changes in formation and stability with different cations,6,79–

82 and the i-motif has “exquisite” sensitivity to pH.72,83,84 

 

Many examples of nanoarchitectures incorporating a quadruplex have been 

developed including sensors,85–87 walkers,88 molecular motors and beacons67 and 

logic gates;89,90 as well as systems incorporating both quadruplexes.91 An example 

application for a nanodevice which uses a G-quadruplex is shown in Figure 1.4.1.1 

below. This “molecular machine” can be used to go through cycles of binding and 

releasing the human blood-clotting factor α-thrombin in a controllable manner.92 

 

 

Figure 1.4.1.1 Representation of the operation cycle of the aptamer-based 

molecular machine in the presence of thrombin. Reprinted from 

Angewandte Chemie International Edition, 43, Wendy U. Dittmer, 

Andreas Reuter, Friedrich C. Simmel, A DNA-Based Machine That 

Can Cyclically Bind and Release Thrombin, 3550-3553, Copyright 

(2004), with permission from Wiley. 



 

14 

 

1.5 Techniques for Studying Quadruplexes 
 

A variety of techniques can be employed to examine quadruplexes, the choice of 

which is largely dependent on the system under investigation. What follows is a 

brief introduction and discussion on the techniques used in the investigations 

presented in this thesis. 

 

1.5.1 Ultraviolet (UV) Spectroscopy 

 

UV spectroscopy can be used to monitor the interaction between quadruplexes 

and cations or ligands. When using this technique, attention must be paid to the 

wavelengths under examination when making observations about the different 

quadruplexes, especially in the presence of ligands which may have their own 

characteristic absorptions. Using UV spectroscopy and performing melting 

experiments is also a valuable tool in gathering information on the stability of 

quadruplexes under different conditions. For the i-motif, absorbance at 260 nm 

may be used, but typically 295 nm is used to monitor the stability of the quadruplex 

and determine a melting temperature for the secondary structure.93 This is done 

by mathematical fitting of the observed hypochromicity at this wavelength in 

response to the increase in temperature denaturing the structure. The midpoint of 

the transition observed can then be calculated and this is reported as the melting 

temperature. ‘UV-difference’ spectra can also be calculated and used to further 

elucidate the effect of a given variable on the structure of quadruplexes. Valuable 

work was done by Mergny et al. that showed that the thermal difference spectra 

(TDS) of a given “structural family are strikingly similar.”94 Thus, the presence of a 

major positive TDS peak at 239 ± 1  nm and a negative peak at ~295 nm can also 

be used to determine the adoption of the i-motif structure by a sequence in a given 

set of conditions. 

 

1.5.2 Circular Dichroism (CD) Spectroscopy 

 

Using circularly polarised light characteristic signals can be observed in the spectra 

which can be used to determine the presence or absence of the quadruplex 
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structures. CD spectroscopy offers an upgrade on UV spectroscopy in the 

examination of quadruplex structures; it can be used to differentiate between 

parallel (dominant positive peak at 260 nm) and anti-parallel (negative band at 

260nm and positive band at 295nm) G-quadruplexes, and to determine the 

adoption of i-motif by a given sequence (characteristic spectrum with a dominant 

positive peak at 288 nm).95 CD can also be used to monitor the effects of changing 

conditions, or the addition of cations or ligands, to quadruplexes. Also, as with UV, 

melting experiments can be performed to gather further information on the thermal 

stability of the system under investigation. 

 

1.5.3 Nuclear Magnetic Resonance (NMR) Spectroscopy 

 

NMR is a powerful technique and can be used to provide complex atomic-level 

details on the most intricate molecular interactions to aid in the determination of a 

quadruplex’s structure.96 It can also however be used in a more fundamental 

fashion to establish the existence, and determine the type, of structure present in 

solution. Using 1D 1H NMR, the hemi-protonated C+-C base pairs in an i-motif give 

rise to characteristic imino proton resonance at ~15.5 ppm.97 These signals can be 

used to monitor the i-motif, and how the structure responds to the introduction of 

different elements to its environment. 

 

1.5.4 Fluorescence Resonance Energy Transfer (FRET) and FRET-

melting 

 

FRET is a physical phenomenon where the fluorescence of one fluorophore (the 

donor), when in sufficient proximity, can transfer through non-radiative means its 

energy to another (the acceptor). This system is employed in the study of 

quadruplexes by the attachment of two fluorophores at the 5ʹ and 3ʹ ends of a 

quadruplex forming sequence, in the case of the work presented here these were 

6-carboxyfluorescein (FAM) and 6-carboxytetramethylrhodamine (TAMRA) 

respectively. Using this system, the fluorescence emission spectra can be 

measured across a range (500 – 750 nm) to monitor both fluorophores and gather 

information about the distance between them. Alternatively, by exploiting the FRET 

phenomenon and designating the acceptor as a ‘quencher’ of the donor’s 
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fluorescence when they are sufficiently close to one another, the fluorescence of 

the donor can be monitored independently.98 Thus, in an appropriately designed 

system, when the quadruplex is formed the donor’s fluorescence is quenched by 

the proximate fluorophore. In FRET-melting experiments subsequent thermal 

denaturation of the quadruplex will result in the fluorophores moving apart and an 

increase in the donor’s fluorescence. The resulting transition can be monitored to 

determine a melting temperature for the system under investigation. 

 

1.5.5 Fluorescent Indicator Displacement (FID) Assays 

 

FID assays rely on the enhancement of the fluorescence of a ‘probe’ when bound 

to a DNA secondary structure. The interaction of the probe thiazole orange (TO) 

was characterised with the i-motif,99 and it has been used to perform competition 

assays with the structure to measure the relative affinities of ligands which can 

competitively displace the probe.100,101 TO is first allowed to equilibrate with the 

quadruplex structure to allow for the fluorescence enhancement to reach a steady 

state. Aliquots of ligands which can potentially bind to the structure are then added, 

and if they bind to the structure, and that binding results in displacement of the 

probe, their relative affinity for the structure can be determined. 

 

1.5.6 Surface Plasmon Resonance (SPR) 

 

SPR is a technique that allows determination of interactions between target 

structures which are immobilised on the surface of a chip and samples of analytes 

in solution. Biotinylated quadruplex-forming DNA can be immobilised on the 

surface of a streptavidin-coated gold SPR chip. Polarised light shone through a 

prism is reflected off the surface opposite to that on which the DNA is immobilised: 

plasmon resonance from the gold on the chip’s surface results in the reflection of 

light at two different angles which are monitored by a detector. When a sample is 

introduced that binds to the DNA on the surface of the chip this affects the 

resonance of the gold plasmons and consequently the angle of reflected light 

monitored by the detector.102 Real-time monitoring of sensorgrams which are 

produced as a result of changes in this angle allows for the detection of binding 

events. Adequate experimental design and some mathematical analysis of the 
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changes in the sensorgram allow the determination of binding affinity and kinetics 

data for the system under investigation. 

 

1.5.7 Gel Electrophoresis 

 

Gel electrophoresis can be used to determine the formation of higher-order 

multimeric structures by DNA sequences, or to study their formation of monomeric 

secondary structures. The migration of a sample through a gel is determined by its 

size, mass and charge. Generally, species with the smallest mass and the highest 

charge will move through a gel most rapidly. However, a species of the same mass, 

and the same global charge, will migrate more rapidly through a gel if it adopts a 

more compact structure, such as a quadruplex. Gel electrophoresis can be 

performed under ‘native’ conditions, i.e. conditions that should not disrupt any 

higher-order architectures that may have formed. Or, depending on the 

characteristic under investigation, denaturing conditions that will remove such 

structures. Using gel electrophoresis with chemical footprinting methods using 

radio-label DNA sequences has provided a powerful method to examine which 

bases are involved in the formation of a quadruplex structure.12 Unfortunately the 

radioactive element of this method precludes it from being widely adopted by most 

researchers. The use of fluorescently labelled DNA as an alternative has recently 

been reported and would be technically more accessible.103 

 

1.5.8 Molecular Modelling and Dynamics 

 

Molecular modelling and dynamics simulations have been essential in 

understanding the structure of quadruplexes, and especially the i-motif. As the 

pursuit of an i-motif crystal structure continues solution techniques have been 

combined with increasingly powerful and constantly developing MD techniques to 

propose structures for the unimolecular i-motif.82,96,104–106 Only very recently have 

force field parameters become available that enable dynamic simulation, as 

opposed to fixed parametrization, of the protonated cytosines at the core of the 

i-motif.107,108 These parameters are a considerable improvement however they 

remain inadequate: while they have enabled MD measurements showing an 

enhanced stability for the hemi-protonated i-motif structure, when allowed to run 
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for ‘extended’ periods of time (~40 ns) the structure spontaneously unfolds under 

conditions which have been shown otherwise to retain the i-motif.108 While virtual 

drug screening has been performed with quadruplexes since the 1980’s, owing to 

the complexities of modelling the non-canonical DNA structures, there was 

undoubtedly a preference for biophysical high-throughput screening methods 

which offered more success. Recently more success has been achieved with 

virtual drug screens targeting the G-quadruplex,109 however no such example has 

yet been reported for the i-motif. 

 

1.5 Challenges and Opportunities in i-Motif Research 
 

Many of the challenges facing the ‘ugly duckling’35 quadruplex (the i-motif) 

simultaneously present rewarding opportunities for whosever can resolve them; 

such should be the approach to all challenges in research. 

 

One of the most significant obstacles since the discovery of the i-motif is the 

scepticism surrounding its biological relevance. The opportunity to address this 

issue has been, and continues to be, tackled by many research groups and this 

scepticism, while at one point understandable, now stands contrary to substantial 

evidence. The opportunity that lies in investigating the biological effects of i-motifs 

is the impact those who do so stand to potentially make in controlling diseases or 

developing therapeutics using the i-motif. The role of the G-quadruplex as a 

therapeutic target has been the subject of much discussion, spurred by the 

progression of candidates into preclinical testing and clinical trials.57,110 The 

opportunity for a small molecule therapeutic that targets i-motif is a monumental 

one, the development for use in the clinic of such a therapy is a pursuit that will 

undoubtedly take some time yet, however the opportunity presented by this 

challenge is a tantalising one. 

 

Interestingly, one opportunity that has already been seized as a result of the doubts 

surrounding the i-motif’s biological relevance is its use as a material for 

nanotechnological applications.42 One of the earliest examples, reported in 2003, 

was a proton-fuelled i-motif nanomotor.111 Since then, the i-motif has been 

exploited in the design of hundreds of pH-driven nanomachines42,78 including an 
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example of a light-driven pH-jump system112 and a DNA nanomachine that can 

map spatial and temporal pH changes in living cells.113 Studies towards the 

development of the i-motif for nanotechnological applications have provided 

significant advances in the understanding of fundamental aspects of the 

quadruplex’s structure, its dynamics,114–116 and also about the various i-motifs 

formed by different sequences.8,117,118 This information has enabled fine-tuning of 

the properties of these types of devices, and while crucial to the development of 

these noteworthy applications, it also provides valuable knowledge to researchers 

exploring the biological role of the i-motif.  

 

Finally, there are gaps in our knowledge surrounding the i-motif that exist which 

present further challenges to our ability to fully understand and study the structure. 

Perhaps most prominent among these is the absence of a structure for an 

unmodified intramolecular i-motif. Intramolecular i-motif solution structures do 

exist, however due to the overall global symmetry of the quadruplex119 these have 

necessitated chemical modification to enable the determination of the structure. 

Similarly, no X-ray crystallographic data exists for the intramolecular i-motif, which 

would provide an even higher level of resolution and consequently further 

information about the structure. While efforts are being made in this regard the 

ability to ‘easily’ determine the structure of an i-motif formed by a given sequence 

remains elusive. This is compounded by the dynamic nature of the i-motif and a 

debate surrounding the existence of several possible structures in equilibrium for 

a given sequence in a given environment.80,82,120  

 

1.6 Aim and Objectives 
 

The overall aim of this project was to synthesise a novel DNA-based biological 

nanostructure whose formation, and conformation, could be controlled by 

exploiting the characteristic properties of both DNA quadruplexes; work on this 

nanostructure is presented in Chapter 4. What precedes that is the presentation of 

the research that was performed in order to learn more about the i-motif, this was 

necessary to generate the knowledge needed to incorporate and control the i-motif 

in the nanostructure. This primary aim was directed by two objectives: the first was 

to understand how different cations affected the i-motif so they could be used to 
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control the structure, this is presented in Chapter 2. The second objective was to 

examine ligands for the same purpose, and this is presented in Chapter 3. 
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2.1 Cations and Quadruplexes 
 

Metal ions are inextricably linked to nucleic acid chemistry and, amongst a plethora 

of other functions, play a fundamental role in the formation and maintenance of the 

structure of DNA.121–123 Nucleic acids are polyanionic by nature: the phosphate 

groups that link nucleosides together each carry a negative charge that needs to 

be shielded to enable the formation of stable secondary structures. In biological 

systems the counterions associated with nucleic acids are normally 

polyamines,124–126 or mono- or divalent metal cations.127 The cations found in 

physiological environments have been shown to play an essential role in the 

formation and the maintenance of all higher-order DNA structures including double 

and triple helices, three-way and four-way junctions, and quadruplexes.128  

 

Cations play a particularly important role in G-quadruplexes as the structure cannot 

exist in the absence of stabilising cations at their core. While a monovalent metal 

ion is normally required for the formation of the G-quadruplex, examples exist of 

divalent cations enabling it as well.129 Changes in the concentration and/or identity 

of the cation associated with a given G-quadruplex can have significant effects on 

the stability and indeed the conformation of the structure; with an example 

G-quadruplex in the presence of K+ having been shown to have a melting 

temperature up to 40°C higher than in Na+.130 Astonishingly, changes in only the 

loop-forming region of that sequence, not the quartets of the quadruplex, can result 

in it becoming almost insensitive to this change in the cation with its melting 

temperature only shifting by 1°C under the different conditions.130 Furthermore, a 

diverse array of topologies can be adopted by G-quadruplexes, this has also been 

shown to be controlled by the nature of the cationic environment.131 The 

relationship between G-quadruplexes and cations is multivariate however, it has 

generally been established that the order in which cations are able to stabilise 

G-quadruplexes is: K+ > Na+,NH4
+,Rb+ >> Li+,Cs+.6 

 

The relationship between i-motif forming DNA sequences and cations has not been 

explored as comprehensively. In 1995 Mergny et al. showed that increasing the 

concentration of NaCl from 0 to 100 mM decreased the thermal stability of the 

i-motifs under investigation over a range of pH values; further increases in the 
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concentration to 300 mM had no effect on the melting temperature of the 

structures.41 They also noted that addition of 5 mM MgCl2, CaCl2, ZnCI2 or 10 mM 

LiCl or KCI to their buffer conditions (which contained 100 mM NaCl) did not affect 

the melting temperature of one of the oligonucleotides under investigation.41 They 

attributed these effects to the ionic strength of the solution rather than a direct 

interaction between the cation and one of the components of the i-motif structure.  

 

In terms of a direct interaction between the i-motif and a cation, Kim et al. reported 

that sub-molar concentrations (50 – 500 mM) of Li+ had a destabilising effect on 

the i-motif from the human telomeric region. In this example, the destabilisation by 

lithium is ascribed to its size: while it is sufficiently small to fit in the ‘pocket’ between 

two cytosines in an i-motif it cannot duplicate the stabilisation of the structure due 

to the hydrogen bonding offered by the proton in the C·C+ base pair.132 Thus far, 

the only cation that has been shown to enable i-motif formation is Ag+.80 Another 

interaction between a cation and an i-motif forming sequence is that of Cu2+, it was 

shown to be capable of re-folding an i-motif forming sequence into a hairpin 

structure, even competing with the acid-stabilised i-motif at low pH.81 

 

2.2 Investigating the Effects of Cations on i-Motif DNA 
 

With only limited reports in the literature on the interactions between i-motif forming 

DNA sequences and cations, and these few examples showing interesting results 

which could be applied to the control of the i-motif function in the nanostructure to 

be developed, further investigation into the effects of cations on i-motif DNA were 

warranted. A list of cations was selected to be tested, based initially on their 

availability and absence of prior investigation in the literature, these were: 

aluminium(III), cadmium(II), calcium(II), chromium(II), cobalt(II), copper(II), iron(II), 

magnesium(II), manganese(II), molybdenum(III), nickel(II), tungsten(IV), 

vanadium(II), and zinc(II). 

 

2.2.1 Tricky Temperature 

 

The i-motif sequence chosen for these investigations was the well-studied human 

telomeric i-motif (hTeloC) the sequence for this written in the 5ʹ to 3ʹ direction, as 
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for all sequences in this work, is (TA2C3)4. This sequence had been reported to 

have a transitional pH of 6.11 at room temperature in 10 mM sodium cacodylate 

buffer with 100 mM sodium chloride.133 This is the pH at which the population is 

evenly split between the folded and unfolded states. A lower pH would result in the 

sequence being predominantly folded into the i-motif and the converse true at 

higher pH. The aim was to initially use circular dichroism spectroscopy to search 

for a cation that would induce the formation of the i-motif structure by this sequence 

at pH 7.0. However, peculiarities arose when after some time the control sample, 

which was measured each time prior to cation addition, appeared to have folded 

itself into an i-motif. The sample had been prepared as described commonly in the 

literature. It was confirmed that the correct buffer was used, and that the pH had 

not changed. Once the oligonucleotide was diluted to the desired concentration the 

sample had been held in a heating block at 95°C for five minutes and then allowed 

to cool to room temperature slowly overnight to ensure uniformity of the population 

and allow the adoption of the equilibrium structure under those conditions. Finally, 

the measurements were being collected at room temperature, which was close to 

the average ~20°C. 

 

The fact that measurements were being taken at room temperature was an 

important variable that was confounding explanation. All the variables were 

controlled so that the i-motif forming sequence would be unfolded and the only 

change that was taking place over time was in the temperature. The samples were 

stored in a refrigerator (~4°C) between measurements, but enough time was 

allowed for them to return to room temperature before measurement. This was 

because the human telomeric i-motif has been shown to form at neutral and slightly 

alkaline pH at low temperature.134 However, the melting temperature for the 

structure at pH 7.0 was 13°C,134 and in the literature it was evident that above this 

temperature the structure returned to an unfolded random coil. Therefore, it was 

assumed that temporary cold storage would have no effect on measurements 

taken at room temperature. 

 

Accounting for the possibility that some unknown error had been made, new 

samples were prepared and stored in the refrigerator overnight and when 

measured the next day at room temperature they appeared to be unfolded. 
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Eventually however, the same apparently spontaneous i-motif formation 

reappeared. What transpired to be the likely cause of this was a previously 

unreported phenomenon. While the i-motif forming sequence behaved initially in a 

manner congruent with what was reported in the literature, keeping the i-motif 

forming sequence at a low temperature for extended periods of time enabled the 

i-motif structure adopted in the low temperature environment to persist at higher 

temperatures than before. 

 

 

Figure 2.2.1.1 CD spectra of 10 µM hTeloC in 10 mM sodium cacodylate buffer 

at room temperature. Dotted lines represent spectra of samples at 

different pH values measured without storage at low temperature. 

Solid lines represent spectra of samples at pH 7.0 measured after 

storage at 4°C for the indicated time. 

 

Unfortunately, as these observations were initially presumed to be caused by an 

unidentifiable sample preparation error, and the focus was to find cations that 

induced i-motif folding, this has not been followed up. A systematic preparation of 

samples and maintenance at low temperature for increasing periods of time, 

although time-consuming, would be simple enough to perform. In combination with 

CD melting experiments (a facility that was not available at the time), and/or UV 

and FRET melting, this could produce a sufficiently robust dataset to allow the 

dissemination of this phenomenon to those involved in i-motif research. 
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On its own this phenomenon does not present a particularly astounding 

development, however, there does exist a potential application for this 

phenomenon. i-Motifs have been used to design a DNA hydrogel which forms at 

acidic pH. Subunits of DNA are designed in such a way that they have one half of 

a bi-molecular i-motif forming sequence at their extremities. When the pH is 

lowered the i-motif forms causing the DNA to aggregate and form a gel, the pH 

required to form the hydrogel was 5 which precluded potential biomedical 

applications.135 Other DNA-based hydrogels have since been developed exploiting 

other systems but, while they are elegant solutions, these systems rely on more 

complex interactions and some necessitate multiple steps, or the addition of 

exogenous components, for hydrogel formation.136,137 With adequate design, this 

phenomenon can be exploited to design i-motif based hydrogels with two potential 

benefits: firstly, formation of the hydrogel at neutral pH and maintenance at higher 

temperatures could enable biomedical applications; and secondly, hydrogels 

based on such a system can be designed so that they spontaneously disintegrate 

after exposure to body temperature once a designated period of time from 

application has elapsed. 

 

2.2.2 Pesky pH 

 

Once the mystery of the self-forming i-motif was resolved, the investigation into the 

effects of the cations could proceed. As mentioned, the aim was to find a cation 

that would induce the formation of the i-motif by the hTeloC sequence at pH 7.0. 

Initial screens were performed by titrating each cation in steps increasing the 

concentration ten-fold with each subsequent addition from 1 µM to 10 mM. As can 

be seen in Figure 2.2.2.1, some apparently interesting results were found for 

aluminium(III), chromium(II) and vanadium(II). 

 

These results indicated that some form of structural reconfiguration was occurring 

in each of these cases. Additionally, the bathochromic shift observed in the peak 

ellipticity around 277 nm was congruent with adoption of an i-motif-like structure. 

Initial excitement about these results was diminished once it was realised that the 

higher concentration of cations required before a change is observed could 

suggest an alteration of the pH was occurring. Unfortunately, this turned out to be 
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the case for the three cations which were the ones to have shown interesting 

results. Control titrations of the aluminium(III), chromium(II) and vanadium(II) 

showed that they decreased the pH of 10 mM sodium cacodylate buffer, initially at 

pH 7.0, by 3.54, 3.61 and 4.50 units, respectively. 

 

 

Figure 2.2.2.1 CD titrations of 10 µM hTeloC in 10 mM sodium cacodylate buffer 

at pH 7.0 (black) with increasing cation concentration in 10-fold 

increments from 1 µM to 10 mM (coloured) and the change in pH 

of 10 mM sodium cacodylate buffer from an initial pH of 7 with 

addition of cation. Aluminium(III) – green, chromium(II) – blue, and 

vanadium(II) – sand. 

 

Under these altered conditions, well below the transitional pH of hTeloC, it can be 

expected that the i-motif (or another alternative secondary structure) may form. 

The remaining cations, which did not change the pH, nor did they show any 

interesting results in the original CD experiments, were excluded from further 

investigation. However, to confirm whether the three possibly interesting results 

observed thus far were due to the respective cation or the change in pH, the buffer 
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was changed to 50 mM sodium cacodylate and the pH control experiment 

repeated. The higher sodium cacodylate concentration increased the buffering 

capacity sufficiently so that the pH (except for 10 mM vanadium(II)) remained 

within 0.20 units of 7.0. Unfortunately, under these new conditions which controlled 

the pH, no appreciable differences were observed in the CD spectra with hTeloC.  

 

General consensus in the literature is that increasing cationic concentration 

destabilises the i-motif. Nevertheless, with the knowledge that Ag+,80 and Cu2+,81 

showed interesting results of their own these investigations into further cations 

were performed. The aim of the experiments described here was to find a cation 

that could induce the formation of the i-motif above its transitional pH. While this 

original list of candidates failed to do so, this does not necessarily exclude that 

these cations may have a stabilising effect on the i-motif. It is possible that at, or 

below, the transitional pH for a given sequence one or more of these cations could 

have a stabilising effect on the structure which could be observed using melting 

experiments. However, as this would not be directly applicable to the control of the 

DNA nanostructure to be designed, they were not performed.  

 

I believe however that these experiments are worth mentioning, and, in the right 

context, worth doing, as the possible results of these investigations should not be 

discounted. Alberti et al. reported on the “exception that confirms the rule,”6 A 

G-quadruplex structure which, contrary to all previous observations – which had 

led to the establishment of the “rules” – was more stable in sodium than in 

potassium. Examples such as these are why investigation into these cations could 

continue, although in a different direction. Any interesting results which may be 

discovered that stand contrary to the rules should be incentive enough to do so. 

By exploiting anomalies such as these, members within a class of structures which 

have their own unique characteristics and behaviours, truly sophisticated 

architectures can be designed which incorporate these members and exploit their 

differentiated responses to the benefit of the overall design. 
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2.3 Redox-dependent Control of i-Motif DNA Structure 

Using Copper Cations 
 

As the screening of the cations discussed in section 2.2 continued to unfold without 

the discovery of a particularly noteworthy or promising candidate, deeper 

investigation of the literature yielded a new candidate worthy of investigation: Cu+. 

Computational studies had found that Cu+ can act as a substitute for H+ to support 

formation of cytosine dimers with a similar conformation to the hemi-protonated 

base pair found in i-motif DNA.138 Oomens and co-workers used infrared ion 

spectroscopy in combination with density functional theory (DFT) calculations to 

show that cytosine monomers in the presence of Cu+ form C-Cu+-C structures, with 

an analogous orientation to the hemi-protonated C-dimers at the core of the 

i-motif.138 In contrast to alkali metal ions, that induced a different dimer 

conformation which sacrificed hydrogen-bonding interactions between bases for 

improved chelation of the metal cation, the C-Cu+-C dimer complex was proposed 

to be stable.138 

 

 

Figure 2.3.1 Hemi-protonated C·C+ base pair (left) and proposed C·C base pair 

stabilised by Cu+. 

 

Thus, given the requirement for C·C base pairs in the i-motif, the effects of Cu+ on 

an i-motif forming DNA sequence were investigated. This was in order to determine 

whether Cu+ could induce the formation of a secondary structure in DNA, by 

stabilising C·C base pairs in hTeloC. As discussed previously, hTeloC is 

predominantly unfolded at physiological pH, but capable of forming an i-motif at 

acidic pH (pH < 6). One important consideration was that Cu+ in solution is well 

known to oxidise readily to Cu2+ when exposed to O2,
139,140 therefore all 
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experiments were performed under strict anoxic conditions in an N2 atmosphere 

(containing < 0.5 ppm O2). 

 

2.3.1 Biophysical Characterisation of the Interaction between Cu+ 

and hTeloC  

 

The UV absorbance profile of DNA is dependent on its conformation. Therefore, 

UV spectroscopy can be used to elucidate whether DNA is folded or unfolded, and 

to reveal the existence of higher-order secondary structure(s).44 UV-difference 

spectra are used to identify and characterise the behaviour of the secondary 

structure in response to experimental conditions.94,141 “Cu+ difference” spectra for 

hTeloC were measured at pH 5.5 and pH 7.4, where the structure is an i-motif or 

unfolded DNA respectively. The resulting spectra display a positive signal at 260 

nm at both pH values, and a negative signal at 295 nm at pH 7.4, both consistent 

with when the i-motif formed by decreasing the pH.142 These results indicate that 

the final configuration of the secondary structure adopted at either pH is similar, 

and that at pH 7.4 a more substantial reconfiguration is necessary to form the final 

structure. 

 

 

Figure 2.3.1.1 ‘Cu+-difference’ spectra using 125 µM of Cu+ to form the final 

conformations at pH 7.4 (red) and pH 5.5 (black). 
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CD spectroscopy was used to further characterise the structure adopted by hTeloC 

in the presence of Cu+. The CD spectrum of hTeloC at pH 7.4 has a positive peak 

at 270 nm and a negative peak at 250 nm, indicative of a primarily unfolded 

population of oligonucleotide.143 Sequential addition of Cu+ up to 5 equivalents (i.e., 

50 µM final) resulted in a bathochromic shift in the positive peak from 270 nm to 

278 nm, while the position of the negative peak at 250 nm remained constant. 

Further addition of Cu+ at this pH however, resulted in visible precipitation of the 

Cu+-DNA complex and consequent deterioration of the CD signal. At pH 5.5, 

hTeloC is already folded into an i-motif with a characteristic positive peak at 288 nm 

and negative peak at 255 nm.143 Under these conditions, titration of Cu+ up to 19.5 

equivalents (195 µM Cu+) led to a hypsochromic shift of the positive peak from 

288 nm to 283 nm, and a decrease in the amplitude of the negative peak at 

255 nm. In contrast to the precipitation observed at pH 7.4, the Cu+-DNA complex 

at acidic pH was completely soluble beyond the concentration where no further 

changes are observed (150 µM Cu+). The changes observed at pH 7.4 and 5.5 are 

consistent with a Cu+ induced reconfiguration of the structure. Crucially, post-Cu+ 

addition and at both pH values, the spectra are practically superimposable 

indicating that a similar final structure is adopted regardless of the initial pH. 

 

 

Figure 2.3.1.2 CD spectra of 10 µM hTeloC in 50 mM sodium cacodylate buffer 

(black) at pH 7.4 (left) with titration up to 50 µM Cu+ (red) and at 

pH 5.5 (right) with titration up to 150 µM Cu+ (red). 

 

Given the spectroscopic changes previously reported with Cu2+ and hTeloC, the 

possibility that the structure adopted in the presence of Cu+ may also display 
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hairpin-like character81 was explored, and the different copper-DNA complexes 

were compared using CD at pH 5.5. At this pH, in the absence of copper the CD 

spectrum of hTeloC has a positive peak at 288 nm indicative of i-motif structure. 

Addition of either Cu+ or Cu2+ resulted in a hypsochromic-shift consistent with an 

alteration in the structure of the DNA. Addition of Cu2+ shifts this peak to 276 nm 

compared to only 283 nm when Cu+ is added. The negative peak at 255 nm also 

undergoes a hypsochromic-shift to 250 nm in the presence of Cu2+, while the peak 

position does not shift at all when Cu+ is added. In addition to the spectroscopic 

differences observed using the different oxidation states of copper, the half-cation 

concentrations also vary by an order of magnitude. A value of 46 (±3) µM was 

determined for the [Cu+]50, while the [Cu2+]50 was comparatively higher at 

382 (±14) µM. This strongly suggests that the Cu2+-DNA complex is different to the 

Cu+-DNA complex. 

 

 

Figure 2.3.1.3 CD spectra (left) of 10 µM hTeloC at pH 5.5 (dashed black) with 

addition of 150 µM Cu+ (red) or 1 mM Cu2+ (black) and the ellipticity 

at 288 nm of 10 µM hTeloC (right) in 50 mM sodium cacodylate 

buffer at pH 5.5 with titration up to 195 µM Cu+ (red) and in 10 mM 

sodium cacodylate buffer at pH 5.5 with titration up to 1 mM Cu2+ 

(black). Error bars show standard deviation across three repeats. 

 

The relatively high concentration of Cu2+ required to form the hairpin was 

suggested to be because the Cu2+ did not affect the structure by interacting directly 

with the bases in the oligonucleotide, but rather by shifting the equilibrium to the 

hairpin structure via an interaction with the sugar-phosphate backbone.81 In the 
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case of Cu+, continuous variation binding analysis determined the stoichiometry of 

Cu+ to DNA to be 9:1. This ratio further suggests that Cu+ is interacting with hTeloC 

in a different manner to Cu2+, possibly via direct mediation of an interaction 

between bases in the sequence, perhaps consistent with the model proposed by 

Oomens: one Cu+ for each C·C base pair and, additionally, one for each loop. 

 

 

Figure 2.3.1.4 Job plot of hTeloC and Cu+ in 50 mM sodium cacodylate buffer at 

pH 5.5. The black and red symbols represent the points used for 

fitting the respective linear best fits to determine the intercept.  

 

2.3.2 Computational Investigation of the Interaction between Cu+ 

and hTeloC  

 

In collaboration with Dr László Fábián from the School of Pharmacy at the 

University of East Anglia, models were created and optimised by DFT 

computational methods with cytosine base pairs stabilised by either ion (Figure 

2.3.2.1). This was in order to compare the viability of C·C base pairs stabilised by 

Cu+ and Cu2+.144 The results revealed a planar C·Cu2+·C complex similar to the 

model of Oomens, but with a symmetrical structure and both the N and O atoms 

from a single face of each cytosine moiety coordinating the metal ion. Notably, the 

interaction energy between the two bases and the cation was sensitive to the 

redox-state of the metal and was significantly larger for Cu2+ (+1,700 kJ/mol) than 

for Cu+ (+650 kJ/mol). However, the experimental hydration enthalpies of the ions 

suggested that hydration was more energetically favourable to base pair formation 
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involving Cu2+ (+2,100 kJ/mol), compared to Cu+ (+593 kJ/mol);145 which was 

consistent with the different behaviour observed experimentally with these cations. 

 

 

Figure 2.3.2.1 Structures of the C·Cu+·C (left) and C·Cu2+·C (right) base pairs, 

determined by DFT [TPSS-D3(BJ)/def2-TZVP] geometry 

optimisation. Colour code: C: cyan, H: white, N: blue, O: red, Cu: 

gold.  

 

The CD spectra of the DNA at both pH values in the presence of Cu+ lay 

somewhere between that of unfolded DNA and i-motif DNA. Addition of Cu+ at 

pH 5.5 resulted in what could be interpreted as a slight unfolding of the i-motif, 

consistent with the structure expanding to accommodate the Cu+ cations, which 

are significantly larger than the protons which were previously stabilising the C·C+ 

base pairs. The potential folded i-motif structures were investigated in more detail 

using molecular modelling. First, a model of protonated hTeloC was created on the 

basis of the reported NMR structure from a similar sequence.96 The manually 

modified structure was optimised and then relaxed in a 200 ns explicit solvent MD 

simulation. To match the experimentally measured 9:1 Cu+:DNA stoichiometry, 

nine Cu+ cations were added to this relaxed model manually.146 Six Cu+ ions were 

placed at the geometric midpoints between the N3 atoms of matching cytosine 

groups after the deprotonation of that position. The three additional cations were 

placed in the loop regions. The geometry of this initial Cu+-DNA complex structure 

was optimised using the semi-empirical PM6-D3H4 method.147,148 In the optimised 

structure the Cu+ ions showed a preference to interact with more than two bases, 

thereby breaking the planarity of the C·Cu+·C units. Nevertheless, the overall 

folded structure was retained. To confirm these observations, a stack of six 

C·Cu+·C base pairs capped at both ends with the nearest molecular fragments was 

extracted from the initial Cu+-DNA complex and optimised using a DFT [TPSS-
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D3(BJ)/def2-SV(P)] method. Both the semi-empirical and DFT calculations 

confirmed the preference of Cu+ ions to interact with more than two bases. Full 

exploration of the folding with Cu+ would require derivation and fitting of specific 

Cu+ force field parameters, which was beyond the scope of this work. 

Nevertheless, the computational modelling indicated the acid-stabilised and 

copper-stabilised i-motif structures were slightly different, which would explain the 

spectroscopic differences observed between these two species. Thus, it appeared 

that the planar base pairing (C·Cu+·C) model may only be true for cytosine 

monomers. When the cytosines form part of a larger secondary structure, the 

interactions are more complex which gives rise to a slightly different i-motif 

structure, as supported by the spectroscopic data. 

 

 

Figure 2.3.2.2 Model of hTeloC i-motif structure stabilised by protonation of 

cytosine residues, snapshot from the end of a 200 ns simulation 

(left). Model of the i-motif structure stabilised by Cu+ ions derived 

from the protonated model by geometry optimisation with the 

PM6-D3H4 method. 
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2.3.3 Reversibility and Redox Sensitivity of the Cu+-stabilised 

i-Motif 

 

The effects of Cu2+ on the structure of hTeloC DNA were previously shown to be 

reversible using a the chelator ethylenediaminetetraacetic acid (EDTA).81 To 

determine if a similar reversibility could be achieved with Cu+, the high-affinity 

chelator diethyldithiocarbamate (DETC) was used. Titration of DETC into hTeloC 

at pH 5.5 reversed the effects of the Cu+ addition and the structure reverted to that 

of the acid-stabilised i-motif. hTeloC with Cu+ had the positive peak at 283 nm, 

incremental titration of the chelator DETC resulted in a red-shift of the peak until it 

returned to the position of the acid-stabilised i-motif peak at 288 nm. The negative 

peak in the presence of Cu+ at 255 nm did not shift its position but the amplitude 

of the signal increased to be more consistent with that of the original acid-stabilised 

i-motif. 

 

 

Figure 2.3.3.1 CD spectra (left) of 10 µM hTeloC with 150 µM Cu+ at pH 5.5 

(black) with titration up to 300 µM DETC (red) and the ellipticity at 

288 nm (right) of 10 µM hTeloC in 50 mM sodium cacodylate buffer 

at pH 5.5 with titration up to 300 µM DETC. Error bars show 

standard deviation across three repeats. 

 

Further experiments to examine the mode of copper binding, and reversibility, to 

hTeloC were performed using 1H NMR. At pH 5.5, imino proton signals can be 

observed at 15.5 ppm and are characteristic of the C·C+ base pairs in an 

acid-stabilised i-motif.97 On addition of Cu+, these signals disappeared, consistent 
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with Cu+ replacing the protons in that position. This is also consistent with the 

model proposed by Oomens and co-workers.138 Furthermore, no additional signals 

appeared, ruling out a hairpin conformation with additional Watson-Crick base 

pairing, as was seen with Cu2+.81 Subsequent addition of the chelator DETC 

caused the NMR spectrum to return to that of the acid-stabilised i-motif, with 

chelation of Cu+ resulting in the reappearance of the imino proton signal at 

15.5 ppm. 

 

 

Figure 2.3.3.2 1H NMR of 10 µM hTeloC in 50 mM sodium cacodylate buffer 

pH 5.5 with 5% D2O (green), with addition of 150 µM Cu+ (red), 

and addition of 150 µM Cu+ and 540 µM DETC (blue). 

 

Thus far, all experiments were carried out under stringent anoxic conditions to 

prevent the oxidation of Cu+ that would occur in the open air. To examine a possible 

further dimension to this system and determine if a redox-linked structural 

rearrangement would be observed in situ, the Cu+-DNA complex was exposed to 

air to allow the metal to be oxidised. The Cu+-i-motif can be formed by adding 

150 µM of Cu+ and, as Cu+ is a high-affinity ligand compared with Cu2+, complete 

oxidation to Cu2+ would yield a cation concentration below the [Cu2+]50 

(382 ± 14 µM). As a result, there would not be enough Cu2+ to form the hairpin. To 

test this hypothesis, Cu+ was added to hTeloC at pH 5.5 and the sample was split 

into two. One sample was maintained in an anoxic environment whilst the other 

was exposed to the open air. The CD spectrum for each condition was 

subsequently measured and the one which had been exposed to oxygen reverted 

almost completely to the acid-stabilised i-motif: the positive peak moved from 

281 nm to 286 nm, and the amplitude of the negative peak at 255 nm increased, 

as observed when the Cu+ was chelated with DETC. In contrast, the sample 

maintained in the anoxic environment remained essentially unchanged.  
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Figure 2.3.3.3 CD spectra of 10 µM hTeloC in 50 mM sodium cacodylate buffer 

at pH 5.5 with 150 µM Cu+ scanned immediately after addition 

(solid lines) and 3 hours later (dashed lines); (red) sample exposed 

to the air; (black) sample maintained in anoxic environment. 

 

Having discovered that this system was oxygen-responsive and that oxidation of 

the Cu+ resulted in the restoration of the acid-stabilised i-motif structure we were 

interested in determining whether this transition was possible in the opposite 

direction; i.e. whether it would be possible to reduce Cu2+ in situ to form the 

Cu+-i-motif. To explore this, the well-established reaction between Cu2+ and 

sodium ascorbate, where Cu2+ is reduced to Cu+, was used.149 150 µM Cu2+ was 

added to the acid-stabilised i-motif and, as this concentration was below the 

[Cu2+]50, no structural change was observed using CD. Subsequent addition of 

150 µM sodium ascorbate resulted in the successful formation of the Cu+-i-motif 

complex observed previously when Cu+ was added under anoxic conditions. 
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Figure 2.3.3.4 CD spectra of 10 µM hTeloC in 50 mM sodium cacodylate buffer 

at pH 5.5 (green); addition of 150 µM Cu2+ (blue); addition of 

150 µM sodium ascorbate (pink). For comparison, the CD spectra 

of 10 µM hTeloC in 50 mM sodium cacodylate buffer at pH 5.5 

after addition of 150 µM Cu+ (black). 

 

When one equivalent of sodium ascorbate was used, exposure of the sample to 

air led to a slow process of oxidation and return to the acid-stabilised i-motif 

structure, while adding an excess of sodium ascorbate allowed for the prolonged 

maintenance of the concentration of Cu+ and the corresponding Cu+ stabilised i-

motif structure. 

 

 

Figure 2.3.3.5 CD spectra of 10 µM hTeloC in 50 mM sodium cacodylate buffer 

at pH 5.5 with 150 µM Cu2+ immediately after addition of 150 µM 

sodium ascorbate and every 10 minutes for 240 minutes (black to 

red). 
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The ability to maintain the Cu+-i-motif structure for several hours in the open air 

enabled the performance of FRET-based DNA melting experiments using 2 

equivalents of sodium ascorbate to observe the folding behaviour using the dual-

labelled sequence hTeloCFRET. The fluorescence intensity at 25°C was used to 

determine the fraction of the DNA that is folded in the presence of increasing 

concentrations of Cu+. In good agreement with the UV and CD data, addition of 

Cu+ to hTeloCFRET at pH 5.5 did not affect the proportion of the population of the 

DNA that was folded. Further ruling out unfolding and supporting the observation 

that the folded conformations of the proton-stabilised and Cu+-stabilised i-motif are 

similar. Conversely, at pH 7.4 addition of Cu+ results in folding of the sequence into 

a secondary structure that brings the two ends of the sequence into sufficient 

proximity for FRET to occur. Additionally, using this technique we were able to 

determine a Tm which was calculated as the midpoint temperature of the transition 

from the folded to the unfolded structure. At pH 7.4 increasing Cu+ concentration 

led to an increase in Tm until 15 equivalents (3 µM) at which point it was 65°C, and 

after which no further change was observed. This is in agreement with the 15 

equivalents of Cu+ required to fold the DNA as determined by CD. An increase in 

Tm was also observed at pH 5.5, however the temperature required to unfold 

completely was greater than 95°C, the limit of the instrument, therefore an accurate 

determination of the Tm was not possible. 
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Figure 2.3.3.6 Fluorescence intensity at 25°C normalised using values in the 

absence of Cu+ at pH 5.5 as 1 (folded) and at pH 7.4 (unfolded). 

200 nM hTeloCFRET in 10 mM sodium cacodylate buffer at pH 5.5 

(black) and at pH 7.4 (red). Error bars show standard deviation 

across three repeats. 

 

Multiple iterations of the conformational change induced by Cu2+ on hTeloC were 

reported to be possible by repeated chelation and metalation.81 From a 

nanotechnology perspective, the potential ability to have a conformational change 

of the structure controlled by redox-cycling the metal was very encouraging. Thus, 

the ability for similar repeat switching between the Cu+-stabilised and the 

acid-stabilised i-motif structures was investigated. To truly test the versatility of this 

system, rather than perform repeated addition and chelation of Cu+, a single 

addition of Cu2+ was added and this was reduced in situ repeatedly to Cu+ using 

sodium ascorbate. The structural reconfiguration in response to the oxidation state 

of the copper was observed by monitoring the molar ellipticity at 288 nm as a 

function of time. Figure 2.3.3.7 shows the results of this experiment with three 

successive additions of the reducing agent successfully resulting in adoption of the 

Cu+-stabilised i-motif structure and the oxidation to Cu2+ over time similarly 

resulting in the return to the acid-stabilised i-motif prior to the next sodium 

ascorbate addition. 
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Figure 2.3.3.7 Ellipticity at 288 nm of 10 µM hTeloC at pH 5.5 with 150 µM Cu2+ 

as a function of time with three additions of 150 µM sodium 

ascorbate under ambient conditions.  

 

Having established the redox dependent coordination of copper by the i-motif 

forming DNA sequence hTeloC, it was hypothesised that this system could act as 

a continuous redox sensitive cycle, allowing for dynamic movement between the 

various structural conformations adopted under the different conditions. The final 

step was to determine whether it was possible to convert the Cu2+ hairpin structure 

to the Cu+-stabilised i-motif structure. As can be seen in Figure 2.3.3.8, addition of 

1 mM Cu2+ to a sample of hTeloC at pH 5.5 forms the hairpin structure and 

subsequent reduction to Cu+ using 150 µM sodium ascorbate successfully forms 

the previously observed Cu+-DNA i-motif, even in the presence of excess Cu2+.  

This was a fortunate but predictable outcome due to the difference of an order of 

magnitude between the binding affinities of the different oxidation states of copper. 

Leaving the same sample in the open air over time resulted in conversion back to 

the Cu2+ stabilised hairpin structure. Finally, addition of 1 mM EDTA chelated the 

Cu2+ and the sample returned to its initial configuration as an acid-stabilised i-motif. 
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Figure 2.3.3.8 CD spectra of a single sample of 10 µM hTeloC at pH 5.5 (black); 

addition of 1 mM Cu2+ (blue); addition of 150 µM sodium ascorbate 

(purple); after 4 h exposure to air (green); chelation using 1 mM 

EDTA (pink). 

 

The discovery of this interaction demonstrated that Cu+ could be used to fold an i-

motif forming DNA sequence into a Cu+-stabilised i-motif structure. This process 

could be reversed by chelation of the metal, or by oxidation of Cu+ to Cu2+. This 

was the first, and as of this writing the only, example of redox-dependent control of 

DNA secondary structure. This work realises that a series of alternative 

conformational switches for i-motif forming DNA sequences are possible using 

different conditions, without changing the pH. A summary of the transitions possible 

is conveyed in Figure 2.3.3.9, illustrating the pH and redox sensitive control of the 

structural conformation of the i-motif forming DNA sequence hTeloC in the 

presence of copper. The dynamics of this system could be applied to develop dual 

oxygen and pH-sensitive nanomachines, logic gates or sensors based on i-motif 

DNA.  
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Figure 2.3.3.9 Illustration of proposed system for the pH and 

copper-redox-dependent control of the structure of the i-motif 

forming DNA sequence hTeloC.  
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Chapter 3: Ligands 
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3.1 Ligands and Quadruplexes 
 

Historically, DNA was the first target for anti-cancer drugs and remains the 

mainstay of most treatment regimes.150 Given their positions in the genome, the 

potential therapeutic impact of targeting quadruplex DNA structures to control 

homeostatic or pathogenic processes is vast.57,58 Ground-breaking recent work 

enabled the in vivo visualization of both quadruplex structures in the nuclei of 

human cells. The G-quadruplex was shown first in 2013 by Balasubramanian and 

co-workers,151 followed by the i-motif in 2018 by Christ and co-workers.61 The 

confirmation of the existence of both quadruplexes in cells further increased the 

significance of finding ligands that can interact with them. 

 

As introduced in section 1.5, one of the challenges facing the i-motif is the wealth 

of small molecule G-quadruplex ligands compared to the dearth of ligands that 

selectively target the i-motif. One interesting reported example of an i-motif 

stabilising ligand is that of IMC-48.120 Hurley and co-workers reported that the 

cytosine-rich sequence from the BCL2 promoter could form a hairpin or an i-motif, 

and that the equilibrium between the two structures could be controlled by using 

two ligands identified through screening methods. Shifting the population to i-motif 

by IMC-48 activated transcription, while a shift to the hairpin by IMC-76 repressed 

it.120  

 

 

Figure 3.1.1 Structures of the BCL2 i-motif ligands IMC-48 (left) and IMC-76 

(right).  

 

Relatively few other reports in the literature exist for i-motif binding ligands, and 

those ligands found to have affinity for i-motif  have lacked selectivity; additionally 

having good affinity for G-quadruplex or duplex DNA.11,35,152 Therefore, the need 

to identify a small molecule that stabilises the i-motif in a selective manner is 
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needed; not only to better understand the structure, but also to enable potentially 

meaningful application as a future therapeutic. It must be noted that a recent article 

has been published that suggests B19, one of a series of acridone derivatives 

synthesised to target i-motif, can selectively bind the c-myc i-motif. Crucially, this 

compound reportedly did not show affinity for G-quadruplex or duplex DNA. 

Additionally, it repressed c-myc transcription and expression thereby leading to 

tumour cell death.153 This latest report only serves to provide further support to the 

i-motif hypothesis and will encourage research in this pursuit. 

 

 

Figure 3.1.2 Structure of the c-myc i-motif selective ligand B19.  

 

3.2 i-Motif Ligand Hunt 
 

Finding a small molecule compound that can specifically stabilise or induce i-motif 

structure had potential significance on several fronts: 

(i) it could serve as a tool that can be used to further our understanding 

of i-motif structure and function  

(ii) with the emerging evidence for physiological and/or pathological 

roles for the i-motif it had the potential to be developed for diagnostic 

or therapeutic applications 

(iii) it could be used to control the i-motif functionality in the DNA based 

nanostructure being developed. With these potential applications in 

mind, the hunt commenced for an i-motif specific ligand. 

 

While limited reports existed in the literature for ligand interactions with the i-motif 

the Waller research group had been investigating the interaction of small molecules 

with different i-motif forming sequences for some time. Medium throughput FRET-
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melting experiments (as described in section 1.5.4) were one of the primary 

methods used by the group previously to explore the interaction of the 1584 

compounds in the National Cancer Institute (NCI) Diversity Set VI library with a 

variety of i-motif forming DNA sequences as well as a double stranded DNA 

sequence and a G-quadruplex sequence. The data collected contained information 

on the change in melting temperature (ΔTm) of the structure under examination 

induced by the ligands in the NCI library. Using this data, a list of small molecules 

was selected based on their ability to increase the melting temperature of one of 

the investigated i-motif forming sequences and, where available, for having a 

smaller stabilising effect on the melting temperature of the double stranded 

structure and/or the G-quadruplex (details in Appendix A.1). Additional compounds 

were included based on a variety of other factors including results from other 

experiments or for having a pharmacophore of interest, as well as mitoxantrone 

(NSC 301739) as a positive control.152 The compounds in this combined list 

(Figure 3.2.1) were investigated further by a variety of methods including more 

comprehensive FRET-melting experiments, SPR, FID, CD, UV and NMR. 
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Figure 3.2.1 Structures of the 38 compounds selected for further investigation. 
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Figure 3.2.1 Structures of the 38 compounds selected for further investigation. 
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Figure 3.2.1 Structures of the 38 compounds selected for further investigation. 
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3.2.1 Surface Plasmon Resonance (SPR) Screen 

 

As introduced in section 1.5.6, SPR can be used to determine binding affinity and 

kinetics data for ligands with DNA. Initially however, it was used in a higher 

throughput manner to detect binding events between this list of ligands and three 

5ʹ-biotinylated DNA sequences immobilised on the chip surface: the hTeloC i-motif, 

the c-Myc i-motif: (TC4AC2T2C4A(C3TC4A)2) and a double stranded sequence 

DSbiotin: (G2CATAGTGCGTG3CGT2AGC) and its complement: DScomp. The SPR 

work described here was performed with the help of Dr Clare Stevenson from the 

John Innes Centre. The response (R) observed in sensorgrams is proportional to 

the mass on the surface of the SPR chip. Therefore, if a compound binds to the 

immobilised DNA this results in a change in the mass on the surface and which is 

reflected by a change in the observed response. The maximal response (Rmax) 

describes the capacity of the surface to accommodate a given ligand, taking into 

account the level of DNA immobilised on the chip. This can be calculated using 

Equation 3.2.1.1: 

 

Equation 3.2.1.1: ?@AB = 	
CDEFGHIJ
CDKLM

	×	?OPQ 

 

RDNA is the response measured upon immobilisation of each DNA structure to the 

surface of the chip and, for simplicity, this equation assumes a 1:1 binding model 

of ligand to DNA. The first SPR screen was performed at pH 5.5 using a single 

concentration (50 µM) of each of the 38 ligands, and a theoretical Rmax was 

calculated for each ligand-DNA pair. The response from each binding event was 

then measured and the %Rmax calculated wherein the response observed was 

presented as a percentage of the theoretical Rmax. From this data 11 ligands were 

selected to be tested further, the results for the chosen 11 are presented in Table 

3.2.1.1 (full results in Appendix A.2): 
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Ligand 
(NSC) Structure 

%Rmax (%) 

hTeloC c-Myc DS 

9037 

 

-43.91 210.65 -1498.5 

13487 

 

-211 172.11 -603.44 

60339 

 

353.2 545.27 -510.2 

143491 

 

368.49 373.99 -53.13 

260594 

 

294.89 344.74 -427.53 

308848 

 

145.19 100.75 -165.54 

311153 

 

308.63 746.38 -2637.1 
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317003 

 

263.98 425.61 -695.47 

317605 

 

385.06 617.58 -202.54 

345845 

 

186.9 281.84 -325.77 

638432 

 

260.97 420.62 -557.13 

 

Table 3.2.1.1 %Rmax calculated for each ligand-DNA pair. [ligand] = 50 µM 

Running buffer: 10 mM sodium cacodylate, 100 mM NaCl, 0.05% 

tween at pH 5.5. 

 

While some of the other ligands had higher %Rmax values, these ligands were 

selected on the basis of them showing potential selectivity for the i-motif(s) over 

the double stranded DNA. They all had negative %Rmax values for the double 

stranded structure, indicating very low levels of binding or a possible duplex 

denaturing effect, while at the same time having positive %Rmax values for the 

i-motifs (with the exception of 9037 and 13487 which had an apparent further 

selectivity for the c-Myc i-motif).  

 

Further SPR experiments were performed using a concentration range (0 to 

500 µM) in order to determine the dissociation constant (KD) for these 11 ligands 

with the DNA structures. In order for the KD to be determined accurately a variety 

of factors must be taken into consideration. The quality of a sensorgram is one of 

the most important factors: ideally there should be an increase in the response (R) 
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upon injection of a ligand, followed by a plateau and then a decrease in the 

response, and an eventual return to the baseline response level, as the ligand 

dissociates from the DNA. There should also exist a relationship between the 

concentration of the ligand injected and the magnitude of the response observed: 

this second factor is essential in the determination of binding affinities or 

dissociation constants. Provided these quality control criteria are met the KD can 

be determined: using Equation 3.2.1.2 where Req is the response at equilibrium, 

the association constant (KA) can be determined and the dissociation constant 

calculated as: RO = 	
S

TM
 

 

Equation 3.2.1.2: ?UV = 	
TM[XYZA[\]^_H`

SaTM[XYZA[\]
 

 

In this way, an attempt was made to determine the dissociation constants for the 

11 compounds, where the criteria were met. Figure 3.2.1.1 show example data of 

the plots generated in the attempt to fit this data and calculate the KD for ligand 

60339 with the three different DNA secondary structures, for hTeloC and c-Myc 

dissociation constants were determined as 0.22 ± 0.04 µM and 0.34 ± 0.04 µM, 

respectively, while in the case of double stranded DNA the data failed the 

software’s quality control analysis necessary to determine a KD (this was the case 

for all 11 ligands with double stranded DNA). The case of 60339 was a good 

example of the binding data being in agreement with the %Rmax data, although the 

remaining ligands did show some variability. 9037 and 13487 were also both 

consistent with the %Rmax data: dissociation constants could not be calculated for 

hTeloC or double stranded DNA in these cases, as they both had negative %Rmax 

values (response vs concentration plots for all 11 ligands in Appendix A.3). 

Unfortunately, with these two ligands the KD values calculated for the c-Myc i-motif 

had a margin of error of practically 100% (KD data in Table 3.2.1.2). 
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Figure 3.2.1.1 Response vs ligand concentration plots for 60339 with hTeloC, 

c-Myc and double stranded DNA.  

 

Ligand (NSC) 
KD (µM) 

hTeloC c-Myc DS 

9037 ⨯ 0.30 ± 0.31 ⨯ 

13487 ⨯ 0.05 ± 0.03 ⨯ 

60339 0.22 ± 0.04 0.34 ± 0.04 ⨯ 

143491 0.23 ±0.05 0.33 ± 0.09 ⨯ 

260594 ⨯ 0.11 ± 0.13 ⨯ 

308848 0.15 ± 0.01 0.30 ± 0.03 ⨯ 

311153 ⨯ 0.01 ± 0.01 ⨯ 

317003 0.07 ± 0.05 0.10 ± 0.04 ⨯ 

317605 0.19 ± 0.03 0.28 ± 0.04 ⨯ 

345845 ⨯ ⨯ ⨯ 

638432 ⨯ ⨯ ⨯ 

 

Table 3.2.1.2 KD calculated for each ligand-DNA pair at pH 5.5. ⨯ = not 

determinable.  
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3.2.2 Pesky pH Strikes SPR 

 

While it might have been possible to use these results to decide which ligands to 

progress through for further investigation a few concerns at the time prompted a 

reassessment of the results prior to further elimination. The increase in the 

response being observed was relatively low: the interaction being monitored 

between the ligand and the DNA was essentially at the lower limit of detection for 

SPR, which is normally used in this way for monitoring the interaction of much 

larger complexes. This meant that any factor which adversely affected the signal 

to noise ratio was having a significant impact on the results. Additionally, the 

negative responses being observed and consequent negative %Rmax values raised 

further questions. To immobilise the DNA on the surface of the streptavidin coated 

SPR chip the DNA sequences were biotinylated. Thus, by exploiting the extremely 

high affinity of biotin for streptavidin (KD ~0.01 pM)154 the DNA could easily be 

attached to the chip’s surface. The surface of the SPR chip was comprised of four 

separate flow cells the first of which was kept blank, hTeloC was immobilised on 

the second, c-Myc on the third and the double stranded DNA on the fourth. The 

first flow cell was left blank intentionally so that it could be used as a control. The 

response from the first flow cell was subtracted from the response of each of the 

other cells to account for any non-specific binding to any of the components on the 

chip’s surface. Example data for the cause of the negative responses is shown in 

Figure 3.2.2.1: at the higher ligand concentrations the binding to the ‘blank’ flow 

cell 1 is greater than that of flow cell 2. Consequently, when the response was 

corrected for the non-specific binding to flow cell 1 the results became negative. 
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Figure 3.2.2.1 Response vs Injection Number for flow cell 1 (black) and flow cell 

2 (red).  

 

In considering the possible causes for these observations it was decided to also 

investigate whether the acidic pH being used to stabilise the i-motif (pH 5.5) was 

having an effect on the results. Figure 3.2.2.2 shows the results of this investigation 

where buffer alone was injected over the chip at different pH values. In SPR, a 

stock buffer is prepared and allowed to flow over the cells continuously to establish 

an equilibrium response level. Whenever anything is then injected, this is 

observable in the response from the sensorgrams as a result of turbulence 

introduced by the injection, even if the injection contains an aliquot of the same 

buffer at which the baseline response has equilibrated. What would then be 

expected to occur in the scenario of injecting identical buffer is a return to baseline 

response levels as the injected buffer flows over the cells. When the injection is 

complete (as determined by a preselected injection time window) there is another 

observable response as the flow from the stock buffer is re-established. 
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Figure 3.2.2.2 Corrected Response vs Time where flow cell 1 response is 

subtracted from flow cell 2 response. Dashed orange lines indicate 

start and end of injection. Left is pH 7.0 alone. Right shows 

injection of buffer at different pH values. Colour scale transitions 

from green to red starting at pH 8 going down to pH 5 in 0.25-unit 

intervals; pH 7.0 is black. 

 

What was observed here raised some further concerns as the baseline 

unexpectedly did not return to the equilibrium level after the original buffer flow was 

restored. While a differential response in the sensorgrams during the flow of the 

injected buffer at different pHs over the flow cells could be explained by 

rearrangement of the DNA structures present on the surface, this should not have 

resulted in the observed warping of the baseline that occurred at low pH; especially 

considering that what is shown in Figure 3.2.2.2 is the corrected response 

observed after subtracting the response from flow cell 1 which was designed to be 

a control. 

 

As a result of these concerns, it was decided to perform the SPR again at neutral 

pH. Twenty-five of the original 38 ligands were chosen for the neutral pH screen, 

the 13 chosen for elimination had either shown a higher %Rmax for double stranded 

DNA over the i-motif forming sequences, or a low %Rmax across the three 

structures. Two new i-motif forming sequences were selected for this screen which 

could form the structure at pH 7.0; these were ATXN2L: C24, and DAP: (C5G)4C5, 

which both had a reported transitional pH of 7.0.8 These sequences were 

biotinylated and immobilised on the surface of a new chip and SPR testing using a 

concentration range (0 to 500 µM) was performed to attempt to determine KD 
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values for these ligands with the new i-motifs. As before, where the quality control 

criteria were met KD values were calculated and are presented in Table 3.2.2.1, 

and the response vs concentration plots generated in the attempt to determine 

these values are presented in Appendix A.4. 

 

Ligand (NSC) 
KD (µM) 

ATXN2L DAP 

9037 0.04 0.37 

13487 ⨯ ⨯ 

35676 ⨯ 0.20 

60339 0.05 0.19 

71795 0.03 0.16 

103520 ⨯ ⨯ 

143491 0.18 0.02 

146771 0.06 0.02 

202386 0.30 0.02 

204232 0.00 0.02 

215718 ⨯ ⨯ 

260594 0.21 0.25 

275428 ⨯ ⨯ 

277184 ⨯ ⨯ 

300289 ⨯ ⨯ 

305798 1.14 ⨯ 

308848 0.05 0.03 

308849 0.43 ⨯ 

309892 ⨯ 0.19 

311153 0.15 ⨯ 

317003 ⨯ 525000.00 

325014 ⨯ 129000.00 

345647 ⨯ 0.32 

345845 ⨯ ⨯ 

638432 ⨯ ⨯ 

Table 3.2.2.1 KD calculated for each ligand-DNA pair at pH 7.0. ⨯ = not 

determinable.  
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While further data was able to be collected under the new neutral conditions some 

of the aforementioned problems from the screen performed at acidic pH persisted. 

It appeared that some of this may have been inescapable due to the relatively small 

scale of the interaction being monitored lying near the boundary of detection by 

SPR. Nevertheless, it was rationalised that those ligands which had yielded 

positive results warranted further investigation due to the ability to detect their 

interaction with the DNA despite the limitations inherent to the method. 

 

3.2.3 FRET-melting 

 

The SPR results provided an idea of the ability of the ligands to bind to the DNA 

however they did not give an indication of their effect on the stability of the 

structures under examination. Eight ligands were chosen from the SPR screens for 

investigation using FRET-melting to determine their effects on the thermal stability 

of the DNA. It was decided that these experiments would be performed at neutral 

pH and thus DAP was selected as the candidate i-motif forming sequence as it had 

a higher melting temperature than ATXN2L.8 To determine whether the ligands 

showed potential selectivity in their ability to stabilise the i-motif over other DNA 

structures a construct designed to mimic double stranded DNA was also used 

which consisted of two complementary 10-base sequences linked by an 18-unit 

hexaethylene glycol (HEG) polymer: DSFRET (FAM-TATAGCTATA-HEG(18)-

TATAGCTATA-TAMRA). Finally, the guanine rich sequence from the human 

telomere: hTeloG (G3T2A)3G3 was chosen as the candidate G-quadruplex. 

 

The FRET-melting experiments were performed over a concentration range from 

0 to 128 µM and the change in melting temperature (ΔTm) induced was calculated 

for each ligand-DNA pair at each concentration. The change in melting temperature 

results are shown in Figure 3.2.3.1 and the temperature values are provided in 

Appendix A.5. The FRET-melting curves from which the ΔTm values were derived 

are presented in Appendix A.6. 
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Figure 3.2.3.1 ΔTm of 200 nM FRET-labelled DNA (black square ◾ = DAP, red 

circle ● = DS, blue triangle ▲ = hTeloG) in 10 mM sodium 

cacodylate buffer at pH 7.0 with 0 to 128 µM ligand. 

 

Based solely on the change in melting temperature values it seemed that some of 

these results were promising. Three ligands, 60339, 71795 and 143491, appeared 

to stabilise DAP to a greater extent than the double stranded or G-quadruplex 

structures. However, the relatively large increase in the melting temperature in 

these instances was being observed at ratios where the ligands were in huge 

excess compared to the DNA. The highest ligand concentration used was 128 µM 

which represents a 640-fold excess compared to the DNA, the concentration of 

which was 200 nM. The concern was that this stabilisation, particularly the 

differential stabilisation of the i-motif, was not observed at the lower ligand 

concentrations which represent more equivalent ratios of ligand to DNA. It would 

be expected that if there was a genuine ligand-DNA binding interaction, especially 

if it was a specific interaction with a particular structure, that it would occur at ratios 

where the ligand is equivalent to the DNA, or only in a small excess representative 

of  possible multiple binding sites. The observation of stabilisation when the ligands 

were in such a large excess suggested that some non-specific interaction might 

have been responsible for the change in melting temperature; potentially explained 

by a reduced solubility of the ligand-DNA complex, or an interaction with the 

fluorescent tags rather than with the DNA. 
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3.2.4 NMR 

 

To probe this relationship further, NMR experiments were carried out on the same 

eight NSC ligands from the FRET-melting during a research visit to the group of 

Lukáš Trantírek at the Central European Institute of Technology (CEITEC) in the 

Czech Republic. Trantírek’s group have expertise with using NMR to study the 

i-motif and used it to provide the first in vivo evidence for the i-motif in the nuclei of 

living cells.60 The ligands were titrated against DAP and spectra were measured in 

the absence of ligand followed by a gradual increase in the proportion of ligand. 

The i-motif structure was monitored as a function of the intensity of the imino proton 

signal in the NMR spectra at ~15.5 ppm.56,60 In contrast to the NMR described in 

chapter 2, where spectra were collected over two hours using 10 µM DNA, to 

enable collection of spectra in a more reasonable time (~15 minutes) the 

concentration of the DNA used here was 100 µM. Unfortunately, this meant that 

these experiments were plagued by poor solubility. Most of the ligands could not 

be measured at a DNA:ligand ratio higher than 1:2 as visible precipitate formed in 

the NMR tube and the quality of the signal deteriorated substantially. Furthermore, 

from the data that was able to be collected, it appeared that the ligands, with the 

exception of 9037 and 308848, destabilised the i-motif. When accounting for the 

destabilisation of the i-motif induced by an amount of DMSO equivalent to that 

added to achieve each DNA:ligand ratio, 9037 appeared to have no effect on the 

structure and 308848 had a very slight stabilising effect that was within error (NMR 

spectra in Appendix A.7). As with the other tested ligands, 143491 appeared to 

destabilise the i-motif in a concentration-dependent manner as observed by the 

disappearance of the imino proton signals at ~15.5 ppm which represented the loss 

of C·C+ base pairs which form the i-motif. However, in contrast to the other ligands, 

addition of 143491 resulted in the appearance of signals with chemical shifts 

between 12-14 ppm which correspond to the formation of Watson-Crick base pairs 

(Figure 3.2.4.1).120 This data suggested that the DAP sequence, which consisted 

of only cytosines and guanines, may have been adopting an alternative 

conformation, possibly some form of hairpin stabilised by C·G base pairs. 
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Figure 3.2.4.1 Imino region of 1D 1H NMR spectra of 100 µM DAP in 140 mM 

NaPOi, 10 mM MgCl2, 5 mM KCl buffer at pH 7.0 with 10% D2O at 

25°C with increasing concentration of 143491. 

 

Unfortunately, even in the case of 143491 solubility continued to present an issue, 

precluding measurements with more than five equivalents of ligand. However, an 

interesting observation was made where, in the presence of five equivalents of 

143491, the proportion of DAP folded into the i-motif conformation continued to 

diminish over time while the proportion of the alternative hairpin conformation 

increased (Figure 3.2.4.2). It should be noted that the imino proton signals from the 

C·C+ base pairs at ~15.5 ppm did not disappear completely and thus it was 

possible that the alternative conformation which was being adopted consisted of a 

combination of both the C·C+ base pairs from the i-motif with additional canonical 

Watson-Crick C·G base pairs. 

 

 

Figure 3.2.4.2 Imino region of 1D 1H NMR spectra of 100 µM DAP in 140 mM 

NaPOi, 10 mM MgCl2, 5 mM KCl buffer at pH 7.0 with 10% D2O at 

25°C showing effect of incubation with 5 equivalents of 143491 

over time. 
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3.2.5 The Curious Case of 143491 

 

Following the research visit, 143491 was investigated further using CD titrations 

and CD and UV melting experiments. In addition to DAP, it was decided to also 

investigate this ligand’s effects on the ATXN2L i-motif as, while both sequences 

have 24 cytosines, the four guanines interspersed in the DAP sequence are absent 

in ATXN2L. The lack of these guanines meant that the formation of C·G base pairs 

was impossible and thus there was an interest in determining what effect, if any, 

143491 would have on the ATXN2L i-motif. Monitoring the titration of the ligand by 

CD into the two i-motifs showed a similar effect: in both instances a minor 

hypsochromic shift of the peak at ~288 nm is observed in conjunction with a slight 

hypochromic shift across the spectra. Interestingly, while the changes observed 

were the same, the extent of these changes was greater for DAP than for ATXN2L 

(Figure 3.2.5.1). 

 

 

Figure 3.2.5.1 CD spectra of 10 µM DAP (left) and ATXN2L (right) with titration 

up to 50 µM 143491 in 10 mM sodium cacodylate buffer at pH 7.0.  

 

For the CD titrations the ligand concentration was increased up to 50 µM which, in 

keeping with the NMR experiments, represented a DNA:ligand ratio of 1:5. The 

spectrum of ATXN2L in the presence of five equivalents of 143491 appeared to 

still be i-motif with the position of the quintessential large positive peak at ~288 nm 

and the negative signal at ~265 nm similarly being maintained. In the case of DAP 

while the positions of the peaks did not change in a dramatic fashion, there was a 

more pronounced change in the intensity of the signals being observed resulting in 

an almost complete disappearance of the negative signal at ~265 nm. 



 

67 

 

 

To determine the effects of 143491 on the stability of the i-motifs CD and UV 

melting experiments were performed and melting temperatures calculated for the 

structures in the presence and absence of five equivalents of the ligand. 

 
 

DAP ATXN2L 
 Tm (°C)  

CD melting UV melting CD melting UV melting 
DNA 38.69 ± 0.27 38.04 ± 0.25 35.50 ± 0.29 35.07 ± 0.18 

DNA + 143491 
1:5 32.64 ± 0.38 31.86 ± 0.41 33.42 ± 0.30 32.76 ± 0.32 

ΔTm (°C) -6.05 -6.18 -2.08 -2.31 

 

Table 3.2.5.1 Tm of DAP and ATXN2L measured by CD and UV in the absence 

and presence of 5 equivalents of 143491. 

 

 

Figure 3.2.5.2 Normalised Ellipticity at 288 nm (top) and normalised absorbance 

at 295 nm (bottom) of 10 µM DAP (left) and ATXN2L (right) without 

ligand (black) and with 5 equivalents (50 µM) 143491 (red). 

Experiments performed at pH 7.0 in 10 mM sodium cacodylate 

buffer. 
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From this data it could be seen that 143491 destabilised the i-motif formed by both 

sequences and, in keeping with the trend observed from the CD titrations, the 

extent of the ligand’s effect were more pronounced with DAP: the decrease in 

melting temperature for DAP in the presence of the ligand was ~6°C whereas it for 

ATXN2L the decrease was only ~2°C. 

 

Further NMR experiments were then carried out by Martin Gajarský from the 

Trantírek group to see what effects 143491 had on ATXN2L. Unsurprisingly, 

because ATXN2L is made up of only cytosines, no signals were observed between 

12-14 ppm which would have corresponded to the Watson-Crick pairs which were 

induced with DAP. What was somewhat surprising however was that, contrary to 

what had been observed previously with all the ligands, there was no apparent 

reduction in the imino proton signals involved in the C·C+ base pairs which formed 

the i-motif (Figure 3.2.5.3). 

 

 

Figure 3.2.5.3 Spectra overlap showing shifts in imino proton signals from 1D 1H 

NMR spectra of 100 µM ATXN2L in 140 mM NaPOi, 10 mM MgCl2, 

5 mM KCl buffer at pH 7.0 with 10% D2O at 25°C with increasing 

concentration of 143491. 

 

Additionally, there were changes in the positions of the signals in this region as the 

ligand was added. The cause of these changes was suggested to range from the 

ligand binding to the i-motif resulting in a simple alteration of the chemical 

environment of the imino protons, to a possible reconfiguration of the original i-motif 

conformation to another. In an attempt to further elucidate what effect 143491 was 

having on the i-motif structures three more i-motif forming sequences were 

examined: JAZF (C8G(C5G)2C3TC6), PDGF-A (C2GCGC4T(C5G)3C13) and hTeloC. 

The JAZF and PDGF-A sequences contained guanines and addition of the ligand 
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resulted a reduction of the C·C+ imino proton signals and the appearance of the 

same Watson-Crick imino signals as observed with DAP (Figure 3.2.5.4). The 

hTeloC sequence did not contain guanines and, unlike ATXN2L, there was a clear 

destabilisation of the i-motif as seen by the decrease in the C·C+ imino proton 

signals at ~15.5 ppm. Also, additional signals did appear in the region typical for 

Watson-Crick base pairs, although in this case these signals did not correspond to 

the those observed with the sequences containing guanine.  

 

 

Figure 3.2.5.4 Imino region of 1D 1H NMR spectra of 100 µM DNA in 140 mM 

NaPOi, 10 mM MgCl2, 5 mM KCl buffer with 10% D2O at 25°C with 

increasing concentration of 143491. JAZF and PDGF-A at pH 7.0 

and hTeloC at pH 6.0.  

 

Unfortunately, while further experiments were performed in an attempt to 

understand this interaction better, with each change in sequence or environmental 

variable 143491 appeared to have different effects. These studies were started in 

an attempt to find a ligand which stabilised the i-motif. Consequently, while this 
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ligand was having interesting behaviours – ranging from induction of non-C·C+ 

base pairs in the loops, to conformational rearrangement of the i-motifs, and with 

apparent sensitivity to the composition of the sequence – it was clearly not 

stabilising the i-motif in any of these instances and was thus not examined further.  

 

3.3 The Effects of G-quadruplex Ligands on i-Motif DNA 
 

Exasperation from the lack of selectivity being observed between the two 

quadruplexes from the screens discussed in the previous section led to the 

decision to investigate G-quadruplex selective ligands in an attempt to understand 

what gave them selectivity for the G-quadruplex over the i-motif. Several studies 

had identified ligands which were presented as having specific binding to the 

G-quadruplex, however these were not originally tested on the complementary 

i-motif structure. Additionally, while working on developing the i-motif specific 

antibody iMab, Christ and co-workers found that the antibody used to confirm the 

in vivo existence of the G-quadruplex in cells was also able to interact with the 

i-motif.61 As a result of the omission of the i-motif in the identification of ‘specific’ 

G-quadruplex ligands, it was possible that these reported ligands might have had 

an as yet undiscovered i-motif-stabilising effect as well. 

 

3.3.1 i-Motif ‘Home Advantage’ – Acidic pH 

 

Initial efforts to explore the interaction of G-quadruplex ligands with the i-motif were 

performed in collaboration with the group of Antonio Randazzo at the University of 

Naples Federico II in Italy. Six G-quadruplex ligands were selected: Berberine,155 

BRACO-19,156 Mitoxantrone,157 Phen-DC3,158 Pyridostatin,159 and RHPS4160 

(Figure 3.3.1.1). Experiments were performed at pH 4.3 and pH 5.7 to explore the 

interaction of the six ligands with an i-motif and a G-quadruplex using CD, UV, 

NMR, FRET and FID. 
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Figure 3.3.1.1 Structures of the ligands investigated at acidic pH. 

 

The biophysical experiments confirmed that the ligands all interacted with both 

quadruplex structures.100 It was decided that the concentration of the ligand would 

not be increased beyond five molar equivalents of ligand with respect to the DNA. 

This was rationalised as potentially representing an excess of ligand to any 

potential binding sites on the structure. Under these conditions, the CD and UV 

melting experiments performed by our collaborators showed that, as expected, all 

the ligands resulted in stabilisation of the G-quadruplex at both pH values. 

Interestingly, also at both pH values, it was found that while Berberine, 

Pyridostatin and RHPS4 did not have a significant effect on the melting 

temperature of the i-motif, BRACO-19, Mitoxantrone and Phen-DC3 significantly 

destabilised the structure (Table 3.3.1.1).100 
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 ΔTm (°C) – CD melting ΔTm (°C) – UV melting 
 i-motif G-quadruplex i-motif G-quadruplex 

 pH 4.3 5.7 4.3 5.7 4.3 5.7 4.3 5.7 
Berberine −2.5 −0.8 13.4 12.4 1.2 0.9 11.7 15.3 

BRACO-19 −13.4 −9.2 12.4 8.9 −17.6 −6.5 ⨯ ⨯ 

Mitoxantrone −4.8 −9.9 7.7 4.5 −16.6 −1.0 4.1 0.6 

Phen-DC3 −13.4 −6.8 ⨯ 14.4 −17.1 −6.3 ⨯ 5.3 

Pyridostatin −2.8 0.8 12.9 8.8 1.1 0.2 9.3 5.5 

RHPS4 −1.0 −0.3 22.0 20.6 0.7 0.1 ⨯ ⨯ 

Table 3.3.1.1 ΔTm of ligand-DNA pairs measured by CD and UV melting using 5 

equivalents of each ligand. All experiments were performed in 

duplicate and ΔTm values are reported as the mean. Errors were 

±0.5°C. ⨯ = not determinable.  

 

Following on from this, using an FID assay the concentration at which each of the 

ligands displaced 50% of the fluorescent probe (DC50) was determined (Table 

3.3.1.2), RHPS4 was excluded as its fluorescence profile overlapped with the 

assay parameters. As this assay relied on displacement, rather than occupation of 

all potential binding sites, the concentration range used for each ligand was 

selected to provide sufficient data points above and below the DC50 to allow for 

reliable fitting of the data. Aliquots of the ligands were titrated in triplicate against 

both quadruplex structures and the DC50 values calculated from dose-response 

curves fitted to this data (Appendix A.8).  

 

 DC50 (µM) 
 i-motif G-quadruplex 

 pH 4.3 5.7 4.3 5.7 
Berberine 30.38 ± 0.02 1.46 ± 0.01 3.32 ± 0.03 1.26 ± 0.01 

BRACO-19 0.66 ± 0.00 0.87 ± 0.00 0.26 ± 0.01 0.50 ± 0.00 

Mitoxantrone 0.70 ± 0.00 1.34 ± 0.01 0.54 ± 0.00 0.95 ± 0.01 

Phen-DC3 0.97 ± 0.01 0.95 ± 0.00 0.26 ± 0.00 0.39 ± 0.00 

Pyridostatin 9.09 ± 0.01 18.02 ± 0.06 3.15 ± 0.00 9.42 ± 0.04 

Table 3.3.1.2 DC50 values for ligand-DNA pairs at pH 4.3 and pH 5.7 determined 

using the FID assay. Experiments performed in triplicate and DC50 

values are reported as the 50% displacement value calculated 

from fitted dose response curves. Standard errors are calculated 

using R-square values from the statistics on the data fit. 
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The results of the FID assay showed that the five ligands which could be tested all 

bound to both quadruplex structures. While all six ligands showed a slightly higher 

affinity for the G-quadruplex over the i-motif, this assay further confirmed that at 

these pH values these ‘G-quadruplex ligands’ all also interacted with the i-motif. 

Despite these results, the fear that the i-motif would continue to be dismissed 

persisted: it could be argued that the acidic pH at which these interactions were 

studied was not biologically relevant. Consequently, the i-motif could continue to 

be excluded from future ligand-quadruplex studies aimed at biological or 

therapeutic applications. To address this concern, it was decided to perform a 

further examination of G-quadruplex ligands using i-motifs at neutral pH. 

 

3.3.2 i-Motif ‘Plays Away’ – Neutral pH 

 

Owing to the nature of the i-motif generally being more stable at acidic pH almost 

all previous efforts to examine the interaction between small molecules and the 

i-motif have been performed under acidic pH conditions.100 While the effect of pH 

on the sequence under investigation is discussed at length, rarely is consideration 

given to the effect of pH on the ligand itself. Clearly each small molecule will be 

affected by the pH in a different manner depending on the functional groups that it 

contains. This will consequently have an effect on each given ligand’s interaction 

with different DNA structures under different conditions. Therefore, if the aim is to 

develop applications for these compounds in biological conditions, it is important 

to examine their interaction with the different quadruplex DNA structures at neutral 

pH as well. With this in mind, the same six G-quadruplex binding compounds 

described in the previous section, in addition to TmPyP4 (Figure 3.3.2.1),161 were 

used to explore how these ligands interacted with two candidate i-motif forming 

sequences at neutral pH. 
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Figure 3.3.2.1 Structure of TmPyP4. 

 

Three techniques were used to monitor the interactions of these ligands with the 

ATXN2L and DAP i-motifs at neutral pH: CD titrations were used to determine the 

effects of the compounds on i-motif structure, CD and UV melting were used to 

observe changes in thermal stability upon addition of the ligand, and an FID assay 

was used to compare the affinities of the ligands. Only DAP was used in the FID 

experiments as ATXN2L is a poor candidate for this technique due to the low 

fluorescence enhancement observed after equilibration of the fluorescent probe. 

While using a lower pH would have resolved this issue, to allow meaningful 

comparisons we consistently use 10 mM sodium cacodylate buffer at pH 7.0 to 

better address the scepticism surrounding the physiological relevance of the 

i-motif. 

 

CD was used first to confirm that DAP and ATXN2L formed i-motif structures under 

our experimental conditions at pH 7.0. Both sequences showed the characteristic 

positive peak at 288 nm and a negative one at 260 nm. This was followed by 

titration of each of the ligands in 1 equivalent (10 μM) increments up to 

5 equivalents (50 μM) as described before. At these concentrations, Berberine 

and Pyridostatin did not have significant effects on the spectra of either i-motif, 

with Pyridostatin resulting in only a minimal hypochromic shift of the peak at 

288 nm. By contrast, BRACO-19, Mitoxantrone, Phen-DC3 and RHPS4 resulted, 

to varying extents, in considerably greater hypochromic shifts of both the positive 

band at 288 nm and the negative band at 260 nm, as well as a small hypsochromic 

shift of the positive band at 288 nm, consistent with an apparent unfolding effect.162 

The DAP i-motif appears to be affected by these ligands to a greater extent 

compared with ATXN2L; this was most apparent when observing the negative 

band at 260 nm which came very close to zero and almost lost its negative 
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character in the cases of BRACO-19 and Phen-DC3. The effects of TmPyP4 were 

most apparent, as it resulted in the most significant hypochromic shifts of the bands 

at 288 and 260 nm for both sequences. Interestingly, while the bands at 288 nm 

initially exhibited a hypsochromic shift similar to that seen with the other ligands as 

their concentration was increased, with TmPyP4 at 40 and 50 μM a bathochromic 

shift was then observed. This data (Figure 3.3.2.2 and 3.3.2.3) suggested that 

these ligands were interacting with the i-motif structures formed by ATXN2L and 

DAP. The hypochromicity observed suggested that the ligands were inducing a 

partial unfolding the i-motif structure. While TmPyP4 appeared to do the same at 

the lower concentrations, the subsequent bathochromic shift suggested that 

perhaps another structure was then adopted. 
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Figure 3.3.2.2 CD spectra of 10 µM ATXN2L with titration up to 50 µM ligand in 

10 mM sodium cacodylate buffer at pH 7.0. 
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Figure 3.3.2.3 CD spectra of 10 µM DAP with titration up to 50 µM ligand in 

10 mM sodium cacodylate buffer at pH 7.0. 
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To assess the effects of the ligands on the stability of the i-motif structures, the 

melting temperatures for ATXN2L and DAP were determined in the absence of 

ligands using both CD and UV melting experiments. The results from both 

techniques were in very good agreement with one another: using CD to monitor 

ellipticity at 288 nm the Tm for ATNX2L was determined to be 36.9 ± 0.2°C and for 

DAP it was 39.7 ± 0.1°C; using UV and monitoring absorbance at 295 nm the Tm 

for ATNX2L was determined to be 36.0 ± 0.02°C and for DAP it was 38.6 ± 0.2°C. 

Apart from TmPyP4, all the ligands showed a destabilisation of the i-motif 

structure; with the destabilisation of DAP being more pronounced than ATXN2L 

(Table 3.3.2.1, Appendix A.9). Due to the significant changes in the CD spectra of 

the i-motifs in the presence of TmPyP4, a Tm could not be determined using this 

method.  

 

 ΔTm (°C) 
Ligand ATXN2L DAP 

Berberine -1.5 ± 0.3 -3.9 ± 0.3 

BRACO-19 -6.4 ± 0.3 -7.3 ± 0.7 

Mitoxantrone -1.0 ± 0.4 -7.1 ± 0.3 

Phen-DC3 -1.4 ± 0.3 -3.0 ± 0.4 

Pyridostatin -0.8 ± 0.3 -1.8 ± 0.3 

RHPS4 -1.4 ± 0.3 -6.8 ± 0.4 

TmPyP4 ⨯ ⨯ 

Table 3.3.2.1 Tm is the midpoint of the transition from each CD melting 

experiment, and SE is calculated using R-square values from the 

statistics on the data fit. ΔTm is the difference between the Tm of 

the DNA in the presence of 5 equivalents of each ligand and the 

DNA on its own. ⨯ = not determined. 

 

Additionally, it was found that the extent of destabilisation of the i-motif observed 

using CD melting in the presence of the ligands correlated very well with the 

intensity of the hypochromicity observed in the titrations (r = -0.7691, p = 0.0035, 

Table 3.3.2.2). 
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 Tm (°C) % Hypochromicity 
ATXN2L + 50 µM Berberine 35.4 0.0709 

ATXN2L + 50 µM BRACO-19 30.5 0.4614 

ATXN2L + 50 µM Mitoxantrone 35.9 0.3557 

ATXN2L + 50 µM Phen-DC3 35.5 0.2686 

ATXN2L + 50 µM Pyridostatin 36.1 0.1432 

ATXN2L + 50 µM RHPS4 35.5 0.1972 

ATXN2L + 50 µM TmPyP4 ⨯ 0.806 

DAP + 50 µM Berberine 35.8 0.0852 

DAP + 50 µM BRACO-19 32.4 0.5244 

DAP + 50 µM Mitoxantrone 32.6 0.357 

DAP + 50 µM Phen-DC3 36.7 0.2639 

DAP + 50 µM Pyridostatin 37.9 0.1225 

DAP + 50 µM RHPS4 32.9 0.3719 

DAP + 50 µM TmPyP4 ⨯	 0.77 

Pearson correlation coefficient -0.76909 

P-value 0.00346 

Table 3.3.2.2 Tm is the midpoint of the transition from each melting experiment. 

⨯	=	not	determined.	%	Hypochromicity	is	the	decrease	in	ellipticity	

observed	 at	 288	nm	upon	 the	 addition	 of	 five	 equivalents	 of	 each	

ligand.	 

 

In contrast to the CD melting experiments, the results from UV melting were less 

straightforward to interpret. Monitoring the ellipticity at 288 nm versus temperature 

using CD is a direct reporter of the melting of the i-motif structure.163 On the other 

hand, changes in absorbance at 295 nm are not unique to i-motif.94 In the cases of 

Mitoxantrone, Pyridostatin and TmPyP4 with the ATXN2L sequence, an 

increase of the Tm is observed possibly due to the stabilisation of a proportion of 

the DNA that has formed an alternative secondary structure, or an otherwise 

altered unfolding process reflected in the changes in the slopes of the melting 

curves. This result is not completely surprising as reports in the literature have 

shown using some techniques that Mitoxantrone can stabilise i-motif forming 

sequences152 while others showed destabilization.100 Otherwise, a similar 

destabilisation pattern is observed for all seven ligands with DAP, and for the 

remaining ligands (Berberine, BRACO-19, Phen-DC3 and TmPyP4) with 

ATNX2L. Again, the stability of the DAP i-motif was more significantly affected than 

ATXN2L (Table 3.3.2.3, Appendix A.10). 

  



 

80 

 

 ΔTm (°C) 
Ligand ATXN2L DAP 

Berberine -1.17 ± 0.1 -3.4 ± 0.3 

BRACO-19 -1.50 ± 0.1 -11.6 ± 0.3 

Mitoxantrone 3.84 ± 0.2 -2.3 ± 0.4 

Phen-DC3 -0.61 ± 0.1 -4.4 ± 0.8 

Pyridostatin 0.87 ± 0.3 -1.5 ± 0.3 

RHPS4 -7.48 ± 0.1 -8.7 ± 0.3 

TmPyP4 4.48 ± 0.1 -16.0 ± 0.3 

Table 3.3.2.3 Tm is the midpoint of the transition from each UV melting 

experiment, and SE is calculated using R-square values from the 

statistics on the data fit. ΔTm is the difference between the Tm of 

the DNA in the presence of 5 equivalents of each ligand and the 

DNA on its own. ⨯ = not determined. 

 

Finally, to be able to compare the relative affinities of the ligands to DAP an FID 

assay was used to determine the concentration at which each ligand could displace 

50% of the fluorescent thiazole orange probe (Table 3.3.2.4, Appendix A.11). As 

mentioned previously, the fluorescence profile of RHPS4 overlapped with the 

parameters used in this assay and as such it was excluded from analysis. 

 

Ligand DC50 (µM) 
Berberine 27.86 ± 0.23 

BRACO-19 0.57 ± 0.00 

Mitoxantrone 0.62 ± 0.00 

Phen-DC3 1.29 ± 0.02 

Pyridostatin 14.61 ± 0.17 

RHPS4 ⨯	
TmPyP4 0.16 ± 0.00 

Table 3.3.2.4 Ligand DC50 values for DAP determined using FID assay. 

Experiments performed at least in triplicate, and DC50 values are 

reported as the 50% displacement value calculated from fitted 

dose-response curves. Standard errors are calculated using 

R-square values from the statistics on the data fit. ⨯	 =	 not	

determined.	

 

From these results it can be clearly seen that the seven G-quadruplex binding 

compounds examined all interacted with two i-motif sequences at neutral pH. This 

furthered highlighted the issue first proposed by Christ and co-workers during their 

efforts to develop the i-motif interacting antibody iMab: it is essential to examine 
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both the G-quadruplex and the i-motif when reporting on a molecule that appears 

to bind specifically to a given DNA secondary structure. These results also further 

demonstrated that the purported necessity for acidic pH when working with i-motif 

is false and that i-motifs which fold at neutral pH ought to be considered as 

potentially physiologically relevant structures with the same confidence as 

G-quadruplexes. 
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Chapter 4: DNA Nanotechnology 
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4.1 DNA Tetrahedra 
 

As introduced in section 1.6, the research efforts presented in chapters 2 and 3 

above were undertaken with the goal of finding and characterising further triggers 

which could be used to reconfigure the structure of a biological nanoarchitecture 

whose size could be contextually controlled, relying for the first time on the 

incorporation of quadruplexes into the edges of a DNA nanostructure. 

 

The inspiration for this undertaking came from work presented by Goodman et al. 

which showed that, in stark contrast to the decade-long journey to arrive at the first 

DNA cube, they were able to assemble in seconds DNA tetrahedra with near-

quantitative yield of a single diastereomer.164,165 It does not escape my notice that 

it is perhaps unfair to compare directly the entire timeline, from the conception of 

the idea to the synthesis of the first DNA cube, with the rapid assembly reported 

by Goodman. However, the technologies available to, and in certain instances 

developed by, Goodman do make this comparison not entirely unreasonable. The 

bottom-up approach to the design of DNA nanotechnologies has been propelled 

forward by the development of software that enabled, in a sense, the incorporation 

of aspects from the top-down approach.166 

 

With a target structure in mind, researchers can now use software such as 

NUPACK to determine the sequence or sequences of DNA required to build it.166 

The predecessor to NUPACK, NANEV167 is what enabled Goodman to synthesise 

a complex 3D DNA nanoarchitecture in such a uniform and rapid manner.164 The 

power of NUPACK is derived from its assimilation of decades of knowledge about 

DNA to present two tools that aid in the synthesis of DNA based nanoarchitectures. 

The first tool, Analysis, in underpinned by algorithms168–170 which, when given input 

variables relating to the base composition of the sequences, the number of nucleic 

acid strands, their concentrations, and their environment, produce results about 

the identity and concentrations of the structures that could possibly form based on 

minimum free energy probabilities of the base-pairings that could occur between 

those strands.166 The second tool, Design, essentially does the opposite of this: 

following specific but straightforward rules,166 a target secondary structure at a 

given temperature is provided as the input along with the number of strands that it 
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should be composed of. Algorithms171–174 then compute sequences that can form 

the desired target secondary structure, and present them along with the average 

percentage of nucleotides which will be incorrectly paired at the set equilibrium 

temperature relative to the target structure.166 Used in concert, these two tools 

provide an extremely powerful system to design nucleic acid nanostructures. 

Furthermore, the NUPACK software is very versatile and allows results to be 

passed back and forth between the Analysis and Design tools to increase the 

likelihood that a particular target structure will be formed under the specified 

conditions. 

 

 

Figure 4.1.1 Example NUPACK workflow: A) Dot-parens-plus notation: each 

unpaired base is represented by a dot, each base pair by matching 

parentheses, and each nick between strands by a plus; and DU+ 

notation: a duplex of length x base pairs is represented by Dx and 

an unpaired region of length x nucleotides is represented by Ux. 

Each duplex is followed immediately by the substructure that is 

enclosed by the duplex. If this substructure includes more than one 

element, parentheses are used to denote scope. A nick between 

strands is specified by a plus.166 B) Visual preview of target design 

entered. C) Computed base identities for target design. D) 

Equilibrium probability of the base identities forming the target 

design. E) Depiction of target structure adopted shown using the 

ideal helical geometry of B-form helices for DNA. 
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Using NANEV, Goodman was able to work on developing a DNA tetrahedron which 

assembled rapidly and uniformly from four oligonucleotides. They additionally 

reported on its purification, and ligation of the nicks between the four strands to 

form one contiguous structure resistant to enzymatic digestion (Figure 4.1.2).164 

This resulted in many more examples of DNA polyhedra being designed and 

synthesised;175–179 with examples being built by a single strand of DNA180 and 

others where the polyhedra are used to assemble higher-order multimeric 

complexes.178,181 Research in this area has also progressed from simply the design 

and synthesis of DNA tetrahedra, to some fascinating applications: they have been 

used as carriers to encapsulate and release fluorescent biopolymers182 and 

proteins,183 in the tracking and modulation of cell entry pathways,184 in targeting 

tumours and allowing in vivo imaging,185 and as theranostics.186,187  

 

 

Figure 4.1.2 Illustration of design of DNA tetrahedron from four oligonucleotides 

consisting of complementary segments (colour coordinated) which 

hybridise to form the target tetrahedron structure. 

 

4.1.1 Reconfigurable DNA Tetrahedra 

 

A properly characterised i-motif forming sequence can respond predictably and 

rapidly to changes in pH, which is easy to modulate, compared to the G-quadruplex 

which is generally insensitive to pH12,44,188 and requires triggers which are more 

difficult to remove post-addition or to recycle.90 The benefit afforded by the ability 

to efficiently cycle an i-motif forming DNA sequence between the unfolded and the 

quadruplex states without introducing by-products is what has led to the i-motif 
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being used so extensively in nanotechnological applications;90,189 and the DNA 

tetrahedron is no exception to this trend. The fact that the i-motif formed by a DNA 

sequence will be more condensed than either the single-stranded random coil or 

the double helix formed with the complementary strand has been combined with a 

DNA tetrahedron to develop an architecture that can “shrink and stretch”. Wang et 

al. designed a tetrahedron with an i-motif forming sequence protruding from one of 

its vertices and showed that this structure’s size changed in response to changes 

in pH.190 While this structure combined a DNA quadruplex with a tetrahedron, the 

size of the tetrahedron itself was not affected by the quadruplex structure and could 

not be altered by it. 

 

 

Figure 4.2.1.1 Models depicting the i-motif (left) and G-quadruplex (right) of the 

same DNA sequence from which the double helix (centre) is 

formed. Black dashed lines show distance between oxygens on 

the 5ʹ and 3ʹ ends of the molecules. NDB colouring: adenine is red, 

thymine is blue, guanine is green, cytosine is yellow. 

 

A more notable example, and the first of a DNA tetrahedron whose size could be 

contextually controlled, was presented by Goodman et al. in 2008.177 They 

designed a system where a segment in the middle of one (or two) of the sides of 

the tetrahedron formed a hairpin which stuck out of its respective edge rather than 

being part of the double-helix which ran along the six edges. The length of the edge 

containing the hairpin, when the hairpin is formed, is less than if that entire segment 
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was part of a double-helix, thereby reducing the length of that edge of the 

tetrahedron (by a factor of three for a 10-nucleotide long segment).177 Using a ‘fuel’ 

strand that is complementary to the hairpin sequence, that segment could be 

induced to form a double-helix, thereby increasing the size of that side of the 

tetrahedron. This could then be reversed by the introduction of an ‘antifuel’ strand 

which is complementary to the ‘fuel’ strand and has a higher affinity to it than the 

hairpin forming segment, thus resulting in the displacement of the ‘fuel’ strand and 

consequently the hairpin in the tetrahedron would reform.177 

 

4.2 The Quadruplex Tetrahedron (QTET) 
 

In the hope of providing a further avenue for the development of nanoscale DNA 

tetrahedra we set out to design a system which incorporated quadruplexes into the 

sides of the structure: the QTET. As illustrated in Figure 4.2.1, by incorporating 

G-quadruplex and i-motif forming sequences into the stretches of DNA making up 

the edges of the tetrahedron, when the quadruplex structures are formed there will 

be a reduction in the length of those edges, and consequently the size of the 

tetrahedron. Thereby allowing the QTET to change its size in response to its 

environment. 

 

 

Figure 4.2.1 Proposed multi-state QTET model; orange segments represent 

added quadruplex forming sequences which can form their 

respective structure and consequently alter the size of the 

structure in response to triggers. 
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Incorporating the quadruplex functionality into the edges of the nanocage would 

provide three primary benefits over the reconfigurable tetrahedron presented by 

Goodman:  

(i) the time taken for adequately designed quadruplexes to form will be 

measured in fractions of a second162,191 as opposed to thousands of 

seconds needed to reach the equilibrium between the competing 

complementary strands and the hairpin177 

(ii) depending on the triggers used, this system could be much more 

amenable to continuous cycling without the generation of significant 

by-products 

(iii) with DNA tetrahedra already showing potential in the development of 

viable theranostics,186 a system responsive to triggers inherently 

available in different physiological environments86 is preferable to 

one that requires repeated addition of further DNA strands.  

 

4.2.1 QTET Quadruplexes 

 

The attempt to incorporate quadruplex forming sequences, into a nanoscale DNA 

tetrahedron presented a multifaceted challenge. The ability to reliably predict how 

DNA sequences would assemble based on the complementarity of their bases was 

the cornerstone of the ability to design, synthesise and develop applications for 

nanoscale DNA polyhedra. Ironically, this presented the first hurdle in the design 

of the QTET. The sequences chosen for the quadruplex forming segments needed 

to be long enough so that they could form their respective structures while 

simultaneously not being so long so as to overcome the intricate complementarity 

necessary for the assembly of the rest of the structure. The QTET was to be built 

into the scaffold of the tetrahedron reported by Goodman et al. which was made 

up of four complementary strands.164 In Goodman’s structure each strand was 

designed so as to be comprised of three segments which had complementary 

segments running through one of the other three strands. The edges of the 

tetrahedron were each 20 base pairs long, and the vertex of each edge was formed 

by an adenine-adenine mismatch.164 
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The first step in designing the QTET was to determine the base composition of the 

sequences to be used for the quadruplex forming segments of the structure. It was 

decided that these segments needed to be made up of a pair of complementary 

sequences to allow formation of the double helix for the ‘open’ conformation of the 

QTET. Additionally, one of each complementary pair needed to be able to form an 

i-motif and the other a G-quadruplex to enable, in a controllable manner, 

reconfiguration to the ‘closed’ conformation. Four pairs of sequences were chosen 

and initially investigated using CD to determine their ability to form the requisite 

structures: 

(i) (C4T)3C4 and (G4A)3G4 

(ii) (C3T)3C3 and (G3A)3G3 

(iii) (C2T)3C2 and (G2A)3G2 

(iv) (C2T2)3C2 and (G2A2)3G2 

 

 

Figure 4.2.1.1 CD of candidate quadruplex forming sequences for QTET. A) i-Motif 

forming sequences at pH 8.03 (dotted) and pH 4.94 (solid). B) 

G-quadruplex forming sequences without KCl (dotted) and with 

100 mM KCl (solid). C) Sequence pairs annealed together. All at 

10 µM in 10 mM Tris, 5 mM MgCl2 buffer.  
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From the CD data it could be seen that all four i-motif forming sequences appear 

to have adopted the desired quadruplex structure in an acidic pH environment. 

They all exhibited the quintessential signal maxima at ~288 nm and the negative 

character at ~265 nm.143 For the G-quadruplexes, (G4A)3G4, (G2A)3G2 and 

(G2A2)3G2 appeared to have adopted the parallel-stranded G-quadruplex topology 

indicated by the signal maxima at ~260 nm and, more so for (G2A2)3G2 than the 

other two, the negative ellipticity at ~240 nm. On the other hand, (G3A)3G3 

appeared to have possibly adopted a mixed-type parallel/anti-parallel quadruplex 

topology; exhibiting some parallel character as described for the other three 

sequences, albeit to a lesser extent, as well as having a second positive signal at 

~290 nm.143,192 Assessing the formation of the double helix with CD was less 

straightforward as, while B-form DNA will generally have positive bands between 

260 and 280 nm and a negative band at ~245 nm, sequence composition is known 

to markedly affect the CD signal. Also, peak intensities for B-form DNA are 

relatively small as a result of the base pairs being perpendicular to the axis of the 

double helix.143 Nevertheless, from the CD data it appeared that the (C2T2)3C2 and 

(G2A2)3G2 pairing seemed to fit this criteria most closely for double helix formation. 

 

To confirm whether the candidate quadruplex forming pairs could form the double 

helix native PAGE was used to observe the behaviour of the pairs when annealed 

in the buffer conditions that would be used for QTET formation (Figure 4.2.1.2). 

 

 

Figure 4.2.1.2 Analysis of double helix formation by QTET quadruplex forming 

sequences using native PAGE. 
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Using this technique, it could be seen that when the pairs were annealed together 

in a 1:1 stochiometric ratio they migrated through the gel as a single species. The 

bands travelled as would be expected for a double helix of their respective sizes 

and generally showed a slightly slower migration to the single C-rich strand run 

alone in the neighbouring lane as a control. For further confirmation two 

equivalents of (C2T2)3C2 were annealed with one equivalent of its complement in 

lane 10. The existence of two species could clearly be seen here, the upper band 

corresponding to the double helix in lane 8 and the lower one to the excess 

unpaired C-rich strand as in lane 9. 

 

From this data it was decided to proceed with the attempted synthesis of the QTET 

using the (C4T)3C4 – (G4A)3G4 pair and the (C2T2)3C2 – (G2A2)3G2 pair. Both of 

these pairs appeared to be adopting the desired structures under the different 

conditions. Specifically, the first pair was chosen as it provided the longest 

quadruplex forming segment: the longer this segment the greater the size 

differential that could be achieved by adopting the quadruplex structure. However, 

when assessed with NUPACK, the incorporation of this quadruplex forming pair 

into the strands making up the tetrahedron resulted in the highest probability of this 

segment forcing the strands out of adopting the overall tetrahedron structure 

required and instead resulting in base-pairings between this quadruplex pair 

outside of the framework of the tetrahedron. The other pair was chosen for 

essentially being on the opposite end of this spectrum. This shorter segment had 

the lowest probability of disrupting the overall desired architecture while still being 

able to form a double helix and the quadruplexes. 

 

4.2.2 QTET Synthesis 

 

With the quadruplex forming segments chosen it was decided to synthesise the 

QTET using the (C2T2)3C2 – (G2A2)3G2 pair to have the best chance of the overall 

structure forming. Two versions of the QTET were synthesised following Goodman’s 

rapid assembly procedure: the first where only one edge contained the quadruplex 

segments and the and the second where the quadruplex forming segments were 

in all six edges of the tetrahedron. 

 



 

92 

 

 

Figure 4.2.2.1 Analysis of rapid tetrahedral formation using native PAGE. A) 

Tetrahedron with no quadruplex forming segments. B) QTET with 

quadruplex segment in single edge. C) QTET with all six edges 

containing quadruplex segments. 

 

After some experimentation with the annealing conditions it was found that, while 

the QTET could form following the same rapid assembly reported by Goodman 

(Figure 4.2.2.1), cooling the structure in a more controlled manner at a rate of -

1°C/min resulted in a more complete adoption of the tetrahedron’s structure by the 

four constituent strands. The value of rapidly assembling this structure in under five 

minutes, as opposed to a couple of hours, was drastically outweighed by the 

uniformity of the product and the alleviation of the need for a gel purification step. 
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Figure 4.2.2.2 Analysis of QTET formation with (C2T2)3C2 – (G2A2)3G2 quadruplex 

segments under different conditions using native PAGE. 

 

The results of this optimised synthesis of the QTET can be seen in Figure 4.2.2.2. A 

single dominant species was apparent in the four lanes (2-5) in which the product 

of annealing all four constituent strands was run. The effect of omitting one of each 

of the constituent strands can be seen in the final four lanes (7-10); where the 

resultant mixtures of species can be clearly contrasted with the uniformity of 

combining all four. In an attempt to see whether the reconfiguration of the structure 

was possible, and whether the resultant size change could be seen using this 

technique, the buffer conditions were adjusted in an attempt to induce the 

quadruplex structures’ formation. The pH was lowered to 5.0 to induce i-motif 

formation (lane 3), 100 mM KCl was added to the buffer to induce G-quadruplex 

formation (lane 4), and both of these changes were implemented together to induce 

the formation of both quadruplexes (lane 5). In the inset in Figure 4.2.2.2 it is 

apparent that with the addition of KCl to the annealing buffer the QTET had migrated 

slightly further through the gel (lane 4), and to a lesser extent possibly even for the 

QTET at acidic pH (lane 3), and ever so slightly further still for the combination of 

these factors (lane 5). While this provided evidence that the QTET could be formed 

by these strands it only offered indirect, and not particularly conclusive, evidence 

for the formation of the quadruplexes and their consequent alteration of the size of 

the QTET, and consequently the second hurdle in designing the QTET was  

uncovered. 
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4.2.3 Seeing the Switch 

 

The second hurdle encountered in designing the QTET was being able to identify 

whether the quadruplexes were forming in response to triggers. To try and assess 

whether the difference observed in Figure 4.2.2.2 was meaningful, a similar 

experiment was carried out with two of the component strands: S1ʹ and S2ʹ. S1ʹ 

was to represent the i-motif’s formation as it contained two stretches of the i-motif 

forming segment, and S2ʹ would be used as an indicator of the behaviour of the 

G-quadruplex using the same reasoning.  

 

 

Figure 4.2.3.1 Analysis of quadruplex formation using S1ʹ and S2ʹ sequences 

using native PAGE. 

 

The red insert from Figure 4.2.3.1 shows that compared to the QTET in Figure 

4.2.2.2 there is an even smaller difference, if any at all, in the distance travelled by 

the single strands under their respective quadruplex forming conditions. A similar 

lack of response in the primary bands for the duplexes can be seen in the blue 

insert. Interestingly however, the addition of KCl appeared to have increased the 

proportion of the bands corresponding to the single stranded species (indicated by 
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the arrows). This possibly could have been caused by the formation of the G 

quadruplex in the complementary segment of these two strands resulting in the 

duplex around it dissociating. However, each of the single strands used here were 

105 bases long; 42 of those bases were complementary and corresponded to three 

quadruplex forming segments and of the remaining bases only 20 were designed 

to be complementary and not to form a quadruplex. This meant that the majority of 

the bases forming the two stranded species seen here were from the introduced 

quadruplex forming segments. Consequently, if the formation of the quadruplexes 

were significantly disrupting the pairing of the two non-quadruplex containing 

complementary segments, it would be expected to see much less of the two-

stranded species in the three lanes furthest to the right. While native PAGE has 

been used previously to identify both the G-quadruplex and the i-motif, the 

electrophoretic mobility of the structures has been found to be less than 

straightforward to predict. With evidence that in some cases intramolecular 

G-quadruplexes, as expected to form in this system, are indistinguishable from the 

unfolded forms of the same oligonucleotides.193 

 

Following on from the unsuccessful attempts to find convincing evidence using 

native PAGE it was decided to attempt to use atomic force microscopy (AFM) to 

visualise the structures through an in-house collaboration with Dr Andrew Round. 

During the experiments performed to optimise the annealing conditions for the 

tetrahedra, it was found that combining the four constituent strands in the 10 mM 

Tris, 5 mM MgCl2 buffer would result in the formation of the tetrahedron structure 

even in the absence of a thermal annealing step. However, using a buffer system 

consisting of only 10 mM Tris, even when employing thermal annealing, the 

structure would not form. This was exploited for the first trial of AFM imaging where 

the results of annealing the four constituent strands in the presence and absence 

of magnesium were imaged (Figure 4.2.3.2). 
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Figure 4.2.3.2 AFM images showing the result of annealing the four constituent 

strands of the tetrahedron in the presence (top) and absence 

(bottom) of MgCl2.  

 

Unfortunately, the images collected using AFM did not provide the means to 

overcome the second hurdle. While a clear difference was visible between the 

images in the upper and lower panels in Figure 4.2.3.2, and Dr Round was 

confident in attributing the species observed to tetrahedra and single stranded DNA 

respectively, attempts to perform volume analysis to enable quantification of the 

features of these species failed. The AFM performed here was relatively low 

resolution with the panels in Figure 4.2.3.2 showing a 1 µM2 area, whereas the 

high-resolution AFM images published by Goodman and co-workers were 

focussed in on a 30 nm2 area.164 While the technique clearly has the potential to 

provide much more accurate information this would not have been possible without 

an investment into upgraded hardware for the microscope, including purchasing 

new cantilevers and supersharp tips. Consequently, it was decided to first explore 

other methods to attempt to observe the reconfiguration of the QTET. 

 

The next technique employed in the attempt to determine whether the quadruplex 

structures were forming, and whether they had the desired effect of changing the 

size of the QTET was dynamic light scattering (DLS). 
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Figure 4.2.3.3 DLS data of from Goodman’s tetrahedron (red) and QTET with 

quadruplex forming segments in one edge (green) and in all edges 

(blue). 

 

Annealing 
conditions 

Size (d.nm) 
Tetrahedron QTET (one edge) QTET (all edges) 

pH 8 12.01 ± 4.68 14.48 ± 4.87 18.74 ± 4.28 

pH 5 12.53 ± 3.90 15.07 ± 4.86 17.48 ± 4.21 

pH 8 100 mM KCl 20.50 ± 6.13 19.23 ± 6.31 25.56 ± 7.84 

pH 5 100 mM KCl 15.90 ± 4.51 16.80 ± 5.39 18.11 ± 5.78 

Table 4.2.3.1 Hydrodynamic diameter of Goodman’s tetrahedron, QTET with 

quadruplex forming segment in one edge and in all edges under 

different annealing conditions measured by DLS. 
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The DLS data showed that the tetrahedra were forming as designed and were 

approximately of the size expected. Each edge of Goodman’s tetrahedron is made 

up of a 20-basepair double helix which should stretch approximately 7 nm;164 the 

34-base double helix formed by the edges with the introduced quadruplex segment 

should stretch approximately 12 nm. It is expected that the hydrodynamic diameter 

measured by DLS will not match exactly the size of the nanoarchitecture as it is 

the radius of a hypothetical sphere which would diffuse in the same manner as the 

particle being measured.194 This difference is a result of the particle being non-

spherical, solvated and dynamic – hence ‘hydrodynamic’ diameter. Unfortunately, 

the problem of being unable to determine whether the quadruplexes were forming 

and if they were changing the tetrahedron’s size remained unresolved. Goodman’s 

tetrahedron lacked the quadruplex functionality and was used as a control to 

monitor the effect of the different buffers on the hydrodynamic diameter of the 

structure. The changes in the apparent size of the control tetrahedron under the 

different annealing conditions essentially mirrored those observed with the 

functionalised structures, thereby rendering the size changes observed with the 

QTET meaningless. 

 

In an attempt to better understand the potential size difference which could thus 

far not be seen experimentally, it was decided to build some models of the 

tetrahedra. Help with this computational work was sought once again from 

Dr László Fábián, and Dr Marco Cominetti, both from within the School of 

Pharmacy at the University of East Anglia. The first  models were built true to the 

sequences reported by Goodman,164 to mimic the control tetrahedron used in the 

experiments thus far, and without any quadruplex functionality.  
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Figure 4.2.3.4 Models depicting a DNA tetrahedron. Top-down view from single 

vertex (left). Side-on view with three vertices from a single face in 

the same plane (right). Each of the four constituent 

oligonucleotides is indicated by a single colour.  

 

Following on from this, models were built to represent the QTET (Figure 4.2.3.5) and 

the limitation of the available technology unfortunately once again rendered 

drawing meaningful conclusions from these efforts difficult without the further 

dedication of an inordinate amount of time. One of the first problems encountered 

when attempting to perform MD simulations on these models was the difficulty in 

building them in such a way that the concatenation of the four constituent strands 

was compatible with available force field parameters. That issue was resolved by 

building the models as four continuous single stranded triangles then introducing 

the required base-pairing between the complementary segments, as opposed to 

six end-to-end connected duplexes. This enabled the energy minimisation of the 

‘open’ state of the QTET using the AMBER parmbsc0 force field,195 and the 

elimination of all clashes from the model.  
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Figure 4.2.3.5 QTET models: top-down view from single vertex (top). Side-on 

view with three vertices from a single face in the same plane 

(bottom). ‘Open’ state with edges formed from double helical DNA 

(left). ‘Closed’ state with quadruplex structures formed in the edges 

(right). Each of the four constituent oligonucleotides is indicated by 

a single colour; with the quadruplex forming segments in orange. 

Inset shows magnified central region of edge with the 

G-quadruplex (green) and the i-motif (yellow) formed. 

 

As for the ‘closed’ state of the QTET, it was decided that while recent advances had 

begun to make it possible to perform some simulations with DNA quadruplexes,196–

199 the additional complexity of combining this with the simulation of the rest of the 

tetrahedron was unwarranted. Instead, representative quadruplexes of the same 

length (14 nucleotides) were used as proxies for the (C2T2)3C2 – (G2A2)3G2 pair, 

and with the quadruplex atoms fixed the energy minima of the duplex segments of 

the QTET were recalculated. While there were inherent limitations to this method, 

namely it not having been designed to resolve extended distortions or structural 
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problems, it did potentially shed some light on the reason for the inability to discern 

a size difference between the two states of the cage. From these models, the 

change in length of the edges of the QTET was less than 2 nm: the i-motif segment 

length changed from 11.75 to 10.16 nm, and the G-quadruplex segment length 

from 11.51 to 10.27 nm. With the quadruplexes formed the anticipated reduction in 

the length of each edge of the QTET was not realised. What was observed was a 

warping of the double helix flanking the quadruplex segments and only a minor 

reduction in the total length of the edges of the QTET. 

 

 

Figure 4.2.3.6 Single edge of QTET with shown with the i-motif (yellow) and the 

G-quadruplex (green) structures formed (centre) and as part of the 

double helix (top and bottom). Black dashed lines show distance 

between oxygens on the 5ʹ and 3ʹ ends of the molecules. 

 

This observation agrees with reports on the destabilising effects of quadruplexes 

on their neighbouring duplex,200 and brought to the fore the inverse problem: what 

effects were the duplex segments having on the ability of the quadruplex segments 

to form their respective structures? Different reports have found that, under the 

right conditions, some G-quadruplexes and i-motifs are able to form in competition 

with their duplex whereas other have postulated that the duplex must first be 

denatured for quadruplex formation to be possible. 201–204 Generally, these reports 
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note that these conflicting observations are likely due to the specific sequences 

involved in the adoption of the different structures; and note that this will also have 

a role to play in the behaviour of any given system. As a result of this it was decided 

to measure the CD spectra of two of the component strands of the QTET, and of the 

structure itself, under the quadruplex triggering conditions to see what effect the 

flanking bases had on the formation of the quadruplex structures. 

 

 

Figure 4.2.3.7  CD spectra of A) i-motif forming segment (C4T)3C4 and 

S1ʹ-(C4T)3C4 at pH 8 (dotted) and pH 5 (solid). B) G-quadruplex 

forming segment (G4A)3G4 and S2ʹ-(G4A)3G4 without KCl (dotted) 

and with 100 mM KCl (solid). C) Tetrahedra and QTET under 

different conditions: pH 8 (solid), pH 8 + 100 mM KCl (dotted), 

pH 5 (dashed), pH 5 + 100 mM KCl (dot-dash). 

 

From these results it could be seen that the quadruplex forming segment of S1ʹ 

does not form the i-motif. The spectra of S2ʹ clearly shows a sensitivity to 

potassium and with a spectrum showing signals near the characteristic 

G-quadruplex regions of a peak at ~260 nm and a negative signal at ~245 nm it 
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was possible that the quadruplex structure was forming in this case.205 However, 

when the four strands of the tetrahedron and both varieties of the QTET are 

annealed together there were no conformational responses to the reduced pH or 

to added KCl in any of the possible combinations.  

 

It appeared that the most plausible explanation for it being impossible to observe 

the reconfiguration of the QTET using the different methodologies reported here was 

that no reconfiguration was occurring. The apparent equilibrium between the 

quadruplex structures and the duplex was too far in favour of the duplex structure 

in this system. Using this knowledge, I believe that by initially focussing on 

designing such a nanoarchitecture with one of the two quadruplexes would be 

more conducive to success in this endeavour. The segment designed to be 

complementary to the quadruplex of choice would benefit from containing base 

mismatches to destabilise the duplex and increase the probability of forming the 

quadruplex. Also, the bases directly flanking the quadruplex segment should be 

mismatched pairs to further decrease competition between the competing 

topologies and increase the flexibility of those regions to accommodate the 

formation of the quadruplex. It should also be noted that while the QTET was 

envisioned to become a single contiguous polyhedron after ligation of the ‘nicks’ 

between strands, this step was never reached. This meant the quadruplexes at the 

extremes of the four constituent strands could not form simply in competition with 

the duplex. The ligation of the structure is practically guaranteed to further 

discourage the formation of the quadruplex.201  

 

While I believe it to be possible to create a DNA nanoarchitecture whose size can 

be contextually controlled using quadruplexes, one crucial factor must be 

considered before making an attempt at this: there needs to be access to a more 

facile and conclusive method to determining the three-dimensional structure of any 

designed nanoarchitecture. Apart from those discussed already, a substantial 

amount of time and effort were dedicated to optimisation of the conditions for the 

formation of the QTET, to its purification, and to other fruitless attempts at visualising 

the structure using different techniques such as transmission/scanning electron 

microscopy. This concern is shared by researchers in the field and the solution is 

cryo-electron microscopy (cryoEM). Namba et al. discuss how “confirmation of 
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accurate 3D construction [of DNA nanostructures] is particularly challenging” and 

present their accomplishment in using cryoEM and image analysis software to 

resolve the structure of a 7 nm DNA tetrahedron to nearly 10 Å resolution.206 They 

were able to use cryoEM to not only confirm the 3D structure but also to 

discriminate between two structurally similar diastereomers of a DNA 

tetrahedron.206 Access to cryoEM hardware and expertise, in addition to the 

continued advancements being made with the technology, will be indispensable 

for those progressing the field of DNA nanotechnology. 
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Chapter 5: Discussion and Future Work 
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5.1 Discussion 
 

At its inception, the aim of my PhD research was to design and synthesise a novel 

biological nanostructure whose size could be contextually controlled by exploiting 

two DNA quadruplex structures: the G-quadruplex and the i-motif. Ultimately, the 

synthesis of this reconfigurable structure was unsuccessful, but during the process 

of working towards this aim I was able to make a contribution to our understanding 

of these quadruplexes. 

 

The investigations performed in chapter 2 aimed to expand on our knowledge of 

the effects of cations on i-motif DNA. This was of particular interest due to the wide-

ranging uses for both in nanotechnological applications. When first attempting to 

explore this relationship naïveté in the handling of the i-motif led to the 

serendipitous discovery that it may be possible to increase the transitional pH and 

the thermal stability of the structure by prolonged maintenance at low temperature. 

Once the initial oversights were eliminated and experience was gained in working 

with the i-motif an intricate redox-dependent system for the control of the i-motif 

using copper was found and characterised using a whole host of techniques 

including CD, UV, FRET, NMR, and MD. The discovery of this system provided the 

field for the first time the ability to control DNA secondary structure in response to 

changes in the redox state of a metal; and opened the door to potentially 

developing systems which are sensitive to oxygen as well as pH. 

 

Small molecule ligands were the next avenue explored to attempt to expand the 

arsenal of tools to control, in a specific manner, the i-motif structure. A variety of 

techniques were once again used to explore the interaction of the i-motif with these 

ligands including SPR, FRET, CD, UV and NMR. At first, it seemed from high-

throughput FRET and SPR screens that there may have been some promising 

candidates. However, when moving from high-throughput methods to more 

meticulous methods to characterise these interactions the promise of these ligands 

disintegrated. Specificity between the quadruplexes continued to be elusive and, 

in an attempt to learn from the more mature G-quadruplex field, seven well 

documented ‘G-quadruplex specific’ ligands were chosen for investigation with the 

i-motif. They were found to have an unexpected, and previously unreported, ability 



 

107 

 

to interact with both quadruplex structures. This finding held true in both the 

proverbial home of the i-motif – at acidic pH, and in an environment more relevant 

for biological applications – neutral pH. Given the undeniable march of researchers 

towards developing ligands with the quadruplex structures as therapeutic targets 

two important factors for consideration were raised by these results: (i) the i-motif 

is not only relevant at acidic pH and it has now been shown to exist, and be affected 

by ligands, an near physiological conditions; (ii) with the quadruplexes’ possible 

opposing functions in the control of transcription,100 and with the apparent opposing 

effects of the same ligands on these structures, the interplay between the two 

quadruplexes necessitates the examination of the i-motif hand-in-hand with the 

G-quadruplex when hoping to find ligands that are ‘specific’ for either quadruplex. 

 

The unavoidable fact that my work towards designing and synthesising the QTET 

have as yet been unsuccessful does not haunt me as the knowledge and skills that 

I have gained on that journey have been invaluable. In addition to enabling me to 

complete the work described here, I plan to use what I have learned to continue to 

advance research in the i-motif field, and that of the wider quadruplex nucleic acids. 

 

5.2 Future Work 
 

To that end, one crucial element that will propel the i-motif field forward is the 

development of methodologies to collect more detailed information about the 

structure at the single molecule level. Crystallographic and NMR methods have as 

yet failed to provide the detailed structural information possible using these 

techniques for an unmodified intramolecular i-motif. It is known that C·C+ pairs 

stabilise the core of the structure, however we lack the ability to determine which 

cytosines in a given i-motif forming sequence are involved in this pairing, and how 

the remaining bases in that sequence behave to form that particular i-motif (given 

a sequence with the potential to form more than one). Work has been done using 

a combination of i-motif sequences with the capacity for the i-motif to fold in only 

one way, and others with myriad possible combinations to form the structure (a 

stark example being the ATXN2L sequence used in this work which is composed 

of 24 cytosines). By repurposing the fluorescence enhancement observed upon 

the addition of thiazole orange from the FID assay, initial results have shown that 



 

108 

 

a correlation exists between the level of enhancement observed and different 

determinable characteristics of the i-motifs. Algorithms are now being designed to 

further this so that a set of rules can be built and used to learn more about the 

characteristics of ‘undefined’ i-motifs. 

 

In terms of more specific work which can be carried out from the results described 

herein it has already been mentioned that the observations discussed in the Tricky 

Temperature section need to be consolidated. Once this phenomenon is confirmed 

it can be applied to create time and temperature dependent hydrogels. Combining 

this with the redox-dependent control of the i-motif described at the end of Chapter 

2 to further provide these hydrogels with oxygen sensitivity will result in a truly 

remarkable system and demonstrate the first practical application for the Cu+-

stabilised i-motif. 

 

As for the ligand work in Chapter 3, the discovery that reported G-quadruplex 

specific ligands interact with the i-motif has led to a reassessment of what ought to 

be done in this field. Prior to tackling the issue of intra-quadruplex selectivity, it is 

perhaps necessary to find a ligand that can truly stabilise the i-motif and increases 

the melting temperature of the structure. The two examples of i-motif stabilising 

ligands discussed in Chapter 3 have, in my opinion, not been successful at doing 

this. Using CD melting IMC-48 reportedly increased the melting point of the BCL2 

i-motif by “about 1°C.”120 The effect of B19 on the melting temperature of an i-motif 

(Fpy27T) was determined using FRET-melting experiments and was reported to 

increase the melting temperature of that i-motif by 11.5°C.153 Intriguingly, this 

‘selective’ ligand also increased the melting temperature of a G-quadruplex 

(Fpu22T) by 2.7°C and of double-stranded DNA (F10T) by 1.1°C. Thus, what was 

touted as a stabilising effect for IMC-48 was not considered a significant 

stabilisation between B19 and the non-i-motif structures. A further concern about 

the published B19 results is that, in my experience, ligands resulting in an apparent 

stabilisation of the i-motif observed in FRET-melting experiments do not appear to 

stabilise this structure when different methods are used. A good reported example 

of this is Mitoxantrone which has been shown by FRET-melting to stabilise the 

hTeloC i-motif,152 but when tested using CD and UV-melting, and NMR, results in 

destabilisation.100,101 



 

109 

 

 

As alluded to at the end of section 3.2.3, what is likely to be causing these potential 

false-positive results is an interaction between the fluorescent tags used in the 

FRET-melting experiments rather than a genuine stabilisation of the quadruplex 

structure. Essentially, the results of FRET experiments alone only indicate that the 

two fluorescent tags are in proximity and any stabilisation observed should not then 

be attributed directly to stabilisation of the i-motif structure; these results should be 

confirmed by different techniques such as UV or CD melting, or NMR experiments. 

The primary advantage of FRET-melting was that it enabled the screening of many 

more samples using much lower concentrations of DNA than what is needed for 

the other methods. However, the high incidence of false-positive results was 

discouraging, and consequently it was decided to employ in silico screening 

methods in an attempt to improve the success rate of identifying promising i-motif 

ligands. The molecular model of hTeloC built for the copper work was used to 

perform docking experiments with the same 1584 ligands from the NCI library used 

in Chapter 3. Initial results were encouraging with some of the best binders 

identified by the docking corresponding to ligands which had been identified 

through high-throughput biophysical techniques as having an interaction with the 

i-motif. These efforts were further enhanced however when it was decided to use 

fpocket, a pocket detection package designed to identify ‘ligandable’ pockets in 

proteins,207 on the i-motif model (Figure 5.2.1). Ligandable pockets are defined as 

areas on the structure which, based on a variety of complex factors, are most easy 

for a small molecule to bind to in vitro.208  
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Figure 5.2.1 Ligandable pockets (red) identified on hTeloC i-motif model using 

fpocket. Panels on the focus on each ligandable pocket with the 

i-motif’s loops in cyan and the cytosine tracts in magenta. 

 

By then focussing the docking of the NCI library ligands on these regions of the 

structure, an improvement in the docking results was observed with a better 

correspondence between the docking results and previously collected 

experimental data. This has provided a new factor to consider when selecting 

ligands to test using the more accurate, but also time and resource intensive, 

biophysical methods. Using these docking results, CD titration and melting 

experiments are being used to examine the effects of these ligands on the i-motif. 

This has potentially led to the discovery of some i-motif stabilising compounds, as 

measured by CD, and further experiments will be carried out to determine the 

effects of these ligands on the i-motif. With these promising results we will continue 

to build upon the knowledge presented here, and by carrying out the future work 
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that has been discussed I hope to be able to further our collective understanding 

of the fascinating intricacies of the quadruplex DNA structure: the i-motif. 
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Chapter 6: Experimental 
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6.1 General Experimental 
 

Chemical reagents were general purpose grade and, unless otherwise indicated, 

purchased from Sigma-Aldrich, Alfa Aesar, or Thermo Fisher and used without 

further purification.  

 

Oligonucleotides were purchased dried and purified using reverse phase HPLC 

from Eurogentec. Dry DNA samples were dissolved in ultrapure water to prepare 

stock solutions at approximately 100 µM for labelled and 1 mM for unlabelled 

oligonucleotides. Using the extinction coefficients provided by the manufacturer the 

concentrations of the stock solutions were confirmed from their UV absorbance at 

260 nm with a NanoDrop ND-1000 spectrophotometer. 

 

Name Sequence 5ʹ → 3ʹ 
hTeloC TAACCCTAACCCTAACCCTAACCC 

c-Myc TCCCCACCTTCCCCACCCTCCCCACCCTCCCCA 

ATXN2L CCCCCCCCCCCCCCCCCCCCCCCC 

DAP CCCCCGCCCCCGCCCCCGCCCCCGCCCCC 

hTeloG GGGTTAGGGTTAGGGTTAGGG 

JAZF CCCCCCCCGCCCCCGCCCCCGCCCTCCCCCC 

PDGF-A CCGCGCCCCTCCCCCGCCCCCGCCCCCGCCCCCCCCCCCCC 

Table 6.1.1 Custom oligonucleotide sequences used throughout this research. 

 

Name Sequence  
modification-5ʹ → 3ʹ-modification 

hTeloCFRET FAM-TAACCCTAACCCTAACCCTAACCC-TAMRA 

DSFRET FAM-TATAGCTATA-HEG(18)-TATAGCTATA-TAMRA 

hTeloCbiotin Biotin-TAACCCTAACCCTAACCCTAACCC 

hTeloGbiotin Biotin-GGGTTAGGGTTAGGGTTAGGG 

c-Mycbiotin Biotin-TCCCCACCTTCCCCACCCTCCCCACCCTCCCCA 

DSbiotin Biotin-GGCATAGTGCGTGGGCGTTAGC 

DScomp GCTAACGCCCACGCACTATGCC 

ATXN2Lbiotin Biotin-CCCCCCCCCCCCCCCCCCCCCCCC 

DAPbiotin Biotin-CCCCCGCCCCCGCCCCCGCCCCCGCCCCC 

Table 6.1.2 Custom oligonucleotides sequences with end-modifications used 

throughout this research for FRET and SPR experiments. 
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Name Sequence 5ʹ → 3ʹ 
(C4T)3C4 CCCCTCCCCTCCCCTCCCC 
(G4A)3G4 GGGGAGGGGAGGGGAGGGG 
(C3T)3C3 CCCTCCCTCCCTCCC 
(G3A)3G3 GGGAGGGAGGGAGGG 
(C2T)3C2 CCTCCTCCTCC 
(G2A)3G2 GGAGGAGGAGG 
(C2T2)3C2 CCTTCCTTCCTTCC 
(G2A2)3G2 GGAAGGAAGGAAGG 

Table 6.1.3 Custom oligonucleotide sequences used in this research as potential quadruplex segments for QTET. 
 

Sequences for tetrahedra (5ʹ → 3ʹ), colour coordination indicates complementary segments: 

Literature Tetrahedron: 
S1 AGG CAG TTG AG A CGA ACA TTC CTA AGT CTG AA A TTT ATC ACC CGC CAT AGT AG A CGT ATC ACC 
S2 CTT GCT ACA CG A TTC AGA CTT AGG AAT GTT CG A CAT GCG AGG GTC CAA TACCG A CGA TTA CAG 
S3 GGT GAT AAA A CG TGT AGC AAG CTG TAA TCG A CG GGA AGA GCA TGC CCA TCC A CT ACT ATG GCG 
S4 CCT CGC ATG A CT CAA CTG CCT GGT GAT ACG A GG ATG GGC ATG CTC TTC CCG A CG GTA TTG GAC 

 

QTET (one edge): 
S1ʹ AGG CAG TTG AG A CGA ACA TTC CC TTC CTT CCT TCC CTA AGT CTG AA A TTT ATC ACC CGC CAT AGT AG A CGT ATC ACC 
S2ʹ CTT GCT ACA CG A TTC AGA CTT AG GGA AGG AAG GAA GG G AAT GTT CG A CAT GCG AGG GTC CAA TACCG A CGA TTA CAG 
S3ʹ GGT GAT AAA A CG TGT AGC AAG CTG TAA TCG A CG GGA AGA GCA TGC CCA TCC A CT ACT ATG GCG 
S4ʹ CCT CGC ATG A CT CAA CTG CCT GGT GAT ACG A GG ATG GGC ATG CTC TTC CCG A CG GTA TTG GAC 

 

QTET (all edges): 
S1ʹ CC TTC CTT CCT TCC AGG CAG TTG AG A CGA ACA TTC CC TTC CTT CCT TCC CTA AGT CTG AA A TTT ATC ACC GGA AGG AAG GAA GG CGC CAT AGT AG A CGT ATC ACC 
S2ʹ CC TTC CTT CCT TCC CTT GCT ACA CG A TTC AGA CTT AG GGA AGG AAG GAA GG G AAT GTT CG A CAT GCG AGG GGA AGG AAG GAA GG GTC CAA TAC CG A CGA TTA CAG 
S3ʹ CC TTC CTT CCT TCC GGT GAT AAA A CG TGT AGC AAG GGA AGG AAG GAA GG CTG TAA TCG A CG GGA AGA GCA CC TTC CTT CCT TCC TGC CCA TCC A CT ACT ATG GCG 
S4ʹ CC TTC CTT CCT TCC CCT CGC ATG A CT CAA CTG CCT GGA AGG AAG GAA GG GGT GAT ACG A GG ATG GGC A GGA AGG AAG GAA GG TG CTC TTC CCG A CG GTA TTG GAC 
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DNA annealing, unless otherwise indicated, was performed either in a heating 

block, or in an Applied Biosystems Veriti 96 well thermal cycler. Using the heating 

block, samples were placed into the block at 95°C for five minutes and then it was 

powered off and the samples allowed to slowly cool down to room temperature. 

Using the thermal cycler samples were heated to 95°C and held at that temperature 

for 5 minutes. The temperature was then reduced at a rate of 1°C/min to 20°C. 

 

Circular dichroism (CD) and UV spectroscopy, unless otherwise indicated, were 

performed using a Jasco J-810 spectropolarimeter using a 1 mm path length quartz 

cuvette. Scans were performed with a scanning speed of 200 nm/min, response 

time of 1 s, 0.5 nm pitch and 2 nm bandwidth. The spectra are an accumulation of 

either 3 or 4 scans and are zero corrected at the longest wavelength of the 

measurement. Melting experiments were performed using the same measurement 

parameters while heating the sample at a rate of 1°C/min within the desired 

temperature range and measuring at 5°C intervals. The temperature at which 50% 

of the thermal denaturation had taken place (Tm) was calculated using Origin data 

analysis software to plot normalised ellipticity at 288 nm against temperature for 

the CD melts and normalised absorbance at 295 nm against temperature for the 

UV melts. These data were fitted with sigmoidal curves and the equations of the 

curves solved for y = 0.5 to give the Tm values. 

 

FRET-melting experiments were performed using 200 nm DNA concentration in 

QIAgen strip-tubes with a final volume of 20 µL per sample. Fluorescence melting 

curves were acquired in a QIAgen Rotor-Gene Q-series PCR machine. 

Measurements were made with excitation at 483 nm and detection at 533 nm, with 

final analysis of the data carried out using QIAgen Rotor-Gene Q-series software 

and Origin. 

 

FID experiments were performed on a BMG CLARIOstar plate reader using 

Corning 96-Well Solid Black Flat Bottom plates. A 10 mM stock solution of TO was 

prepared in DMSO and dilution to 2 µM in the appropriate buffer. 90 µL of the 2 µM 

TO solution were added to each well and fluorescence emission at 450 nm 

measured with excitation at 430 nm; this was normalised to 0% representing 

background fluorescence. 1 µL of 90 µM DNA was then added, shaken using 
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double orbital shaking at 700 rpm in the plate reader for 15 seconds, and allowed 

to equilibrate for 15 minutes. After equilibration, fluorescence emission was 

measured once again and normalised to 100% representing maximum 

fluorescence enhancement from the TO probe binding the DNA secondary 

structure. 0.9 µL aliquots of ligand were titrated into each well (in triplicate) and 

measured as before. Fluorescence measurements after ligand addition were 

normalised between the 0 and 100% levels determined per the respective well. 

Percentage TO displacement was calculated as the difference between the 

normalised 100% fluorescence level and the normalised fluorescence measured 

after each ligand addition. The concentration for each ligand at which 50% of the 

TO was displaced was calculated using Origin data analysis software to plot 

percentage TO displacement against ligand concentration. These data were fitted 

with dose-response curves and the equations of the curves were solved for y = 50 

to determine the DC50 values.  

 

6.2 Experimental for Chapter 2 
 

Experiments with Cu+ requiring anoxic conditions were performed in a UNIlab Plus 

glove box workstation under nitrogen with the oxygen level maintained below 

0.5 ppm. Unless otherwise indicated, cation solutions were prepared by dissolving 

the solid metal salts in ultrapure water to the required concentrations. Cu+ solutions 

were prepared by dissolving solid copper chloride in a 0.1 M HCl and 1 M NaCl 

solution to double the desired concentration and then diluted to the final 

concentration using 2x sodium cacodylate buffer. Solutions of Cu2+, DETC and 

sodium ascorbate were prepared by dissolving solid Cu2SO4, DETC or sodium 

ascorbate in ultrapure water, respectively. 

 

CD spectroscopy was performed as described above with a variation in the 

cuvette: the 1 mm path length quartz cuvette that was used had a neck, and a 

silicone stopper was used to exclude air on transfer from the glove box to the 

spectropolarimeter. 10 µM hTeloC in 50 mM sodium cacodylate buffer at the 

desired pH was used with a 200 µL sample volume. Cu+ titrations were performed 

in 0.5 µL aliquots to yield the desired concentrations. For the chelator titration 

150 µM Cu+ was added via a 1 µL addition from a 30 mM stock solution, DETC 
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was then added in 0.5 µL aliquots to the desired concentration as above. Control 

spectra of DETC in buffer and DETC with hTeloC were also measured to confirm 

DETC itself had no effect on the spectra or the conformation of the DNA. For the 

redox experiments, each component was added via a 1 µL addition from a stock 

solution prepared at the concentration needed to yield the desired concentration. 

Control spectra of sodium ascorbate in buffer and sodium ascorbate with hTeloC 

were also measured to confirm that sodium ascorbate itself had no effect on the 

spectra or the conformation of the DNA. Titration experiments were performed at 

least in triplicate and processing of the data was carried out using Origin. 

 

UV spectroscopy experiments were performed on an Agilent Technologies Cary 

4000 UV-Vis spectrophotometer and recorded using an open-top screw-cap 

10 mm quartz cuvette with a silicone rubber septum to exclude air on transfer from 

the glove box to the spectrophotometer. Samples (1 mL) were diluted to give 

2.5 µM hTeloC in 10 mM sodium cacodylate buffer at the desired pH. Cu+ was 

added in 0.5 µL aliquots, and mixed, using a pipette to the desired concentration. 

Spectra were recorded over a wavelength range of 200 to 400 nm at room 

temperature and zero corrected at 400 nm. 

 

Molecular modelling and dynamics began by building initial models of C·Cu+·C 

and C·Cu2+·C using the program Avogadro.146 These were optimized by the DFT 

methods B3LYP-D3/def2-TZVP and TPSS-D3(BJ)/def2-TZVP using the NWChem 

package.144 For the i-motif model, the starting point for was the NMR solution 

structure of a sequence very similar to hTeloC: 

(CCCTAA5mCCCTAACCCUAACCCT), PDB entry 1EL2.96 Its model was 

manually edited in Avogadro146 to match the hTeloC sequence used in the 

biophysical experiments. A molecular dynamics run was performed to relax the 

modified structure in order to allow minor conformational changes in response to 

the alteration of the sequence. 

 

The AmberTools 16 package209 was used to assign force field parameters to the 

model and to add 17 charge-compensating sodium ions. For DNA the OL15 

parameter set was used,210–212 for the ions the parameters of Li, Song and Merz213 

together with the TIP3P water model.214 The protonated cytosines were modelled 
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using parameters taken from analogous atoms in neutral residues, with the 

exception of partial charges. These were fitted to reproduce the electrostatic 

potential of a geometry optimized B3LYP/6-31G* model of the protonated 

nucleoside. Only the charges of the protonated cytosine and the C1’-H1’ atoms of 

the sugar were taken from the RESP fitting procedure, where their sum was 

constrained to give a molecular charge of +1 when used in combination with 

standard force field charges for the rest of the sugar fragment. 

 

After minimisation using an implicit solvent model with sander,209 the model was 

transferred to the Gromacs package215 using a locally modified version of the 

amber_to_gmx_by_XL script.216 Calculated energies between the two packages 

agreed to within 0.1%. The model was solvated in a cubic box with a 63.37 Å axis 

(8057 water molecules). The positions of the water molecules and sodium ions 

were energy minimized and then equilibrated using constant volume and 

temperature (NVT, T = 300 K) molecular dynamics for 100 ps, followed by a 

constant pressure and temperature simulation (NPT, p = 0.1 MPa) for 200 ps. In 

subsequent equilibration runs (1 ns NVT, 2 ns NPT) the coordinates of the DNA as 

well as the solvent molecules and counterions were allowed to change. The length 

of the production run was 200 ns. Each simulation used a time step of 2 fs. 

 
1H NMR experiments were performed using a Bruker Avance III 800 MHz 

spectrometer equipped with an HCN inverse triple resonance z-gradient probe. 

Aqueous solutions were prepared with the addition of 5% D2O to enable 

field/frequency lock. Solvent suppression of the water resonance was achieved 

using a 1D Watergate sequence employing a symmetrical 3-τ-9-τ-19 pulse train 

inversion element. The solvent resonance, which was minimized, was set on-

resonance at the transmitter offset and the interpulse delay time (τ) was adjusted 

to achieve an excitation maximum in the imino proton region of interest. hTeloC 

was diluted to a concentration of 10 µM in 50 mM sodium cacodylate buffer at 

pH 5.5 containing 5% D2O. The spectrum of hTeloC alone was measured over 1 

hour after which 150 µM of Cu+ was added and the subsequent spectrum acquired 

over 2 hours. Finally, excess DETC (540 µM) was added and the spectrum 

acquired again for 1 hour. NMR spectra were acquired and processed using 
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Bruker’s TopSpin™ software package (v3.1.7 Bruker Biospin) for NMR data 

analysis. 

 

FRET-melting was enabled once the ability to maintain the oxidation state of the 

Cu+ was characterised. Here, hTeloCFRET was prepared as a 400 nM solution in 

10 mM sodium cacodylate buffer at the respective pH and thermally annealed. 

Samples were prepared by aliquoting 10 µL of the annealed DNA, followed by 

addition of Cu2+ solution and 2x sodium ascorbate solution to give the desired Cu+ 

concentration range across the samples, and made up with 10 mM sodium 

cacodylate buffer to a final volume of 20 µL.  

 

6.3 Experimental for Chapter 3 
 

SPR experiments were performed using the GE Healthcare Biacore T200 with a 

series S streptavidin (SA) coated gold chip (Biacore SA-chip). A 10 mM sodium 

cacodylate, 100 mM sodium chloride and 0.05% Tween running buffer was used 

at the required pH. Initial screen was performed at pH 5.5 with all the compounds 

measured at 50 uM from 1 mM stocks in DMSO and a corresponding amount of 

DMSO (5%) in the running buffer. Subsequent testing was performed over a 

concentration range from 0 to 500 µM with the ligands prepared from a 10 mM 

stock in 100% DMSO. The stock was diluted to 0.5 mM in running buffer to give a 

5% DMSO concentration, further serial dilutions were performed using buffer 

containing DMSO to maintain the concentration of DMSO at 5% for all 

concentration. Additionally, solvent correction was performed using a series of 

DMSO concentrations from 4.5 to 5.8% in running buffer. 

 

FRET-melting experiments were performed as described above however, for the 

control melting curves for the DNA without ligand DMSO was added so that the 

concentration of DMSO was maintained the same for all samples. 

 
1H NMR performed in Brno were collected on a 700 MHz Bruker Avance III HD 

spectrometer using the p3919gp pulse program modified to suppress DMSO 

signal. Samples were 500 µL and DNA concentration was 100 µM in 140 mM 
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NaPOi buffer with 10 mM MgCl2, 5 mM KCl and 10% D2O at 25°C. Ligand additions 

were performed from 10 mM stock solutions in DMSO. Spectra were corrected for 

the effect of DMSO using an equivalent titration of DMSO without ligand. 

 

6.4 Experimental for Chapter 4 
 

DNA annealing in this section was performed using the Applied Biosystems Veriti 

96 well thermal cycler. Samples were always first heated to 95°C and held at that 

temperature for 5 minutes. For the initial rapid synthesis of the tetrahedron, 

samples were then cooled directly to 4°C (~30 seconds). This rapid cooling was 

then abandoned in favour of the more uniform structure formation resulting from a 

non-rapid procedure where the temperature was reduced at a rate of 1°C/min to 

4°C.  

 

Native PAGE was performed using 6-10% gels (19:1 acrylamide:bisacrylamide 

mixture) in 1x TAE buffer and stained with Stains-All for visualisation. Images were 

acquired on an ImageQuant LAS 4000. 

 

AFM experiments were carried out using quantitative imaging mode or tapping 

mode using a JPK Nanowizard III. Samples of either the four constituent strands 

in 10 mM Tris buffer combined without an annealing step, or the annealed 

tetrahedron in 10 mM Tris, 5 mM MgCl2 buffer were diluted to 10 nm and incubated 

for 30 minutes on freshly cleaved mica. To ensure attachment of the sample to the 

surface NiCl2 was added to a final concentration of 2 nm. 1x1 micron images were 

collected with a height scale of 3 nm (black to white). The background colour was 

adjusted to be approximately equal in all cases to enable direct comparison of 

images. Force spectra were exported and analysed using JPK’s data processing 

software. 

 

DLS measurements were carried out on a Malvern Zetasizer Nanoseries Nano-ZS 

instrument using micro range BRAND X100 UV cuvettes. 100 µL samples were 

annealed at 250 nM in the respective buffer conditions for the desired 

conformation. The dispersant refractive index was measured for each buffer 

condition and subsequent samples measurements corrected accordingly. Samples 
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were irradiated at 633 nm and the scattering measured at an angle of 173°. Results 

show the average and standard deviation of three measurements of the size 

distribution by number. Data was analysed using Malvern Zetasizer software v7.13 

and Origin data analysis software. 

 

Molecular modelling began by building models of the tetrahedra using UCSF 

Chimera software version 1.13.1. Sequences were built as B-form DNA helices 

using the sequences of each of the component strands of the tetrahedra. Vertex 

bases were then modified where required from thymine to adenine. The model was 

then manually repositioned to resemble the supposed tetrahedral structure. pdb 

files were then exported and atom properties were manually edited to enable 

concatenation of the component strands at their 5ʹ and 3ʹ ends. Energy 

minimisation of the structure was performed using the built-in ‘Minimize Structure’ 

function of chimera initially using 1000 steepest descent steps and 100 conjugate 

gradient steps using 1 Å step sizes. This was followed by 100 steepest descent 

steps and 100 conjugate gradient steps using the default 0.02 Å step size until all 

clashes were eliminated. Clashes were defined per Chimera’s default settings as 

a Van der Waals overlap ≥ 0.6 Å. 	
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Appendix 
 



 

 

A.1 FRET-melting Data for Initial Ligand Identification
 

Sample Information 
NSC 
CAS 

ΔTm 
(°C) 

i-motif 

(CCG)16 pH 7.4 
cMyc pH 6.6 
Hif1-α pH 7.2 
(50uM ligand) 
Hif1-α pH 7.4 
(20uM ligand) 
hTeloC pH 6.0 (a) 
hTeloC pH 6.0 (b) 
hTeloC pH 7.2 
hTeloC pH 7.4 (a) 
hTeloC pH 7.4 (b) 
ILPR pH 6.0 
ILPR pH 7.2 

G-quadruplex 
hTeloG pH 7.2 
hTeloG pH 7.4 (a) 
hTeloG pH 7.4 (b) 

Double 
stranded 

dsDNA pH 7.2 
dsDNA pH 7.4 (a) 
dsDNA pH 7.4 (b) 

 

 
9037 13051 13487 30205 
3569-82-2 5427-55-4 5431-11-8 ⨯ 
⨯ 11.22 0.00 23.00 
⨯ 15.83 ⨯ 10.61 

⨯ 14.28 ⨯ 16.28 

⨯ 13.22 ⨯ ⨯ 

-1.47 35.78, 25.44 -0.72 ⨯ 
⨯ 25.33 ⨯ 2.00 
0.00 11.17 0.00 ⨯ 
⨯ 15.33 ⨯ 11.67 
⨯ 22.67 ⨯ ⨯ 
-14.67 32.50 1.66 -1.00 
-32.67 -2.50 -32.67 ⨯ 
-21.23 19.33 -21.23 ⨯ 
⨯ 1.67 ⨯ 4.33 
⨯ 14.20 ⨯ ⨯ 
-0.80 0.11 1.53 ⨯ 
⨯ -0.33 ⨯ 2.67 
⨯ -3.33 ⨯ 4.33 



 

 

 

Sample Information 
NSC 
CAS 

ΔTm 
(°C) 

i-motif 

(CCG)16 pH 7.4 
cMyc pH 6.6 
Hif1-α pH 7.2 
(50uM ligand) 
Hif1-α pH 7.4 
(20uM ligand) 
hTeloC pH 6.0 (a) 
hTeloC pH 6.0 (b) 
hTeloC pH 7.2 
hTeloC pH 7.4 (a) 
hTeloC pH 7.4 (b) 
ILPR pH 6.0 
ILPR pH 7.2 

G-quadruplex 
hTeloG pH 7.2 
hTeloG pH 7.4 (a) 
hTeloG pH 7.4 (b) 

Double 
stranded 

dsDNA pH 7.2 
dsDNA pH 7.4 (a) 
dsDNA pH 7.4 (b) 

 

 
33353 35676 60339 71795 
⨯ 569-77-7 70-09-7 519-23-3 
31.67 ⨯ 30.22 25.67 
34.28 4.17 3.39 17.28 

32.28 ⨯ 53.28 9.28 

⨯ ⨯ ⨯ ⨯ 

41.48 ⨯ 10.57 23.13 
50.00 27.33 12.33 28.67 
41.42, 50.60, 54.75 ⨯ 22.80 16.33 
⨯ -1.33 18.67 13.67 
⨯ ⨯ ⨯ ⨯ 
41.67 ⨯ 7.50 21.83 
5.98, 20.92, 28.45 ⨯ 1.08 -11.75 
37.18 ⨯ 21.57 5.03 
33.33 4.33 20.33 2.67 
⨯ ⨯ ⨯ ⨯ 
20.33 ⨯ 6.70 4.80 
3.33 0.00 4.67 2.33 
28.67 ⨯ 7.67 3.67 



 

 

 

Sample Information 
NSC 
CAS 

ΔTm 
(°C) 

i-motif 

(CCG)16 pH 7.4 
cMyc pH 6.6 
Hif1-α pH 7.2 
(50uM ligand) 
Hif1-α pH 7.4 
(20uM ligand) 
hTeloC pH 6.0 (a) 
hTeloC pH 6.0 (b) 
hTeloC pH 7.2 
hTeloC pH 7.4 (a) 
hTeloC pH 7.4 (b) 
ILPR pH 6.0 
ILPR pH 7.2 

G-quadruplex 
hTeloG pH 7.2 
hTeloG pH 7.4 (a) 
hTeloG pH 7.4 (b) 

Double 
stranded 

dsDNA pH 7.2 
dsDNA pH 7.4 (a) 
dsDNA pH 7.4 (b) 

 

 
103520 109086 111847 143491 146771 
18814-03-4 ⨯ ⨯ 34610-60-1 50440-30-7 
0.33 11.89 0.33 38.56 53.33 
⨯ -8.94 ⨯ 20.61 ⨯ 

20.28 ⨯ ⨯ 40.28 53.28 

⨯ 2.33 ⨯ ⨯ ⨯ 

0.89 -0.33 2.55 17.35 -13.80 
⨯ 40.67 ⨯ 38.67 ⨯ 
0.00 ⨯ 0.00 26.33 0.00 
⨯ 12.67 ⨯ 25.33 ⨯ 
⨯ 4.67 ⨯ ⨯ ⨯ 
11.00 0.00 0.33 19.50 51.67 
<5 ⨯ 9.88 4.67 -32.67 
2.67 ⨯ 15.22 20.37 42.63 
⨯ 10.67 ⨯ 22.67 ⨯ 
⨯ 7.87 ⨯ ⨯ ⨯ 
0.22 ⨯ 2.82 13.50 27.72 
⨯ 1.00 ⨯ 11.00 ⨯ 
⨯ 0.67 ⨯ 13.00 36.00 



 

 

 

Sample Information 
NSC 
CAS 

ΔTm 
(°C) 

i-motif 

(CCG)16 pH 7.4 
cMyc pH 6.6 
Hif1-α pH 7.2 
(50uM ligand) 
Hif1-α pH 7.4 
(20uM ligand) 
hTeloC pH 6.0 (a) 
hTeloC pH 6.0 (b) 
hTeloC pH 7.2 
hTeloC pH 7.4 (a) 
hTeloC pH 7.4 (b) 
ILPR pH 6.0 
ILPR pH 7.2 

G-quadruplex 
hTeloG pH 7.2 
hTeloG pH 7.4 (a) 
hTeloG pH 7.4 (b) 

Double 
stranded 

dsDNA pH 7.2 
dsDNA pH 7.4 (a) 
dsDNA pH 7.4 (b) 

 

 
177365 202386 204232 215718 
63345-17-5 53221-75-3 ⨯ ⨯ 
29.78 7.67 1.33 ⨯ 
⨯ ⨯ ⨯ ⨯ 

53.28 53.28 37.28 18.28 

⨯ 3.22 ⨯ ⨯ 

10.52 2.00, 17.22 -0.62 ⨯ 
⨯ ⨯ ⨯ ⨯ 
21.67 8.17 0.00 ⨯ 
⨯ ⨯ ⨯ ⨯ 
⨯ 15.75 ⨯ ⨯ 
1.17 6.83 -0.89 ⨯ 
-7.42 <5 -19.13, 0.85, 30.88 ⨯ 
8.23 2.89 6.68, 10.32, 39.00 ⨯ 
⨯ ⨯ ⨯ ⨯ 
⨯ 6.47 ⨯ ⨯ 
5.57 0.67 3.62 ⨯ 
⨯ ⨯ ⨯ ⨯ 
8.33 0.00 ⨯ ⨯ 



 

 

 

Sample Information 
NSC 
CAS 

ΔTm 
(°C) 

i-motif 

(CCG)16 pH 7.4 
cMyc pH 6.6 
Hif1-α pH 7.2 
(50uM ligand) 
Hif1-α pH 7.4 
(20uM ligand) 
hTeloC pH 6.0 (a) 
hTeloC pH 6.0 (b) 
hTeloC pH 7.2 
hTeloC pH 7.4 (a) 
hTeloC pH 7.4 (b) 
ILPR pH 6.0 
ILPR pH 7.2 

G-quadruplex 
hTeloG pH 7.2 
hTeloG pH 7.4 (a) 
hTeloG pH 7.4 (b) 

Double 
stranded 

dsDNA pH 7.2 
dsDNA pH 7.4 (a) 
dsDNA pH 7.4 (b) 

 

 
260594 275428 277184 300289 
⨯ ⨯ 55078-51-8 54824-20-3 
53.33 14.44 14.00 33.89 
23.94 ⨯ ⨯ ⨯ 

53.28 ⨯ 20.28 15.28 

⨯ 0.00 0.56 ⨯ 

16.18 0.44 0.44 ⨯ 
22.67 ⨯ ⨯ ⨯ 
52.78 ⨯ ⨯ ⨯ 
60.67 ⨯ ⨯ ⨯ 
⨯ 1.17 4.67 ⨯ 
18.67 0.67 2.33 -1.00 
27.05 ⨯ ⨯ ⨯ 
44.87 ⨯ ⨯ ⨯ 
50.00 ⨯ ⨯ ⨯ 
⨯ 1.73 14.47 ⨯ 
23.70 1.56 ⨯ ⨯ 
26.67 ⨯ ⨯ ⨯ 
28.67 0.33 1.33 7.67 



 

 

 

Sample Information 
NSC 
CAS 

ΔTm 
(°C) 

i-motif 

(CCG)16 pH 7.4 
cMyc pH 6.6 
Hif1-α pH 7.2 
(50uM ligand) 
Hif1-α pH 7.4 
(20uM ligand) 
hTeloC pH 6.0 (a) 
hTeloC pH 6.0 (b) 
hTeloC pH 7.2 
hTeloC pH 7.4 (a) 
hTeloC pH 7.4 (b) 
ILPR pH 6.0 
ILPR pH 7.2 

G-quadruplex 
hTeloG pH 7.2 
hTeloG pH 7.4 (a) 
hTeloG pH 7.4 (b) 

Double 
stranded 

dsDNA pH 7.2 
dsDNA pH 7.4 (a) 
dsDNA pH 7.4 (b) 

 

 
305780 308848 308849 309892 
⨯ 69408-82-8 69408-83-9 ⨯ 
4.78 17.89 22.22 ⨯ 
18.72 ⨯ ⨯ ⨯ 

6.28 13.28 11.28 46.28 

⨯ 10.33 ⨯ ⨯ 

35.78 -0.33 ⨯ ⨯ 
24.33 ⨯ ⨯ ⨯ 
8.83 ⨯ ⨯ ⨯ 
12.33 ⨯ ⨯ ⨯ 
⨯ 4.61 ⨯ ⨯ 
11.56 1.67 0.00 ⨯ 
-3.50 ⨯ ⨯ ⨯ 
16.56 ⨯ ⨯ ⨯ 
11.33 ⨯ ⨯ ⨯ 
⨯ 2.78 ⨯ ⨯ 
1.11 ⨯ ⨯ ⨯ 
0.33 ⨯ ⨯ ⨯ 
1.00 0.67 5.67 ⨯ 



 

 

 

Sample Information 
NSC 
CAS 

ΔTm 
(°C) 

i-motif 

(CCG)16 pH 7.4 
cMyc pH 6.6 
Hif1-α pH 7.2 
(50uM ligand) 
Hif1-α pH 7.4 
(20uM ligand) 
hTeloC pH 6.0 (a) 
hTeloC pH 6.0 (b) 
hTeloC pH 7.2 
hTeloC pH 7.4 (a) 
hTeloC pH 7.4 (b) 
ILPR pH 6.0 
ILPR pH 7.2 

G-quadruplex 
hTeloG pH 7.2 
hTeloG pH 7.4 (a) 
hTeloG pH 7.4 (b) 

Double 
stranded 

dsDNA pH 7.2 
dsDNA pH 7.4 (a) 
dsDNA pH 7.4 (b) 

 

 
311153 317003 317605 325014 
81531-60-4 80568-29-2 34374-22-6 72615-20-4 
39.22 27.33 30.78 ⨯ 
14.39 10.06 2.50 ⨯ 

53.28 16.28 30.28 53.28 

⨯ ⨯ ⨯ ⨯ 

30.72 17.33 11.00 ⨯ 
39.33 13.89 4.33 ⨯ 
34.33 3.17 5.83 ⨯ 
26.00 13.00 13.00 ⨯ 
⨯ ⨯ ⨯ ⨯ 
34.89 13.78 10.33 ⨯ 
7.83 -1.50 0.00 ⨯ 
30.67 18.11 18.11 ⨯ 
30.67 16.00 15.00 ⨯ 
⨯ ⨯ ⨯ ⨯ 
12.62 4.22 9.11 ⨯ 
8.67 4.00 7.67 ⨯ 
12.00 5.67 9.67 ⨯ 



 

 

 

Sample Information 
NSC 
CAS 

ΔTm 
(°C) 

i-motif 

(CCG)16 pH 7.4 
cMyc pH 6.6 
Hif1-α pH 7.2 
(50uM ligand) 
Hif1-α pH 7.4 
(20uM ligand) 
hTeloC pH 6.0 (a) 
hTeloC pH 6.0 (b) 
hTeloC pH 7.2 
hTeloC pH 7.4 (a) 
hTeloC pH 7.4 (b) 
ILPR pH 6.0 
ILPR pH 7.2 

G-quadruplex 
hTeloG pH 7.2 
hTeloG pH 7.4 (a) 
hTeloG pH 7.4 (b) 

Double 
stranded 

dsDNA pH 7.2 
dsDNA pH 7.4 (a) 
dsDNA pH 7.4 (b) 

 

 
345647 345845 638432 
⨯ 71993-16-3 ⨯ 
⨯ 16.67 18.33 
8.72 -0.17 ⨯ 

⨯ 2.28 4.28 

⨯ 1.00 ⨯ 

⨯ 0.78 16.55, 45.00 
1.33 1.00 ⨯ 
⨯ ⨯ 8.00 
43.67 15.00 ⨯ 
⨯ 10.08 63.33 
⨯ 0.67 15.67 
⨯ ⨯ -12.87 
⨯ ⨯ 10.50 
0.67 1.00 ⨯ 
⨯ 4.00 7.60 
⨯ 1.22 -0.52 
-0.33 1.00 ⨯ 
⨯ 1.00 0.33 



 

 

A.2 %Rmax from SPR Screen at pH 5.5 
Ligand 
(NSC) 

%Rmax (%) 
hTeloC c-Myc DS 

9037 -43.91 210.65 -1498.58 
13051 16.79 97.93 189.11 
13487 -211 172.11 -603.44 
30205 231.36 323.51 624.74 
33353 1948.85 3098.77 5984.21 
35676 87.15 142.48 275.16 
60339 353.2 545.27 -510.2 
71795 3036.61 3745.53 7233.2 

103520 -65.43 42.43 -119.46 
109086 587.92 576.28 1112.88 
111847 -43.12 17.78 -321.95 
143491 368.49 373.99 -53.13 
143969 115.99 120.78 233.25 
144046 -0.37 35.78 69.1 
145895 37.82 70.93 136.97 
146771 -124.82 -10.88 -2255.31 
177365 16.69 21.02 40.59 
180514 325.34 419.93 810.96 
202386 -1417.88 -2419.92 -4673.24 
204232 -42.03 21.79 -42.08 
215718 -240.09 28.69 -624.01 
260594 294.89 344.74 -427.53 
275428 5.56 -32.27 -162.93 
277184 7.96 -8.07 -185.45 
300289 12.14 -11.56 -176.37 
301739 2125.38 2534.4 4894.33 
305780 105.85 132.24 255.38 
305798 -6.71 -19.08 -166.75 
308848 145.19 100.75 -165.54 
308849 26.3 -1.64 -255.06 
309892 -47.78 -25.12 -166.51 
311153 308.63 746.38 -2637.1 
317003 263.98 425.61 -695.47 
317605 385.06 617.58 -202.54 
325014 27.79 19.81 -7.01 
345647 -7.9 34.02 65.71 
345845 186.9 281.84 -325.77 
638432 260.97 420.62 -557.13 

Table A.2.1 %Rmax calculated for each ligand-DNA pair; colour coded scale 

transitioning from green to red indicating lowest to highest %Rmax 

for each DNA structure respectively. [ligand] = 50 µM Running 

buffer: 10 mM sodium cacodylate, 100 mM NaCl, 0.05% tween at 

pH 5.5. 



 

 

A.3 Response vs Concentration Plots from SPR at pH 5.5 
Ligand 

(NSC) 
hTeloC c-Myc Double Stranded 

9037 

   

13487 

   



 

 

60339 

   

143491 

   

260594 

   



 

 

308848 

   

311153 

   

317003 

   



 

 

317605 

   

345845 

   

638432 

   



 

 

A.4 Response vs Concentration Plots from SPR at pH 7.0 
 

Ligand 
(NSC) ATXN2L DAP 

9037 

  

13487 

  

35676 

  

60339 

  

71795 

  



 

 

103520 

  

143491 

  

146771 

  

202386 

  

204232 

  

215718 

  



 

 

260594 

  

275428 

  

277184 

  

300289 

  

305798 

  

308848 

  



 

 

308849 

  

309892 

  

311153 

  

317003 

  

325014 

  

345647 

  



 

 

345845 

  

638432 

  
 

 



 

 

A.5 ΔTm of FRET-labelled DNA with NSC Ligands 
Ligand 
(NSC) DNA ΔTm (°C) 

0.25 µM 0.5 µM 1 µM 2 µM 4 µM 8 µM 16 µM 32 µM 64 µM 128 µM 

9037 
DAP 0.33 0.00 0.33 0.00 -0.33 -5.00 ⨯ ⨯ ⨯ ⨯ 

DS 0.00 0.00 -1.67 0.00 0.33 -1.00 -0.67 -12.33 14.67 13.67 
hTeloG 0.67 -1.67 -2.00 -2.67 -4.33 0.33 -63.50 -22.00 2.00 1.67 

60339 
DAP -0.33 -0.33 -1.33 -1.67 -2.00 28.00 40.33 52.33 54.00 52.67 

DS 1.33 1.33 2.00 4.67 6.67 16.00 19.00 37.33 41.00 -52.83 
hTeloG -1.33 2.00 2.33 3.33 5.33 8.00 9.33 16.00 21.67 30.33 

71795 
DAP 0.00 0.00 0.00 0.00 -0.33 -0.33 0.00 11.33 18.33 21.33 

DS 1.00 0.00 -1.33 0.33 0.67 5.00 5.00 8.00 8.67 9.67 
hTeloG -1.67 -1.33 -3.67 -2.33 -1.00 4.00 5.00 7.33 7.33 7.67 

143491 
DAP -0.33 -0.33 -0.67 -1.00 -1.33 19.33 27.67 34.33 42.33 51.00 

DS 2.83 2.83 4.50 7.83 10.83 15.50 18.50 21.83 26.17 31.50 
hTeloG 0.83 2.50 4.17 4.50 8.50 15.50 19.17 21.50 27.50 31.83 

146771 
DAP 2.67 2.67 2.67 2.33 2.33 2.33 2.33 1.67 1.00 -0.67 

DS 1.17 -1.83 -1.50 -0.17 -0.50 40.50 -0.83 40.83 39.83 39.83 
hTeloG -1.17 -1.17 -1.50 -1.17 0.17 29.50 31.17 31.17 31.17 31.17 

202386 
DAP 3.33 3.00 3.00 0.00 -0.33 0.00 3.00 2.67 2.67 2.00 

DS -0.17 -1.50 0.17 0.17 -0.17 -0.83 0.17 0.50 0.17 0.83 
hTeloG -0.50 -3.17 -0.17 0.17 -1.17 0.83 0.83 0.17 -0.50 -0.50 

204232 
DAP 3.00 3.00 2.00 2.67 2.67 3.00 3.00 3.00 2.33 1.33 

DS -1.83 0.17 -0.50 0.50 -0.17 -0.17 0.17 0.50 1.17 -2.17 
hTeloG -0.83 -1.17 -1.83 -0.50 0.50 0.17 3.83 0.17 0.17 0.17 

308848 
DAP 3.00 2.67 0.00 0.00 -0.33 -0.33 1.67 0.67 1.00 14.33 

DS 0.50 0.17 0.17 0.17 3.17 3.83 6.50 9.17 12.83 16.50 
hTeloG -0.83 -3.17 1.83 -0.50 -0.17 0.83 3.17 4.17 9.83 10.50 

 

 



 

 

A.6 FRET-melting curves of DNA with NSC Ligands 

 
 



 

 

 
 



 

 

 



 

 

A.7 NMR Spectra of NSC Ligands with DAP 
 

 
 

 

 
 



 

 

 
 

 
 

 



 

 

A.8 FID Assays at Acidic pH 
 

 
Figure A.8.1 Dose response curves from FID assays of G-quadruplex (1 µM) in 

10 mM KH2PO4 (black) and i-motif (1 µM) in 10 mM NaH2PO4 (red) with different 

ligands at pH 4.3. 

 

 
Figure A.8.2 Dose response curves from FID assays of G-quadruplex (1 µM) in 

10 mM KH2PO4 (black) and i-motif (1 µM) in 10 mM NaH2PO4 (red) with different 

ligands at pH 5.7. 

  



 

 

A.9 CD Melting of i-Motif with Ligands at Neutral pH 

 
Figure A.9.1 Normalised ellipticity at 288 nm of 10 µM ATXN2L without ligand 

(black) and with five equivalents (50 µM) ligand (red). 



 

 

 
Figure A.9.2 Normalised ellipticity at 288 nm of 10 µM DAP without ligand 

(black) and with five equivalents (50 µM) ligand (red). 

 



 

 

A.10 UV Melting of i-Motif with Ligands at Neutral pH 

 
Figure A.10.1 Normalised absorbance at 295 nm of 10 µM ATXN2L without 

ligand (black) and with five equivalents (50 µM) ligand (red). 



 

 

 
Figure A.10.2 Normalised absorbance at 295 nm of 10 µM DAP without ligand 

(black) and with five equivalents (50 µM) ligand (red). 



 

 

A.11 FID Assay of i-Motif with Ligands at Neutral pH 
 

 
Figure A.11.1 Dose-response curves from FID assays of DAP (1 µM) at pH 7.0 

in 10 mM sodium cacodylate buffer with ligands. Error bars show 

standard deviation across three repeats. 

  



 

 

A.12 Ligand Structures Reference Sheets 
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ABSTRACT

Previous computational studies have shown that Cu+

can act as a substitute for H+ to support formation
of cytosine (C) dimers with similar conformation to
the hemi-protonated base pair found in i-motif DNA.
Through a range of biophysical methods, we provide
experimental evidence to support the hypothesis that
Cu+ can mediate C–C base pairing in i-motif DNA and
preserve i-motif structure. These effects can be re-
versed using a metal chelator, or exposure to ambient
oxygen in the air that drives oxidation of Cu+ to Cu2+,
a comparatively weak ligand. Herein, we present a
dynamic and redox-sensitive system for conforma-
tional control of an i-motif forming DNA sequence in
response to copper cations.

INTRODUCTION

Substantial interest and research has been devoted to study-
ing the characteristics of the many non-canonical secondary
structures that can be adopted by DNA. The ability of DNA
to assume different conformations is controlled by the spe-
ci!c sequence of bases and the local environment (1). One
such structure is the i-motif that forms from cytosine-rich
DNA when two parallel duplexes containing cytosine re-
peats intercalate to form a quadruplex structure stabilized
by C+-C base pairing (Figure 1) (2). These structures may
readily form in acidic conditions where the N3 of cytosine
can be protonated; subsequent intercalation and formation
of the i-motif occurs rapidly (3). In 2003, this property was
utilized to create the !rst proton-fuelled i-motif nanomo-
tor (4). Since then, the i-motif has been exploited in the de-
sign of hundreds of pH-driven nanomachines (5,6) includ-
ing an example of a light-driven pH-jump system (7) and a
DNA nanomachine that can map spatial and temporal pH
changes in living cells (8). There have been signi!cant ad-

vances in the understanding i-motif structure and dynam-
ics (9–11) and also the sequences (12–14) which can enable
!ne-tuning of the properties of these types of devices.

In addition to pH, Hg2+ (15) and Ag+ (16) have been
used as alternative triggers for i-motif formation, but gener-
ally studies into the in"uence of cations on i-motifs are lim-
ited. It is known that alkali metals destabilize the structures
(17,18) and our own work has revealed that Cu2+ is capable
of re-folding i-motif forming sequences into a hairpin struc-
ture, even competing with acid-stabilized i-motif at low pH
(19). Recently, Oomens and co-workers used infrared ion
spectroscopy in combination with density functional the-
ory (DFT) calculations to show that cytosine monomers in
the presence of Cu+ form C–Cu+–C structures, analogous
to the hemi-protonated C-dimers at the core of the i-motif
(Figure 1C) (20). In contrast to alkali metal ions, that induce
a different dimer conformation which sacri!ces hydrogen-
bonding interactions between bases for improved chelation
of the metal cation, the C–Cu+–C dimer complex was pro-
posed to be stable (20). Given the requirement for C–C base
pairs in i-motif, building from this work we decided to in-
vestigate the effects of Cu+ on an i-motif forming DNA se-
quence.

MATERIALS AND METHODS

General experimental

Oligonucleotides hTeloC and hTeloCFRET were purchased
from Eurogentec and were HPLC puri!ed. Solid DNA sam-
ples were initially dissolved as a stock solution in MilliQ wa-
ter (100 !M for labeled and 1 mM for unlabeled); further
dilutions were carried out in the respective sodium cacody-
late buffer. Samples were thermally annealed in a heat block
at 95!C for 5 min and left to cool slowly to room tempera-
ture overnight.

Experiments requiring anoxic conditions were performed
under nitrogen in a UNIlab Plus glove box workstation with

*To whom correspondence should be addressed. Tel: +44 1603 59 1972; Fax: +44 1603 59 2003; Email: z.waller@uea.ac.uk
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Figure 1. (A) Hemi-protonated C+-C base pair (B) i-motif structure (C)
Proposed C–C base pair stabilized by Cu+.

the oxygen level maintained below 0.5 ppm. Solutions of
Cu+ were prepared in the glove box by dissolving solid CuCl
in 0.1 M HCl and 1 M NaCl solution to double the de-
sired concentration and then diluted to the !nal concentra-
tion using 2# sodium cacodylate buffer (!nal dilution using
buffer prevents pH change on cation addition during experi-
ments). Solutions of Cu2+, diethyldithiocarbamate (DETC)
and sodium ascorbate were prepared by dissolving solid
Cu2SO4, DETC or sodium ascorbate in MilliQ water, re-
spectively.

UV spectroscopy

UV spectroscopy experiments were performed on an Ag-
ilent Technologies Cary 4000 UV-Vis spectrophotometer
and recorded using an open-top screw-cap 10 mm quartz
cuvette with a silicone rubber septum to exclude air on
transfer from the glove box to the spectrophotometer. Sam-
ples (1 ml) were diluted to 2.5 !M hTeloC in 10 mM sodium
cacodylate buffer at the desired pH. Cu+ was added in 0.5
!l aliquots, and mixed, using a pipette to the desired con-
centration. Spectra were recorded over a wavelength range
of 400–200 nm at room temperature in the absence of cation
then after each addition, and zero corrected at 400 nm. The
difference spectra at either pH were calculated by subtrac-
tion of the !nal folded spectrum, in the presence of Cu+,
from the spectrum in the absence of Cu+.

Circular dichroism

Circular dichroism (CD) spectra were recorded on a Jasco
J-810 spectropolarimeter using a 1 mm path length quartz
cuvette with a neck and a silicone stopper to exclude air
on transfer from the glove box to the spectropolarimeter.
hTeloC was diluted to 10 !M in 50 mM sodium cacody-
late buffer at the desired pH to a total volume of 200 !l.
The scans were performed at room temperature over a wave-
length range of 200–320 nm with a scanning speed of 200
nm/min, response time of 1 s, 0.5 nm pitch and 2 nm band-
width. A blank sample containing only buffer was treated
in the same manner and subtracted from the collected data.
Cu+ was added in 0.5 !l aliquots, and mixed, using a pipette
to the desired concentration. For the chelator titration 150
!M Cu+ was added via a 1 !l addition from a 30 mM stock
solution, DETC was then added in 0.5 !l aliquots to the de-
sired concentration as above. Control spectra of DETC in
buffer and DETC with hTeloC were also measured to con-
!rm DETC itself had no effect on the spectra or the confor-
mation of the DNA. The CD spectra represent an average

of three scans and are zero corrected at 320 nm. For the re-
dox experiments, each component was added via a 1 !l ad-
dition from a stock solution prepared at the concentration
needed to yield the desired concentration. Control spectra
of sodium ascorbate in buffer and sodium ascorbate with
hTeloC were also measured to con!rm that sodium ascor-
bate itself had no effect on the spectra or the conformation
of the DNA. Titration experiments were performed at least
in triplicate and processing of the data was carried out using
Origin.

FRET melting

The labeled oligonucleotide hTeloCFRET (5$-FAM-
[TAA-CCC]4-TAMRA-3$; donor "uorophore FAM is
6-carboxy"uorescein; acceptor "uorophore TAMRA is
6-carboxytetramethylrhodamine) was prepared as a 400
nM solution in 10 mM sodium cacodylate buffer at the re-
spective pH and thermally annealed. Strip-tubes (QIAgen)
were prepared by aliquoting 10 !l of the annealed DNA,
followed by addition of Cu2+ solution and 2# sodium
ascorbate solution to give the desired Cu+ concentration
range across the samples, and made up with 10 mM sodium
cacodylate buffer to a !nal volume of 20 !l. Fluorescence
melting curves were acquired in a QIAgen Rotor-Gene Q-
series polymerase chain reaction machine. Measurements
were made with excitation at 483 nm and detection at 533
nm. Experiments were performed at each pH in triplicate
with !nal analysis of the data carried out using QIAgen
Rotor-Gene Q-series software and Origin.

1H NMR
1H nuclear magnetic resonance (NMR) experiments were
performed using a Bruker Avance III 800 MHz spectrom-
eter equipped with an HCN inverse triple resonance z-
gradient probe. Aqueous solutions were prepared with the
addition of 5% D2O to enable !eld/frequency lock. Sol-
vent suppression of the water resonance was achieved using
a 1D Watergate sequence employing a symmetrical 3-" -9-
" -19 pulse train inversion element. The solvent resonance,
which was minimized, was set on-resonance at the transmit-
ter offset and the interpulse delay time (" ) was adjusted to
achieve an excitation maximum in the imino proton region
of interest. hTeloC was diluted to a concentration of 10 !M
in 50 mM sodium cacodylate buffer at pH 5.5 containing 5%
D2O. The spectrum of hTeloC alone was measured over 1 h
after which 150 !M of Cu+ was added and the subsequent
spectrum acquired over 2 h. At last, excess DETC (540 !M)
was added and the spectrum acquired again for 1 h. NMR
spectra were acquired and processed using Bruker’s Top-
Spin™ software package (v3.1.7 Bruker Biospin) for NMR
data analysis.

Computational methods

The starting point for our i-motif structural model was the
PDB entry: 1EL2 (21), which was manually edited (22)
to match the hTeloC sequence. This model, stabilized by
six C+–C base pairs, was relaxed using a 200 ns explicit
solvent molecular dynamics run to allow minor conforma-
tional changes in response to the altered sequence. The force
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!eld consisted of the OL15 parameters for DNA (23–25),
TIP3P (26) model for water and Li, Song and Merz param-
eters for the ions (27). Partial charges for the protonated C+

bases were obtained by the RESP !tting procedure (see Sup-
plementary Data). After equilibration, the 200 ns molecu-
lar dynamics simulation was performed at constant pressure
and temperature (NPT, P = 0.1 MPa, T = 300 K) by using
the Gromacs package (28).

The model of the C–Cu+–C i-motif was created from the
!nal snapshot of the molecular dynamics run. Six Cu+ ions
were inserted between matching cytosine groups, replacing
the H+ ions, and three in the TAA loop regions. Optimiza-
tion of this initial model with the force !eld described above
gave an unexpected result with the Cu+ ions moving out
of the planes of the cytosine rings. To validate this !nd-
ing, we turned to the semi-empirical method PM6-D3H4
(29,30), which we had found to give good approximations to
DFT results on isolated C–Cu+–C complexes (Supplemen-
tary Table S1). Optimization of the initial model with the
Cu+ ions inserted by the PM6-D3H4 method gave the !nal
structural model. Unfortunately, DFT-based optimization
of the complete i-motif structure was not computationally
feasible. As another approximation, a stack of six C–Cu+–
C base pairs and the neighboring T and A residues were
extracted from the initial model and optimized by the DFT
method TPSS-D3(BJ)/def2-SV(P). Both the semi-empirical
and DFT models featured the non-planar C–Cu+–C link-
ages.

Interaction energies between Cu+ or Cu2+ and the sur-
rounding DNA residues (Supplementary Tables S1 and 2)
were estimated both by using planar C–Cu–C complexes
and by taking a fragment from the above DFT optimized
stack, which consisted of two Cu ions and !ve bases (with
additional geometry optimization to locate an energy min-
imum for Cu2+). The interaction energies were calculated
by dispersion corrected DFT methods with def2-TZVP ba-
sis and include counterpoise correction for the basis set su-
perposition error. All DFT calculations were performed by
using the NWChem package (31).

RESULTS AND DISCUSSION

To investigate if Cu+ can induce the formation of a sec-
ondary structure in DNA, we used the cytosine-rich hu-
man telomeric DNA sequence hTeloC 5$-[TAA-CCC]4-3$

that is predominantly unfolded at physiological pH, but ca-
pable of forming i-motif at acidic pH (pH < 6). Cu+ in so-
lution is well known to oxidize readily to Cu2+ when ex-
posed to O2 (32,33), therefore all experiments were per-
formed at ambient temperature under strict anoxic condi-
tions in an N2 atmosphere (containing < 0.5 ppm O2). The
UV absorbance pro!le of DNA is dependent on its confor-
mation. Therefore, UV spectroscopy can be used to eluci-
date whether DNA is folded or unfolded, and to reveal the
existence of higher-order secondary structure(s) (34). UV-
difference spectra are used to identify and characterize the
behavior of the secondary structure in response to experi-
mental conditions (35,36). ‘Cu+ difference’ spectra for hTe-
loC were measured at pH 5.5 and pH 7.4, where the struc-
ture is an i-motif or unfolded DNA, respectively. The re-
sulting spectra (Figure 2A) display a positive signal at 260

nm at both pH values, and a negative signal at 295 nm at
pH 7.4, both consistent with when the i-motif formed by
decreasing the pH (37). These results indicate that the !nal
con!guration of the secondary structure adopted at either
pH is similar, and that at pH 7.4 a more substantial recon-
!guration is necessary to form the !nal structure.

To further characterize the structure adopted by hTeloC
in the presence of Cu+ we employed CD spectroscopy. The
CD spectrum of hTeloC at pH 7.4 has a positive peak at 270
nm and a negative peak at 250 nm, indicative of a primar-
ily unfolded population of oligonucleotide (38). Sequential
addition of Cu+ up to !ve equivalents (i.e. 50 !M !nal) re-
sulted in a bathochromic shift in the positive peak from 270
to 278 nm, while the position of the negative peak at 250 nm
remained constant (Supplementary Figure S1). However,
further addition of Cu+ at this pH resulted in visible precip-
itation of the Cu+–DNA complex and consequent deterio-
ration of the CD signal. At pH 5.5, hTeloC is already folded
into an i-motif with a characteristic positive peak at 288 nm
and negative peak at 255 nm (38). Under these conditions,
titration of Cu+ up to 19.5 equivalents (195 !M Cu+) led to
a hypsochromic shift of the positive peak from 288 to 283
nm, and a decrease in the amplitude of the negative peak
at 255 nm (Figure 2B). In contrast to the precipitation ob-
served at pH 7.4, the Cu+–DNA complex at acidic pH was
completely soluble beyond the concentration where no fur-
ther changes are observed (150 !M Cu+). The changes ob-
served at pH 7.4 and 5.5 are consistent with a Cu+ induced
recon!guration of the structure. Crucially, post-Cu+ addi-
tion and at both pH values, the spectra are practically super-
imposable indicating that a similar !nal structure is adopted
regardless of pH.

Given the spectroscopic changes previously observed
with Cu2+ and hTeloC, the possibility that the structure
adopted in the presence of Cu+ may also display hairpin-
like character (19) was explored, and the different copper–
DNA complexes were compared using CD at pH 5.5. At this
pH, in the absence of copper the CD spectrum of hTeloC
has a positive peak at 288 nm indicative of i-motif structure.
Addition of either Cu+ or Cu2+ resulted in a hypsochromic-
shift consistent with an alteration in the structure of the
DNA. Addition of Cu2+ shifts this peak to 276 nm com-
pared to only 283 nm when Cu+ is added. The negative peak
at 255 nm also undergoes a hypsochromic-shift to 250 nm in
the presence of Cu2+, while the peak position does not shift
at all when Cu+ is added (Figure 2C). This strongly suggests
that the Cu2+–DNA complex is different to the Cu+–DNA
complex.

In addition to the spectroscopic differences observed us-
ing the different oxidation states of copper, the half-cation
concentrations also vary by an order of magnitude. A value
of 46 (±3) !M was determined for the [Cu+]50, while the
[Cu2+]50 was comparatively higher at 382 (±14) !M (Sup-
plementary Figure S2). We previously suggested that the
relatively high concentration of Cu2+ required to form the
hairpin was because the Cu2+ did not affect the structure
by interacting directly with the bases in the oligonucleotide,
but rather by shifting the equilibrium to the hairpin struc-
ture via stabilization of the sugar–phosphate backbone (19).
In the case of Cu+, continuous variation binding analysis
determined the stoichiometry of Cu+ to DNA to be 9:1
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Figure 2. (A) ‘Cu+-difference’ spectra using 125 !M of Cu+ to form the !nal conformations at pH 7.4 (red) and pH 5.5 (black). (B) CD spectra of 10 !M
hTeloC at pH 5.5 (black) with titration up to 150 !M Cu+ (red). (C) CD spectra of 10 !M hTeloC at pH 5.5 (dashed black), after addition of 150 !M Cu+

(red) or 1 mM Cu2+ (black). (D) Model of i-motif structure stabilized by protonation of C residues, snapshot from the end of the 200 ns simulation. (E)
Model of the i-motif structure stabilized by Cu+ ions, derived from (D) by geometry optimization with the PM6-D3H4 method. (F) 1H NMR of (green)
10 !M hTeloC in 50 mM sodium cacodylate buffer pH 5.5 with 5% D2O; (red) addition of 150 !M Cu+; (blue) addition of 150 !M Cu+ and 540 !M
DETC. (G) CD spectra of 10 !M hTeloC with 150 !M Cu+ at pH 5.5 (black) with titration up to 300 !M DETC (red). (H) Fluorescence intensity at 25!C
normalized using values in the absence of Cu+ at pH 5.5 as 1 (folded) and at pH 7.4 as 0 (unfolded). A total of 200 nM hTeloCFRET in 10 mM buffer at
pH 5.5 (black) and at pH 7.4 (red). Error bars show standard deviation across three repeats. (I) Change in molar ellipticity at 288 nm of 10 !M hTeloC
at pH 5.5 with 150 !M Cu2+ as a function of time with three additions of 150 !M sodium ascorbate under ambient conditions. (J) CD spectra of single
sample of 10 !M hTeloC at pH 5.5 (black); addition of 1 mM Cu2+ (blue); addition of 150 !M sodium ascorbate (purple); after 4 h exposure to air (green);
chelation using 1 mM EDTA (pink).
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(Supplementary Figure S3). This ratio further suggests that
Cu+ is interacting differently to Cu2+, possibly via direct
mediation of an interaction between bases in the sequence,
perhaps consistent with the model proposed by Oomens:
one Cu+ for each C–C base pair and additionally, one for
each loop.

To compare the viability of C–C base pairs stabilized by
Cu+ and Cu2+, models similar to the one shown in Figure
1C were created with both ions and optimized by DFT com-
putational methods (Supplementary Figure S8) (31). The
results revealed a planar C–Cu2+–C complex similar to the
model of Oomens, but with a symmetrical structure and
both the N and O atoms from a single face of each cytosine
moiety coordinating the metal ion. Notably, the interaction
energy between the two bases and the cation is sensitive to
the redox-state of the metal, and is signi!cantly larger for
Cu2+ (-1700 kJ/mol) than for Cu+ (-650 kJ/mol). However,
the experimental hydration enthalpies of the ions suggest
that hydration is more energetically favorable to base pair
formation involving Cu2+ (-2100 kJ/mol), compared to Cu+

(-593 kJ/mol) (39); which are consistent with the different
behavior observed experimentally with these cations.

The CD spectra of the DNA at both pH values in the
presence of Cu+ lay somewhere between that of unfolded
DNA and i-motif DNA. Addition of Cu+ at pH 5.5 re-
sulted in what appears to be slight unfolding of the i-motif,
consistent with the structure expanding to accommodate
the Cu+ cations, which are signi!cantly larger than the
protons which were previously stabilizing the C+–C base
pairs. The potential folded i-motif structures were inves-
tigated in more detail using molecular modeling. First, a
model of protonated hTeloC was created on the basis of
the reported NMR structure from a similar sequence (Fig-
ure 2D) (21). The manually modi!ed structure was opti-
mized and then relaxed in a 200 ns explicit solvent molec-
ular dynamics simulation (Supplementary Figure S9). Cu+

ions were added to this relaxed model manually (22). Six
Cu+ ions were placed at the geometric midpoints between
the N3 atoms of matching cytosine groups and three ad-
ditional ions were placed in the TAA loop regions. The
geometry of this initial Cu+–DNA complex structure was
optimized using the semi-empirical PM6-D3H4 method
(Figure 2E and Supplementary Figure S10) (29,30). In the
optimized structure the Cu+ ions showed a preference to
interact with more than two bases, thereby breaking the
planarity of the C–Cu+–C units. Nevertheless, the overall
folded structure was retained. To con!rm these observa-
tions, a stack of six C–Cu+–C base pairs capped at both
ends with the nearest molecular fragments was extracted
from the initial Cu+–DNA complex and optimized using a
DFT [TPSS-D3(BJ)/def2-SV(P)] method (Supplementary
Figure S11). Both the semi-empirical and DFT calcula-
tions con!rmed the preference of Cu+ ions to interact with
more than two bases. Full exploration of the folding with
Cu+ would require derivation and !tting of speci!c Cu+

force !eld parameters, which is beyond the scope of this
work. Nevertheless, the computational modeling indicates
the acid-stabilized and copper-stabilized i-motif structures
are slightly different, which would explain the spectroscopic
differences observed between these two species. We suggest
the planar base pairing (C–Cu+–C) model may only be true

for cytosine monomers. When the cytosines form part of a
larger secondary structure, the interactions are more com-
plex which gives rise to a slightly different i-motif structure,
as supported by our spectroscopic data.

We have previously shown that the effects of Cu2+ on the
structure of hTeloC DNA can be reversed using a chelator
(19). To determine if a similar reversibility can be achieved
with Cu+, the high-af!nity chelator DETC was used in this
work. Titration of DETC into hTeloC at pH 5.5 reverses
the effects of the Cu+ addition and the structure reverts to
that of the acid-stabilized i-motif. hTeloC with Cu+ had the
positive peak at 283 nm, incremental titration of the chela-
tor DETC resulted in a red-shift of the peak until it returned
to the position of the acid-stabilized i-motif peak at 288 nm
(Figure 2G). The negative peak in the presence of Cu+ at
255 nm did not shift its position but the amplitude of the
signal increased to be more consistent with that of the orig-
inal acid-stabilized i-motif.

Further experiments to examine the mode of copper
binding to hTeloC were performed using 1H NMR. At
pH 5.5, imino proton signals can be observed at 15.5 ppm
and are characteristic of the C+–C base pairs in an acid-
stabilized i-motif (40). On addition of Cu+, these signals dis-
appeared, consistent with Cu+ replacing the protons in that
position. This is in-line with the model proposed by Oomens
and co-workers (20). Furthermore, no additional signals ap-
peared, ruling out a hairpin conformation with additional
Watson–Crick base pairing, as was seen with Cu2+ (19). The
addition of the chelator DETC caused the NMR spectrum
to return to that of the acid-stabilized i-motif, with chela-
tion of Cu+ resulting in the reappearance of the imino pro-
ton signal at 15.5 ppm (Figure 2F).

Thus far, all experiments were carried out under strin-
gent anoxic conditions to prevent the oxidation of Cu+ that
would occur in the open air. We were interested in explor-
ing whether redox-linked structural rearrangement would
be observed in situ if the Cu+–DNA complex was exposed to
air and the metal oxidized. The Cu+-i-motif can be formed
by adding 150 !M of Cu+ and, as Cu+ is a high-af!nity lig-
and compared with Cu2+, complete oxidation to Cu2+ yields
a cation concentration below the [Cu2+]50 (382 ± 14 !M).
As a result, there would not be enough Cu2+ to fully stabilize
the hairpin. To test this hypothesis, Cu+ was added to hTe-
loC at pH 5.5 and the sample was split into two. One sample
was maintained in an anoxic environment while the other
was exposed to the open air. The CD spectrum for each con-
dition was subsequently measured and the one which had
been exposed to oxygen reverted almost completely to the
acid-stabilized i-motif: the positive peak moved from 281
to 286 nm, and the amplitude of the negative peak at 255
nm increased, as observed when the Cu+ was chelated with
DETC. In contrast, the sample maintained in the anoxic en-
vironment remained essentially unchanged (Supplementary
Figure S4).

Having discovered that this system was oxygen-
responsive and that oxidation of the Cu+ resulted in
the restoration of the acid-stabilized i-motif structure we
were interested in determining whether this transition was
possible in the opposite direction; i.e. whether it would be
possible to reduce Cu2+ in situ to form the Cu+-i-motif. To
explore this, the well-established reaction between Cu2+
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and sodium ascorbate where Cu2+ is reduced to Cu+ was
used (41). 150 !M Cu2+ was added to the acid-stabilized
i-motif and, as this concentration is below the [Cu2+]50,
no structural change was observed using CD. Subsequent
addition of 150 !M sodium ascorbate resulted in the
successful formation of the Cu+–i-motif complex observed
previously when Cu+ was added under anoxic conditions
(Supplementary Figure S5). When one equivalent of
sodium ascorbate was used, exposure of the sample to
air led to a slow process of oxidation and return to the
acid-stabilized i-motif structure (Supplementary Figure
S6), while adding an excess of sodium ascorbate allowed
for the prolonged maintenance of the concentration of Cu+

and the corresponding Cu+ stabilized i-motif structure.
This ability to maintain the Cu+-i-motif structure for sev-

eral hours in the open air allowed us to perform FRET-
based DNA melting experiments using two equivalents of
sodium ascorbate and observe the folding behavior us-
ing the dual-labeled sequence hTeloCFRET 5$-FAM-[TAA-
CCC]4-TAMRA-3$. The "uorescence signal at 25!C was
used to determine the fraction of the DNA that is folded in
the presence of increasing concentrations of Cu+. In good
agreement with the UV and CD data, addition of Cu+ to
hTeloCFRET at pH 5.5 did not affect the proportion of the
population of the DNA that was folded. Further ruling out
unfolding and supporting the observations that the folded
conformations of the proton-stabilized and Cu+-stabilized
i-motif are similar. Conversely, at pH 7.4 addition of Cu+

results in folding of the sequence into a secondary struc-
ture that brings the two ends of the sequence into suf!cient
proximity for FRET to occur (Figure 2H). Additionally, us-
ing this technique we were able to determine a Tm which
was calculated as the midpoint temperature of the transi-
tion from the folded to the unfolded structure. At pH 7.4
increasing Cu+ concentration led to an increase in Tm until
15 equivalents (3 !M) at which point it was 65!C, and after
which no further change was observed. This is in agreement
with the 15 equivalents of Cu+ required to fold the DNA as
determined by CD. An increase in Tm was also observed at
pH 5.5, however the temperature required to unfold com-
pletely is above 95!C, the limit of the instrument, therefore
an accurate determination of the Tm was not possible (Sup-
plementary Figure S7).

Having previously shown that multiple iterations of the
conformational change by repeated chelation and metala-
tion were possible using Cu2+ (19), we wanted to deter-
mine whether similar repeat switching was possible between
the Cu+-stabilized and the acid-stabilized i-motif structures.
From a nanotechnology perspective, the potential ability to
have a conformational change of the structure controlled by
redox-cycling the metal was very encouraging. To truly test
the versatility of this system, rather than perform repeat ad-
ditions of Cu+, we decided to perform a single addition of
Cu2+ and reduce this in situ repeatedly to Cu+ using sodium
ascorbate. The structural recon!guration in response to the
oxidation state of the copper was observed by monitoring
the molar ellipticity at 288 nm as a function of time. Figure
2I shows the results of this experiment with three succes-
sive additions of the reducing agent successfully resulting in
adoption of the Cu+-stabilized i-motif structure, and oxi-

Figure 3. Illustration of proposed system for the pH and copper-redox-
dependent control of the structure of the i-motif forming DNA sequence
hTeloC.

dation to Cu2+ over time similarly resulting in the return to
the acid-stabilized i-motif prior to the next sodium ascor-
bate addition.

Having established the redox-dependent coordination of
copper by the i-motif forming DNA sequence hTeloC, we
hypothesized that this system could act as a continuous
redox-sensitive cycle, allowing for dynamic movement be-
tween the various structural conformations adopted under
the different conditions. The !nal step was to determine
whether it was possible to convert the Cu2+ hairpin struc-
ture to the Cu+-stabilized i-motif structure. As can be seen
in Figure 2J, addition of 1 mM Cu2+ to a sample of hTe-
loC at pH 5.5 forms the hairpin structure and subsequent
reduction to Cu+ using 150 !M sodium ascorbate success-
fully forms the previously observed Cu+–DNA i-motif, even
in the presence of excess Cu2+; which is predictable due to
the difference of an order of magnitude between the binding
af!nities of the different oxidation states of copper. Leaving
the same sample in the open air over time resulted in conver-
sion back to the Cu2+ stabilized hairpin structure. At last,
addition of 1 mM ethylenediaminetetraacetic acid (EDTA)
chelated the Cu2+ and the sample returned to its initial con-
!guration as an acid-stabilized i-motif (Figure 2J). A sum-
mary of the transitions possible is conveyed in Figure 3, il-
lustrating the proposed pH and redox sensitive control of
the structural conformation of the i-motif forming DNA se-
quence hTeloC in the presence of copper.
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This research demonstrates that Cu+ can be used to fold
an i-motif forming DNA sequence into a Cu+-stabilized
i-motif structure. This process can be reversed by chela-
tion of the metal, or by oxidation of Cu+ to Cu2+. To our
knowledge, this is the !rst example of redox-sensitive con-
trol of DNA secondary structure. This work realizes that
a series of alternative conformational switches for i-motif
forming DNA sequences are possible using different con-
ditions, without changing the pH. The dynamics of this
system could be applied to develop dual oxygen and pH-
sensitive nanomachines, logic gates or sensors based on i-
motif DNA.
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Koča,J., Cheatham,T.E., Jurečka,P. and Šponer,J. (2012) Reference
simulations of noncanonical nucleic acids with Different # Variants
of the AMBER Force Field: Quadruplex DNA, Quadruplex RNA,
and Z-DNA. J. Chem. Theory Comput., 8, 2506–2520.
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G-quadruplex (G4) and i-motif (iM) are four-stranded non-canonical nucleic acid structural

arrangements. Recent evidences suggest that these DNA structures exist in living

cells and could be involved in several cancer-related processes, thus representing

an attractive target for anticancer drug discovery. Efforts toward the development of

G4 targeting compounds have led to a number of effective bioactive ligands. Herein,

employing several biophysical methodologies, we studied the ability of some well-known

G4 ligands to interact with iM-forming DNA. The data showed that the investigated

compounds are actually able to interact with both DNA in vitro, thus acting de facto

as multi-target-directed agents. Interestingly, while all the compounds stabilize the G4,

some of them significantly reduce the stability of the iM. The present study highlights the

importance, when studying G4-targeting compounds, of evaluating also their behavior

toward the i-motif counterpart.

Keywords: G-quadruplex, i-motif, Berberine, BRACO-19, Mitoxantrone, Phen-DC3, Pyridostatin, RHPS4

INTRODUCTION

GC-rich nucleic acids are able to form a variety of non-canonical secondary structures (Zhao et al.,
2010; Cerofolini et al., 2014). The best studied of these are G-quadruplexes (G4s), four stranded
alternative nucleic acid secondary structures formed from guanine-rich DNA or RNA composed of
stacked tetrads of guanines formed by Hoogsteen hydrogen bonding (Burge et al., 2006). Sequences
which can form G4s are prevalent within regulatory regions of the genome, particularly within the
promoter region of genes (Huppert and Balasubramanian, 2007; Chambers et al., 2015; Bedrat et al.,
2016). Good evidence has been provided to support the hypothesis that G4s exist in human cells
(Bi! et al., 2013), play a role in human diseases (Haeusler et al., 2014; Maizels, 2015) and can be
targeted with ligands to modulate biological functions (Siddiqui-Jain et al., 2002; Lam et al., 2013;
Zizza et al., 2016).

More recently, increasing interest is being paid to the i-motif (iM) structure, another four
stranded structure which can form in sequences rich in cytosine, composed of two intercalated
hairpins, stabilized by hemi-protonated cytosine-cytosine+ (C·C+) base pairs (Gehring et al.,
1993). Putative iM forming sequences also occur throughout the genome (Wright et al., 2016b;
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Fleming et al., 2017), typically opposing regions which can form
G4s, though the sequence requirements for stable formation are
somewhat di"erent. Studies on the iM were previously limited
based on the assumption that because they are stabilized in
slightly acidic conditions they were not physiologically relevant,
despite a solid foundation of data indicating that these structures
are detectable at neutral pH in vitro (Mergny et al., 1995). Over
the years, this assumption has been challenged with examples of
iMs which can form at neutral pH, at low temperature (Zhou
et al., 2010), under conditions of negative superhelicity (Sun and
Hurley, 2009), and molecular crowding (Rajendran et al., 2010)
conditions. Further examples of sequences which are naturally
stable at neutral pH have been found in the genome, initially
by investigating sequences which oppose G4s (Brazier et al.,
2012), but multiple other examples have followed (Wright et al.,
2016b; Fleming et al., 2017; Mir et al., 2017). Just recently further
evidence for i-motif formation in vivo has been provided by in
cell NMR experiments (Dzatko et al., 2018) and the discovery of
an antibody that binds i-motif specifically in the nuclei of human
cells (Zeraati et al., 2018). The C-rich regions of genomes are of
particular interest because cytosine forms part of the basis for
epigenetic regulation, and epigenetic modification of cytosine
has been found to alter the stability of iM (Bhavsar-Jog et al.,
2014; Xu et al., 2015; Wright et al., 2017). Moreover, ligands
which bind and stabilize iM have been shown to modulate
biological functions (Amato et al., 2014b). For example,
stabilization of the iM forming sequence in the human telomere
was found to inhibit telomerase activity and interfere with
telomere biology (Li et al., 2006; Chen et al., 2012); stabilization
of iM forming sequence in the promoter region of BCL2 was
found to cause an increase in gene expression (Kang et al.,
2014; Kendrick et al., 2014) and an iM interacting compound
was found to downregulate PDGFR-! promoter activity
(Brown et al., 2017).

As it appears that formation of iM and/or G4 structures
could incite di"erent biological outcomes, it is important to
understand the potential structures a compound is able to
interact with. In contrast to the hundreds of G4 binding ligands
(Pagano et al., 2007, 2010, 2015; Di Leva et al., 2013; Li
et al., 2013; Amato et al., 2014a, 2018), there are comparatively
very few iM binding compounds reported in the literature
(Day et al., 2014). Some ligands which were described to bind
G4 have also been found to bind iM (Fedoro" et al., 2000;
Wright et al., 2016a; Xu et al., 2016), so we decided to assess
and compare the capability to interact with iM-forming DNA
of several known bioactive G4 binding agents: Berberine (1)
(Franceschin et al., 2006), BRACO-19 (2) (Gowan et al., 2002),
Mitoxantrone (3) (Huang et al., 2007), Phen-DC3 (4) (De Cian
et al., 2007a), Pyridostatin (5) (Rodriguez et al., 2008), and
RHPS4 (6) (Izbicka et al., 1999) (Figure 1). The interaction
of these compounds with G4- and iM-forming sequences
were investigated in vitro in di"erent experimental conditions
employing several biophysical methodologies (Pagano et al.,
2012) (Figure 2). The data unequivocally demonstrate that,
even if in di"erent ways, actually these molecules interact
with both DNA, thus acting de facto as multi-target-directed
compounds.

FIGURE 1 | Chemical structures of the investigated ligands.

MATERIALS AND METHODS

Oligonucleotide Synthesis and Sample
Preparation
An ABI 394 DNA/RNA synthesizer (Applied Biosystem) was
employed to prepare DNA sequences at 5-µmol scale by using
standard ß-cyanoethylphosphoramidite solid phase chemistry.
The subsequent detachment of DNA from support and its
deprotection were carried out by means of an aqueous solution
of concentrated ammonia at 55!C for 12 h. The filtrates
and the washings were combined and concentrated under
reduced pressure, solubilized in water, and then purified by
high-performance liquid chromatography (HPLC) equipped
with a Nucleogel SAX column (Macherey-Nagel, 1000-8/46).
Two bu"ers were employed for the purification: bu"er A,
consisting of a 20mM KH2PO4/K2HPO4 aqueous solution
(pH 7.0) and containing 20% (v/v) CH3CN, and bu"er B,
consisting of 1M KCl, 20mM KH2PO4/K2HPO4 aqueous
solution (pH 7.0), containing 20% (v/v) CH3CN, combined
in a 30min linear gradient going from 0 to 100% B with a
flow rate of 1 mL/min. The purified fractions of the oligomers
were then desalted by using C-18 cartridges (Sep-pak). The
purity of the isolated oligomer was evaluated by NMR and
it turned out to be higher than 98%. In particular, the
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FIGURE 2 | Schematic representation of mutTel24 G-quadruplex and hTeloC

i-motif structures. Blue and green solids represent guanines in syn and anti

glycosidic conformation. Orange and red solids represent hemiprotonated

C-C+ base pairs.

following oligonucleotides were employed for the experiments:
d[CCCT(AACCCT)3] (hTeloC) and d[(TT(GGGTTA)3GGGA)]
(mutTel24). The oligonucleotide concentrations were established
by measuring the UV absorption at 90!C taking into account the
molar extinction coe!cient values " (# = 260 nm) determined
by the nearest neighbor model (Cantor et al., 1970). hTeloC and
mutTel24 were dissolved in 10mM sodium phosphate bu"er and
10mM potassium phosphate bu"er, respectively, at di"erent pH
values before establishing the experimental conditions to be used
(pH 4.3 and pH 5.7). DNA samples were heated at 90!C for 5min,
and then gradually cooled to room temperature overnight.

Circular Dichroism Spectroscopy
Circular dichroism (CD) experiments were recorded on a
Jasco J-815 spectropolarimeter equipped with a PTC-423S/15
Peltier temperature controller. Each spectrum was recorded
in the 220–360 nm wavelength range, averaged over three
scans and subtracted of the bu"er baseline. The scan rate
was set to 100 nm/min, with a 1 s response time, and 1 nm
bandwidth. Spectra were analyzed using Origin 7.0 software.
CD experiments (spectra and melting) were performed using
10–15µM oligonucleotide concentration, in the absence and
presence of 5 molar equivalents of ligands (10mM in DMSO).
CD melting were performed at 1!C/min heating rate in the 5–
90 and 20–100!C temperature range for hTeloC and mutTel24,
respectively. Changes of CD signal were followed at the
wavelengths of the maximum CD intensity, 288 and 290 nm for
hTeloC and mutTel24, respectively. The melting temperatures
(T1/2) were mathematically calculated by using the curve fitting
function in Origin 7.0 software. !T1/2 values represent the
di"erence between the melting temperature of the DNAwith and
without ligands.

UV-Melting
A JASCO V-730 UV-visible spectrophotometer equipped with
a Peltier temperature controller was employed to perform
the UV thermal denaturation experiments. The oligonucleotide
concentrations were 10µM for both hTeloC and mutTel24 DNA
in the appropriate bu"er, as indicated above. Experiments were
performed by following changes of UV signal at 295 nm, at a
heating rate of 1!C/min, in the temperature ranges of 5–100 and
20–100!C for hTeloC and mutTel24, respectively. The melting
temperatures (T1/2) were mathematically calculated by using
the curve fitting function in Origin 7.0 software. !T1/2 values
represent the di"erence between the melting temperature of the
DNA with and without ligands.

Nuclear Magnetic Resonance Experiments
A 700 MHz Varian Unity INOVA spectrometer was employed to
perform the NMR experiments. One-dimensional proton spectra
were recorded at 7!C using pulsed-field gradient DPFGSE for
water suppression. All DNA samples were prepared at 0.2mM
strand concentration in 0.22mL (H2O/D2O 9:1) bu"er solution.
DNA/ligandmixtures were obtained by adding aliquots of a stock
solution of the six ligands in DMSO-d6 directly to the DNA
solution inside the NMR tube (Randazzo et al., 2002; Amato et al.,
2017). NMR data were processed using the iNMR software (www.
inmr.net).

FRET and FRET-Melting
A FP-8300 spectrofluorometer (Jasco) equipped with a
Peltier temperature controller accessory (Jasco PCT-818)
was employed to carry out FRET experiments. The dual-labeled
oligonucleotides corresponding to the G4 forming sequence
5"-FAM-d(GGG[TTAGGG]3)-TAMRA-3" (G4-F21T) (Amato
et al., 2016; Salvati et al., 2017) and the iM forming sequence
5"-FAM-d(TAACCC)4-TAMRA-3" (iM-F24T) were used. Such
sequences are characterized by the presence of the donor
fluorophore FAM (6-carboxyfluorescein) and the acceptor
fluorophore TAMRA (6-carboxytetramethylrhodamine) that
are covalently bound at 5"- and 3"-ends, respectively. Labeled
oligonucleotides were purchased from Biomers (Germany).
G4-F21T and iM-F24T were prepared at 1µM concentration
in 10mM potassium phosphate bu"er and 10mM sodium
phosphate bu"er, respectively. Samples were annealed in a
hot water bath at 90!C for 2min, and then cooled to room
temperature overnight. FRET measurements were performed
both in the absence and presence of 5 molar equivalents of
compounds 1-6. The final concentration of G4-F21T and iM-
F24T was 0.1µM. A sealed quartz cuvette with a path length of
1 cm was used. FRET spectra were acquired before (at 5 and 20!C
for iM and G4, respectively) and after (at 90!C) melting assay.
The dual-labeled oligonucleotides were excited at 492 nm, and
emission spectra were recorded between 500 and 650 nm using
100 nm/s scan speed. Excitation and emission slit widths were
both set at 5 nm. FRET-melting experiments were performed by
setting the excitation wavelength at 492 nm and the detection
wavelength at 522 nm. The emission intensity of FAM was then
normalized between 0 and 1. Data analysis was carried out using
Origin 7.0 software.
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Fluorescent Intercalator Displacement
(FID) Assay
For the FID experiments, oligonucleotides d[(TAACCC)4]
(hTeloCFID) and d[(TTTGGG(TTAGGG)3A)] (mutTel24FID)
were purchased from Eurogentec and then purified via HPLC.
Solid DNA samples were initially dissolved as a 1mM stock
solution in MilliQ water. 10mM stock solutions of the candidate
ligands were prepared in DMSO. Further dilutions were
carried out in bu"er: 10mM NaH2PO4 for hTeloCFID and
10mM KH2PO4 for mutTel24FID. DNA samples were thermally
annealed at 90µM in the respective bu"ers in an Applied
Biosystems Veriti 96 well thermal cycler by holding at 95!C
for 5min and cooling at a rate of 1!C/min to 20!C. FID
experiments were performed on a BMG CLARIOstar plate
reader using Corning 96-Well Solid Black Flat Bottom plates.
A 10mM stock solution of thiazole orange (TO) was prepared
in DMSO and diluted to 2µM in the appropriate bu"er for
either hTeloCFID or mutTel24FID. Ninety microliters of the
2µM TO solution were added to each well and fluorescence
emission at 450 nm measured with excitation at 430 nm; this was
normalized to 0% representing background fluorescence. One
microliter of DNA was then added, shaken using double orbital
shaking at 700 rpm in the plate reader for 15 s, and allowed to
equilibrate for 15min. After equilibration, fluorescence emission
was measured as before, and normalized to 100% representing
maximal fluorescence enhancement from the TO probe binding
to the DNA secondary structure. 0.9 µL aliquots of ligand
were titrated into each well (in triplicate) and measured as
before. Fluorescence measurements after ligand addition were
normalized between the 0 and 100% levels determined per the
respective well. Percentage TO displacement was calculated as
the di"erence between the normalized 100% fluorescence level
and the normalized fluorescence measured after each ligand
addition. The concentration for each ligand at which 50% of the
TO was displaced (DC50) was calculated by using Origin data
analysis software to plot percentage TO displacement against
ligand concentration. These data were fitted with dose-response
curves and the equations of the curves were solved for y = 50 to
give the DC50 values.

RESULTS

Most of the investigations reported in the literature dealing
with the determination of iM structures in solution have been
accomplished in sodium bu"er and under acidic conditions,
generally at pH values down to 4.3 (Gehring et al., 1993; Gallego
et al., 1997;Malliavin et al., 2003). This is because the cytidine pKa
is about 4.2, and the use of low pH values guarantees to obtain
stable hemi-protonated C·C+ pairs. However, these conditions
are far away from physiological. This may also have consequences
on the study of the interaction between these target molecules
and potential ligands, which may be di"erently protonated with
respect to their state under physiological pH. Therefore, in
order to find experimental conditions as close to physiological
as possible, the behavior of the telomeric iM-forming sequence
(hTeloC) in 10mM sodium bu"er at di"erent pH values was

investigated by 1D 1H-NMR and CD spectroscopies (Figures
S1, S2, Supplementary Material). In particular, the pH range
4.3–7.0 was explored. NMR and CD spectra clearly indicated
that the hTeloC sequence turned out to be folded into an iM
structure only at pH values lower than 5.7, while above this
value the iM structure is in equilibrium with the unfolded
species. Therefore, we decided to perform our studies at the
two boundaries pH values, namely 4.3 and 5.7. Since the main
aim of this investigation was to evaluate the interaction of some
known G4 ligands with an iM-forming DNA, experiments on the
human telomeric G4 (mutTel24) were performed in parallel for
comparison.

Circular Dichroism Studies
The structures adopted by hTeloC and mutTel24 were first
investigated by circular dichroism (CD) spectroscopy in the
absence of ligands. At both pH 4.3 and 5.7, hTeloC showed
almost superimposable CD spectra having a positive band at
288 nm and a negative one at around 260 nm (Figure 3A).
These bands are characteristic of an iM folding topology (Guo
et al., 2008). mutTel24 also displayed almost superimposable CD
spectra at both pH values. These spectra were characterized by
two positive bands at around 290 and 270 nm, and a negative
one at around 240 nm (Figure 3B). These bands are perfectly
superimposable to those observed for the same molecule at pH
7.0, thus indicating the presence of the expected hybrid [3+1]
G4 structure (hybrid-1) as the major conformation under acidic
conditions (Karsisiotis et al., 2011; Gray et al., 2014).

CD experiments were also performed to examine the potential
of compounds 1-6 to alter the native folding topology of the two
investigated DNA structures both at pH 4.3 and 5.7. DNA/ligand
mixtures were obtained by adding 5 molar equivalents of
compound to the folded G4 and iM structures so as to have
an excess with respect to potential binding sites. In the case of
mutTel24, regardless of the pH, Berberine (1), BRACO-19 (2),
Phen-DC3 (4) and RHPS4 (6) induced a significant change in
the CD spectrum of the G4 structure (Figures 4A,B and Figures
S3, S4, Supplementary Material). In particular, the loss of the
band at 270 nm followed by an intensity’s increase of the band
at 290 nm suggested a conformational change of the G4 topology
from the hybrid to the antiparallel conformation (Masiero et al.,
2010; Randazzo et al., 2013). Conversely, Mitoxantrone (3) and
Pyridostatin (5) did not produce any measurable conformational
change of the G4 structure, even if a decrease of the band at
290 nm is observed upon their addition.

As for the iM structure, at pH 4.3, Mitoxantrone (3), Phen-
DC3 (4), and RHPS4 (6) induced a significant hypochromic
shift of the positive band at 288 nm, with more marked e"ects
observed for 3 and 4. Conversely, Berberine (1), BRACO-19 (2),
and Pyridostatin (5) caused a hyperchromic shift of the band
at 288 nm at this pH (Figure 4C and Figure S5, Supplementary
Material). On the other hand, at pH 5.7 all the compounds have
been shown to induce a hypochromic e"ect of the band at 288 nm
that turned out to be particularly marked in the case of 2, 3, and 4
(Figure 4D and Figure S6, Supplementary Material). These data
suggest that some interaction takes place and that, in some cases,
the molecules seem to induce the unfolding of the structure.
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FIGURE 3 | (A,B) CD spectra of hTeloC and mutTel24 at pH 4.3 (black) and 5.7 (gray). (C,D) CD melting of hTeloC and mutTel24 at pH 4.3 (black) and 5.7 (gray).

FIGURE 4 | (A,B) CD spectra of mutTel24 in the absence (blue) and presence (green) of 5 equivalents of Phen-DC3 (4) at 20!C (solid lines) and 100!C (dashed lines).

(C,D) CD spectra of hTeloC in the absence (red) and presence (green) of 5 equivalents of 4 at 5!C (solid lines) and 100!C (dashed lines). (E,F) CD- and (I,J)

UV-melting of mutTel24 in the absence (blue) and presence (green) of 5 equivalents of 4. (G,H) CD- and (K,L) UV-melting of hTeloC in the absence (red) and presence

(green) of 5 equivalents of 4. The relative pH values are reported in each panel.
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CD-Melting Analysis
CD-melting experiments were employed to evaluate the thermal
stability of iM and G4 structures adopted by hTeloC and
mutTel24 sequences, respectively, under the two experimental
conditions used (pH 4.3 and 5.7). The melting temperatures
(T1/2) of the iM structure were found to be 52.8 and 40.6!C at pH
4.3 and 5.7, respectively (Figure 3C). The lower thermal stability
of the iM structure observed at pH 5.7 can be ascribed to the
lower extent of protonation of the cytosines. On the other hand,
only a very small variation in T1/2 values was observed for the G4
structure between pH 4.3 and 5.7 (53.5 and 51.1!C, respectively,
Figure 3D).

Then, the e"ect of the investigated compounds on the
stability of the DNA secondary structures was evaluated by
measuring the ligand-induced change in the melting temperature
(!T1/2) of G4 and iM at pH 4.3 and 5.7. CD-melting curves
of DNA in the absence and presence of each compound
were obtained by following the variations of the intensity
of CD signal at the wavelengths of 290 and 288 nm for
mutTel24 and hTeloC, respectively (Figure 4 and Figures S7–S10,
Supplementary Material). Very intriguingly, results of these
experiments (Table 1) clearly indicated that 1-6 exert a di"erent
e"ect on iM compared to G4. As expected, all the tested
compounds were able to thermally stabilize the G4 structure
at both pH values, even if to a di"erent extent (Figures 4E,F,
and Figures S7, S8, Supplementary Material). On the contrary,
regardless of pH, Berberine (1), Pyridostatin (5), and RHPS4
(6) did not show a remarkable influence on the iM thermal
stability, while BRACO-19 (2), Mitoxantrone (3), and Phen-DC3
(4) significantly decreased it (Figures 4G,H and Figures S9, S10,
Supplementary Material). These results are in agreement with
those obtained from the CD spectra analysis.

UV-Melting Analysis
The e"ect of compounds 1-6 on the stability of the G4 and
iM structures was also investigated by UV-melting experiments.
As for CD-melting studies, the ligand-induced changes in the
melting temperature (!T1/2) of the two DNA structures were
obtained by recording UV-melting experiments in the absence

and presence of each compound at both pH 4.3 and 5.7.
UV-melting curves were acquired by following the change in
UV signal intensity at 295 nm for both mutTel24 and hTeloC
(Figures 4I–L, and Figures S11–S14, Supplementary Material).
Results of these experiments (Table 1) are consistent with CD-
melting ones, and denote, once again, a di"erent behavior for the
investigated compounds toward the iM and G4 DNA structures.

Nuclear Magnetic Resonance Studies
NMR spectroscopy was employed in order to obtain structural
information about the DNA interaction of the six compounds.
Also in this case, 1D 1H-NMR spectra were recorded at pH 4.3
and 5.7. Under the experimental conditions used, the mutTel24
sequence forms a single G4 conformation characterized by 12
well-resolved imino proton peaks, corresponding to the 12
guanines involved in the three G-tetrad planes (Luu et al.,
2006). On the other hand, hTeloC folds in an i-motif structure
characterized by 3 well-resolved imino proton peaks that
correspond to the 6 intercalated C·C+ pairs (Phan et al.,
2000).

The imino and aromatic proton regions of mutTel24 and
hTeloC in the absence and presence of 5 equivalents of each
compound are shown in Figures 5, 6, respectively. Regardless of
the pH, both imino and aromatic proton signals of mutTel24
turned out to be significantly a"ected by the addition of the
ligands (Figure 5). On the other hand, addition of compounds
to the iM structure led to di"erent results. At pH 4.3, the
main changes were observed for Berberine (1) and RHPS4
(6) in both aromatic and imino regions, while little changes
could be observed for BRACO-19 (2) and Mitoxantrone (3).
Instead, Phen-DC3 (4) caused a general decrease of signal
intensities (Figure 6A). Very little changes could be observed in
the spectrum of iM upon addition of Pyridostatin (5). At pH
5.7, changes were observed for Berberine (1) BRACO-19 (2),
Mitoxantrone (3), and RHPS4 (6) (Figure 6B), with BRACO-
19 a"ecting the most the NMR spectrum of the iM structure.
Interstingly, as for the experiment at pH 4.3, PhenDC3 (4) and
Pyridostatin (5) caused a general decrease of the signal intensities.

TABLE 1 | Ligand-induced thermal stabilization of hTeloC and mutTel24 DNA measured by CD and UV melting experiments.

!T1/2 (!C)*

CD melting

!T1/2 (!C)*

UV melting

hTeloC mutTel24 hTeloC mutTel24

pH 4.3 pH 5.7 pH 4.3 pH 5.7 pH 4.3 pH 5.7 pH 4.3 pH 5.7

Berberine #2.5 #0.8 +13.4 +12.4 +1.2 +0.9 +11.7 +15.3

BRACO-19 #13.4 #9.2 +12.4 +8.9 #17.6 #6.5 ND ND

Mitoxantrone #4.8 #9.9 +7.7 +4.5 #16.6 #1.0 +4.1 +0.6

Phen-DC3 #13.4 #6.8 ND +14.4 #17.1 #6.3 ND +5.3

Pyridostatin #2.8 +0.8 +12.9 +8.8 +1.1 +0.2 +9.3 +5.5

RHPS4 #1.0 #0.3 +22.0 +20.6 +0.7 +0.1 ND ND

*!T1/2 = T1/2(DNA+ligand) -T1/2(DNA). All experiments were performed in duplicate, and !T1/2 values are reported as the mean. Errors were ±0.5!C. ND, not determined.
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FIGURE 5 | 1H-NMR spectra of mutTel24 in 10mM KH2PO4 at (A) pH 4.3 and (B) pH 5.7, before and after the addition of 5 equivalents of each ligand.

FIGURE 6 | 1H-NMR spectra of hTeloC in 10mM NaH2PO4 at (A) pH 4.3 and (B) pH 5.7, before and after the addition of 5 equivalents of each ligand.

FRET and FRET-Melting Studies
Dual labeled (FAM/TAMRA) human telomeric sequences G4-
F21T and iM-F24T, which are able to form G4 and iM structures,
respectively, were used (see Experimental section). Experiments
were performed only at pH 5.7, because the fluorescence of the
FAM is not stable at pH 4.3. In order to verify that 1-6 did
not interfere in the FAM emission spectrum, the fluorescence
spectrum of each compound was recorded by exciting at 492 nm
and collecting its emission spectrum between 500 and 650 nm.
Unfortunately, the emission spectrum of RHPS4 (6) was found
to overlap with FAM, and, therefore, it was not used in these
experiments.

FRET-melting assays were then performed to further
investigate the compound-induced e"ects on the iM and G4

thermal stabilities. In agreement with CD- and UV-melting
experiments, all the tested compounds induced a thermal
stabilization of G4-F21T (Figure S15, Supplementary Material).
Conversely, in the case of iM-F24T, FRET melting data did not
agree at all with CD and UV melting results. In fact, all ligands,
except Berberine, showed a significant thermal stabilization of
the iM structure (Figure S16, Supplementary Material).

FRET spectra of FAM/TAMRA-modified oligonucleotides
(G4-F21T and iM-F24T) in the absence and presence of
each compound (at 1:5 DNA/ligand ratio) were also analyzed
(Figure 7). The results show that, in both cases, BRACO-19 (2),
Mitoxantrone (3), Phen-DC3 (4), and Pyridostatin (5) caused
a significant decrease of the band intensity at 580 nm, thus
suggesting that actually they could interact with the probes.
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FIGURE 7 | (A–E) Fluorescence spectra of G4-F21T alone (in 10mM KH2PO4 buffer) at 5!C (blue line) and at 90!C (dashed blue line), and after the addition of 5

equivalents of each ligand at 5!C (green line) and at 90!C (dashed green line). (F–J) Fluorescence spectra of iM-F24T alone (in 10mM NaH2PO4 buffer) at 5!C (red

line) and at 90!C (red dashed line), and after the addition of 5 equivalents of each ligand at 5!C (green line) and at 90!C (dashed green line). All the experiments were

performed at pH 5.7.
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Fluorescent Intercalator Displacement
(FID) Assay
FID assays are long established and have been used extensively
to determine relative binding a!nities for ligands with duplex
DNA (Boger et al., 2000). They have recently been adapted and
validated for use with both G4 and iM structures (Monchaud
et al., 2006; Sheng et al., 2017). The assay relies on a light-up
fluorescent probe, in this case thiazole orange (TO), which binds
to the structure of interest and can be competitively displaced
by candidate ligands thus enabling the determination of their
relative binding a!nity to the structure under examination.
Here, aliquots of ligands 1-5 were titrated in triplicate against
both of the G4 and iM structures and the concentrations at
which 50% displacement (DC50) was achieved were calculated
from dose-response curves fitted to this data (Figures S17,
S18, Supplementary Material). Unfortunately, as with the FRET,
RHPS4 (6) was excluded from analysis due to the fluorescence
profile of the ligand overlapping with the assay parameters.
The results of the FID assay showed that all ligands (1-5)
bound to both the G4 and the iM DNA. Unsurprisingly, they
also all showed a slightly higher a!nity for the G4 formed
by mutTel24FID over the iM formed by hTeloCFID (Table 2).
Nevertheless, all ligands tested were found to displace TO at both
pH 4.3 and 5.7, indicative of an interaction with the iM-forming
DNA.

DISCUSSION

DNA has a well-known propensity to adopt various alternative
non-canonical conformations in vitro, including G4 and iM.
Recent investigations have demonstrated the formation of such
structures in regulatory regions of the human genome, including
gene promoters and telomeres, also providing evidences for the
key role that G4s and iMs can play in several biological pathways
(Kang et al., 2014; Salvati et al., 2014; Maizels, 2015).

Human telomeric DNA consists of a 2–20 kb double-stranded
region composed by (TTAGGG)/(CCCTAA) repeats, and of a
single-stranded 3"-end G-rich sequence. The G-rich strand can
adopt G4 conformations, while the opposite C-rich strand can
fold into the iM structure. Of the two structures, telomeric
G4 is by far the most studied. This disparity is mainly due
to acidic pH required for the protonation of cytosine, since
the parallel duplexes, the basic component of iM, are stabilized
by hemiprotonated C·C+ base pairs. In this investigation, the
behavior of the human telomeric iM-forming sequence (hTeloC)
was studied in the pH range of 4.3–7.0 by 1D 1H-NMR
and CD spectroscopies. Results clearly indicate that under the
experimental conditions used, the iM structure is still well-
preserved at pH 5.7, while, just above this pH value, it turns
out to be in equilibrium with the random coil (Figures S1, S2,
Supplementary Material). Moreover, the lower stability of the iM
structure observed at pH 5.7 well reflects the lower extent of
cytosine protonation compared to pH 4.3, thus confirming, once
again, that iM structures are very sensitive to pH (Kovanda et al.,
2015). On the other hand, results of NMR and CD experiments
on the G-rich telomeric sequence clearly showed that it retains

the hybrid [3+1] G4 structure as major conformation at both pH
4.3 and 5.7, and that its thermal stability is basically not a"ected
by the pH.

Once the working conditions were established, the interaction
of the well-known G4 ligands Berberine (1), BRACO-19 (2),
Mitoxantrone (3), Phen-DC3 (4), Pyridostatin (5), and RHPS4
(6), with the iM-forming sequence was explored in comparison
with the G4, by using a combination of spectroscopic techniques.
Experiments were performed at the two boundary pH values.
Results of the di"erent experiments undoubtedly showed that all
the investigated compounds actually are able to interact, even if
in a di"erent way, with both G4- and iM-forming DNA.

Fluorescent intercalator displacement (FID) assay clearly
showed that the thiazole orange probe, which binds to
the investigated structures, is competitively displaced by the
compounds 1-5 (compound 6 could not be used). The
consequent determination of their relative a!nity for the DNA
under examination reveals that, regardless of the pH (4.3 or
5.7), the compounds exhibit only a slightly higher a!nity for
mutTel24 over hTeloC.

Ligand-induced e"ects on both G4 and iM structures
were examined by means of UV, CD, and NMR. As far as
mutTel24 is concerned, results of CD experiments show that
four (Berberine, BRACO-19, Phen-DC3, and RHPS4) out of
the six ligands induce a conformational change from the
hybrid [3+1] to an antiparallel structure (Figures S3, S4). All
the ligands also indiscriminately a"ect the NMR spectrum
of mutTel24 (Figure 5). Results of CD- and UV-melting
experiments agree in indicating that the six compounds are
able to stabilize the G4 at both pH values (Figures S7, S8,
S11, S12, Supplementary Material). Interestingly, the two ligands
not inducing the G4 conformational change (Mitoxantrone
and Pyridostatin) seem also to be the less e"ective in terms
of thermal stabilization under the experimental conditions
used. Moreover, some of the investigated ligands induced a
higher increase of G4 melting temperature (!T1/2) at pH 4.3
rather than 5.7 (Table 1), that may be ascribed in part to the
di"erent protonation states of such molecules at the di"erent
pHs. This was, for example, the case of BRACO-19 (2) and
Pyridostatin (5). For these molecules the protonation state was
theoretically determined in the 3.5–7.5 pH range, by using
the pKa prediction program (ChemAxon, www.chemaxon.com)
based on the calculation of partial charge of atoms in the
molecule. The computed distribution of the microspecies for
BRACO-19 and Pyridostatin, reported in Figure S19, shows that
actually there is a variation between pH 4.3 and 5.7 for these
molecules.

Concerning the iM, some di"erences were observed between
pH 4.3 and 5.7. In particular, the addition of 1-6 to the iM caused
major e"ects at pH 5.7, in which the iM structure is less stable
per se.

Interestingly, CD- and UV-melting results clearly indicate
that the molecules which were found to mainly decrease the
CD and NMR signals (namely BRACO-19, Mitoxantrone, and
Phen-DC3) were also those that significantly decreased iM
thermal stability at both pH values (Figures S9, S10, S13, S14,
Supplementary Material).
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TABLE 2 | Ligand DC50 values for hTeloCFID and mutTel24FID determined using the FID assay*.

hTeloCFID mutTel24FID

pH 4.3 pH 5.7 pH 4.3 pH 5.7

DC50
(µM)

SE

(µM)

DC50
(µM)

SE

(µM)

DC50
(µM)

SE

(µM)

DC50
(µM)

SE

(µM)

Berberine 30.38 1.58E-02 1.46 5.88E-03 3.32 2.63E-02 1.26 7.22E-03

BRACO-19 0.66 1.61E-03 0.87 8.08E-04 0.26 5.14E-03 0.50 1.95E-03

Mitoxantrone 0.70 2.87E-03 1.34 6.99E-03 0.54 3.03E-04 0.95 6.07E-03

Phen-DC3 0.97 1.32E-02 0.95 3.79E-03 0.26 1.58E-03 0.39 1.42E-03

Pyridostatin 9.09 6.18E-03 18.02 5.89E-02 3.15 2.33E-03 9.42 3.90E-02

*All experiments were performed in triplicate and DC50 values are reported as the 50% displacement value calculated from fitted dose response curves. Standard errors are calculated

using R-square values from the statistics on the data fit.

Overall, these results show that compounds 1-6 are able
to interact with the telomeric iM-forming DNA. However,
three of them (Berberine, Pyridostatin, and RHPS4) do not
have relevant e"ects on the thermal stability of iM, while the
others (BRACO-19, Mitoxantrone, and Phen-DC3) are able
to destabilize it. We speculate that these compounds could
reasonably make some non-specific interactions with the single-
stranded (unfolded) C-rich DNA, resulting in a shift of folded-
unfolded equilibrium toward the unfolded form, especially
during themelting experiment, which in turn results in a decrease
of T1/2.

The FRET methodology, used here to further characterize
the interaction of G4 and iM DNA with the investigated
ligands, deserves a separate discussion. With respect of other
spectroscopic techniques (such as UV, CD, and NMR), FRET
has a higher sensitivity and it can explore a large range of
ligand concentrations (Monchaud et al., 2006; Sheng et al., 2017).
Additionally, it turns out to be the main methodology when
the UV absorbance of a ligand overlaps with that of the DNA
(Guédin et al., 2010). However, some artifacts may occur when
compounds are inherently fluorescent and/or interact with the
fluorescent probes rather than the DNA itself (De Cian et al.,
2007b), and this is what probably happened in this case. Indeed,
FRET melting results did not agree at all with both CD and
UV melting data, especially in the case of iM-F24T (Figure
S16, Supplementary Material). To understand the reasons for
this di"erent behavior, FRET spectra of labeled DNA (G4-F21T
and iM-F24T) in the absence and presence of compounds were
analyzed. Typically, when DNA is folded, the two dyes are in
close proximity so FAM fluorescence peak at 522 nm (upon
excitation at 492 nm) is quenched and its energy is transferred
to TAMRA, which then emits light at 580 nm. On the other
hand, FAM’s fluorescence is no longer quenched when su!cient
spatial separation of the two dyes occurs (for example upon
unfolding of the DNA structure), therefore its fluorescence
signal at 522 nm is observable. In principle, compounds that are
able to interact with the fluorophores may a"ect the emission
properties of the probes and decrease the intensity of the bands
at 580 nm (if the DNA is structured) or at 522 nm (if the DNA
is unstructured). Interestingly, four compounds (BRACO-19,

Mitoxantrone, Phen-DC3, and Pyridostatin) caused a significant
decrease of the band intensity at 580 nm (for both G4-F21T and
iM-F24T), clearly suggesting that they actually interact with the
fluorophores. Therefore, the di"erent stabilizing e"ects observed
for the iM structure across the di"erent spectroscopic techniques
could be ascribed to ligand interaction with the FRET probes.
This hypothesis is further corroborated by the fact that Berberine
(1), which did not cause any observable change in the FRET
spectrum, showed no variation in the DNA’s thermal stability
by FRET, in agreement with CD and UV experiments. For the
same reasons, this suggests that the thermal stabilizations of G4-
F21T measured by FRET are not accurate, being also potentially
a"ected by the ligands’ interaction with the probes. Therefore,
a clear message came out from a careful examination of FRET
data, meaning that false-positive responses can be obtained due
to ligands ability to bind end-labeling DNA probes. This could
occur particularly when the investigated compounds have an
extended aromatic core for which "-" stacking interactions with
the large aromatic surface of the probes could be favored. This
is especially the case of G4-interacting molecules. Overall, this
study emphasizes the need of using a combination of techniques
when examining DNA targeting ligands, in order to avoid an
inaccurate evaluation of their binding/stabilizing properties.

CONCLUSIONS

Herein, a combination of spectroscopic techniques was employed
to determine whether well-known bioactive G4 ligands, namely
Berberine (1), BRACO-19 (2), Mitoxantrone (3), Phen-DC3 (4),
Pyridostatin (5), and RHPS4 (6) are able to interact with an iM-
forming DNA. Two human telomeric DNA sequences able to
form iM and G4 structures were studied and the experiments
performed at two di"erent pH values. The experimental results
showed that all the investigated G4 ligands were also able to
interact with the telomeric iM-forming DNA. Very interestingly,
BRACO-19, Mitoxantrone, and Phen-DC3 have been shown to
destabilize the iM structure.

The majority of iM forming sequences are generally
less stable than G4s under physiological conditions. The
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delicate equilibrium between the folded and unfolded DNA
forms is highly sensitive to the environmental conditions
(such as pH and ionic strength), and ligands may a"ect
this fine equilibrium, shifting it toward di"erent/less stable
forms.

The here reported results are even more interesting if
viewed in the context of regulation of gene expression.
Indeed, recent investigations have suggested that G4
and iM structures may have opposing functions in the
control of oncogene transcription: while G4 formation
and its ligand-induced stabilization generally inhibits gene
expression, stabilization of iM seems to have transcription
activating capabilities (Kang et al., 2014; Kendrick et al.,
2014). Therefore, a molecule that is able to stabilize a G4
structure and to destabilize an iM structure may exert a
synergistic e"ect on the inhibition of transcription. These are
the cases of BRACO-19 (2), Mitoxantrone (3), and Phen-
DC3 (4), whose biological activity may be ascribed to both
mechanisms.

Overall, the present study highlights the necessity, when
studying G4-targeting compounds, of evaluating also their e"ects
on the i-motif counterparts, especially if one is looking for a
“specific” drug.

AUTHOR CONTRIBUTIONS

AR, JA, BP, and ZW conceived and designed the experiments. AP,
NI, EG, and AD performed the CD, UV, and FRET experiments.
DB performed the NMR experiments. MA performed the
FID experiments. AP and JA carried out the synthesis of
oligonucleotides. AP, NI, MA, EN, ZW, BP, JA, and AR analyzed
the results. AR, JA, and ZW wrote the paper. All authors verified
the data, contributed to the manuscript, and approved the final
version.

ACKNOWLEDGMENTS

This work was supported by the Italian Association for Cancer
Research (AIRC) (IG-18695 to AR, IG-16730 to BP). MA was
supported by a Ph.D. studentship from the Eastern Academic
Research Consortium.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2018.00281/full#supplementary-material

REFERENCES

Amato, J., Iaccarino, N., Pagano, B., Morigi, R., Locatelli, A., Leoni, A.,
et al. (2014a). Bis-indole derivatives with antitumor activity turn out to
be specific ligands of human telomeric G-quadruplex. Front. Chem. 2:54.
doi: 10.3389/fchem.2014.00054

Amato, J., Iaccarino, N., Randazzo, A., Novellino, E., and Pagano, B. (2014b).
Noncanonical DNA secondary structures as drug targets: the prospect of the
i-motif. ChemMedChem 9, 2026–2030. doi: 10.1002/cmdc.201402153

Amato, J., Morigi, R., Pagano, B., Pagano, A., Ohnmacht, S., De Magis, A., et al.
(2016). Toward the development of specific g-quadruplex binders: synthesis,
biophysical, and biological studies of new hydrazone derivatives. J. Med. Chem.
59, 5706–5720. doi: 10.1021/acs.jmedchem.6b00129

Amato, J., Pagano, A., Capasso, D., Di Gaetano, S., Giustiniano, M., Novellino,
E., et al. (2018). Targeting the BCL2 gene promoter G-Quadruplex with a
new class of furopyridazinone-based molecules. ChemMedChem 13, 406–410.
doi: 10.1002/cmdc.201700749

Amato, J., Pagano, A., Cosconati, S., Amendola, G., Fotticchia, I., Iaccarino, N.,
et al. (2017). Discovery of the first dual G-triplex/G-quadruplex stabilizing
compound: a new opportunity in the targeting of G-rich DNA structures?
Biochim. Biophys. Acta 1861, 1271–1280. doi: 10.1016/j.bbagen.2016.11.008

Bedrat, A., Lacroix, L., and Mergny, J. L. (2016). Re-evaluation of G-
quadruplex propensity with G4Hunter. Nucleic Acids Res. 44, 1746–1759.
doi: 10.1093/nar/gkw006

Bhavsar-Jog, Y. P., Van Dornshuld, E., Brooks, T. A., Tschumper, G. S., and
Wadkins, R. M. (2014). Epigenetic modification, dehydration, and molecular
crowding e"ects on the thermodynamics of i-motif structure formation from
C-Rich, DNA. Biochemistry 53, 1586–1594. doi: 10.1021/bi401523b

Bi!, G., Tannahill, D., McCa"erty, J., and Balasubramanian, S. (2013).
Quantitative visualization of DNA G-quadruplex structures in human cells.
Nat. Chem. 5, 182–186. doi: 10.1038/nchem.1548

Boger, D. L., Fink, B. E., and Hedrick, M. P. (2000). Total synthesis of distamycin,
A., and 2640 analogues: a solution-phase combinatorial approach to the
discovery of new, bioactive dna binding agents and development of a rapid,
high-throughput screen for determining relative DNA binding a!nity or DNA
bind. J. Am. Chem. Soc. 122, 6382–6394. doi: 10.1021/ja994192d

Brazier, J. A., Shah, A., and Brown, G. D. (2012). I-Motif formation in gene
promoters: unusually stable formation in sequences complementary to known
G-quadruplexes. Chem. Commun. 48:10739. doi: 10.1039/c2cc30863k

Brown, R. V., Wang, T., Chappeta, V. R., Wu, G., Onel, B., Chawla, R.,
et al. (2017). The consequences of overlapping G-Quadruplexes and i-Motifs
in the platelet-derived growth factor receptor ! core promoter nuclease
hypersensitive element can explain the unexpected e"ects of mutations and
provide opportunities for selective targeting of both structures by small
molecules to downregulate gene expression. J. Am. Chem. Soc. 139, 7456–7475.
doi: 10.1021/jacs.6b10028

Burge, S., Parkinson, G. N., Hazel, P., Todd, A. K., and Neidle, S. (2006).
Quadruplex DNA: sequence, topology and structure. Nucleic Acids Res. 34,
5402–5415. doi: 10.1093/nar/gkl655

Cantor, C. R., Warshaw, M. M., and Shapiro, H. (1970).
Oligonucleotide interactions. III. Circular dichroism studies of the
conformation of deoxyoligonucleolides. Biopolymers 9, 1059–1077.
doi: 10.1002/bip.1970.360090909

Cerofolini, L., Amato, J., Giachetti, A., Limongelli, V., Novellino, E., Parrinello, M.,
et al. (2014). G-triplex structure and formation propensity. Nucleic Acids Res.
42, 13393–13404. doi: 10.1093/nar/gku1084

Chambers, V. S., Marsico, G., Boutell, J. M., Di Antonio, M., Smith, G. P.,
and Balasubramanian, S. (2015). High-throughput sequencing of DNA G-
quadruplex structures in the human genome. Nat. Biotechnol. 33, 877–881.
doi: 10.1038/nbt.3295

Chen, Y., Qu, K., Zhao, C., Wu, L., Ren, J., Wang, J., et al. (2012). Insights into the
biomedical e"ects of carboxylated single-wall carbon nanotubes on telomerase
and telomeres. Nat. Commun. 3:1074. doi: 10.1038/ncomms2091

Day, H. A., Pavlou, P., and Waller, Z. A. E. (2014). I-Motif DNA: structure,
stability and targeting with ligands. Bioorg. Med. Chem. 22, 4407–4418.
doi: 10.1016/j.bmc.2014.05.047

De Cian, A., DeLemos, E., Mergny, J. L., Teulade-Fichou, M. P., and Monchaud,
D. (2007a). Highly e!cient G-quadruplex recognition by bisquinolinium
compounds. J. Am. Chem. Soc. 129, 1856–1857. doi: 10.1021/ja067352b

De Cian, A., Guittat, L., Kaiser, M., Sacc,à, B., Amrane, S., Bourdoncle, A., et al.
(2007b). Fluorescence-based melting assays for studying quadruplex ligands.
Methods 42, 183–195. doi: 10.1016/j.ymeth.2006.10.004

Frontiers in Chemistry | www.frontiersin.org 11 July 2018 | Volume 6 | Article 281



Pagano et al. G-Quadruplex Ligands Interact With i-Motif-Forming DNA

Di Leva, F. S., Zizza, P., Cingolani, C., D’Angelo, C., Pagano, B., Amato, J., et al.
(2013). Exploring the chemical space of G-quadruplex binders: discovery of a
novel chemotype targeting the human telomeric sequence. J. Med. Chem. 56,
9646–9654. doi: 10.1021/jm401185b

Dzatko, S., Krafcikova, M., Hänsel-Hertsch, R., Fessl, T., Fiala, R., Loja, T.,
et al. (2018). Evaluation of the stability of DNA i-Motifs in the Nuclei
of living mammalian cells. Angew. Chem. Int. Ed. Engl. 57, 2165–2169.
doi: 10.1002/anie.201712284

Fedoro", O. Y., Rangan, A., Chemeris, V. V., and Hurley, L. H. (2000).
Cationic porphyrins promote the formation of i-motif DNA and bind
peripherally by a nonintercalative mechanism. Biochemistry 39, 15083–15090.
doi: 10.1021/bi001528j

Fleming, A. M., Ding, Y., Rogers, R. A., Zhu, J., Zhu, J., Burton, A. D., et al.
(2017). 4n-1 Is a “Sweet Spot” in DNA i-Motif folding of 2"-Deoxycytidine
homopolymers. J. Am. Chem. Soc. 139, 4682–4689. doi: 10.1021/jacs.6b10117

Franceschin, M., Rossetti, L., D’Ambrosio, A., Schirripa, S., Bianco,
A., Ortaggi, G., et al. (2006). Natural and synthetic G-quadruplex
interactive berberine derivatives. Bioorg. Med. Chem. Lett. 16, 1707–1711.
doi: 10.1016/j.bmcl.2005.12.001

Gallego, J., Chou, S. H., and Reid, B. R. (1997). Centromeric pyrimidine strands
fold into an intercalated motif by forming a double hairpin with a novel
T:G:G:T tetrad: solution structure of the d(TCCCGTTTCCA) dimer. J. Mol.
Biol. 273, 840–856. doi: 10.1006/jmbi.1997.1361

Gehring, K., Leroy, J.-L., and Guéron, M. (1993). A tetrameric DNA
structure with protonated cytosine-cytosine base pairs. Nature 363, 561–565.
doi: 10.1038/363561a0

Gowan, S. M., Harrison, J. R., Patterson, L., Valenti, M., Read, M., a, Neidle, S.,
et al. (2002). A G-quadruplex-interactive potent small-molecule inhibitor of
telomerase exhibiting in vitro and in vivo antitumor activity. Mol. Pharmacol.
61, 1154–1162. doi: 10.1124/mol.61.5.1154

Gray, R. D., Trent, J. O., and Chaires, J. B. (2014). Folding and unfolding
pathways of the human telomeric G-quadruplex. J. Mol. Biol. 426, 1629–1650.
doi: 10.1016/j.jmb.2014.01.009

Guédin, A., Lacroix, L., and Mergny, J.-L. (2010). Thermal melting
studies of ligand DNA interactions. Methods Mol. Biol. 613, 25–35.
doi: 10.1007/978-1-60327-418-0_2

Guo, K., Gokhale, V., Hurley, L. H., and Sun, D. (2008). Intramolecularly
folded G-quadruplex and i-motif structures in the proximal promoter of the
vascular endothelial growth factor gene. Nucleic Acids Res. 36, 4598–4608.
doi: 10.1093/nar/gkn380

Haeusler, A. R., Donnelly, C. J., Periz, G., Simko, E. A. J., Shaw, P. G., Kim, M. S.,
et al. (2014). C9orf72 nucleotide repeat structures initiate molecular cascades
of disease. Nature 507, 195–200. doi: 10.1038/nature13124

Huang, H.-S., Chen, I.-B., Huang, K.-F., Lu, W.-C., Shieh, F.-Y., Huang, Y.-
Y., et al. (2007). Synthesis and human telomerase inhibition of a series of
regioisomeric disubstituted amidoanthraquinones. Chem. Pharm. Bull. 55,
284–292. doi: 10.1248/cpb.55.284

Huppert, J. L., and Balasubramanian, S. (2007). G-quadruplexes in promoters
throughout the human genome. Nucleic Acids Res. 35, 406–413.
doi: 10.1093/nar/gkl1057

Izbicka, E., Wheelhouse, R. T., Raymond, E., Davidson, K. K., Lawrence, R. A.,
Sun, D., et al. (1999). E"ects of cationic porphyrins as G-quadruplex interactive
agents in human tumor cells. Cancer Res. 59, 639–644.

Kang, H. J., Kendrick, S., Hecht, S. M., and Hurley, L. H. (2014). The
transcriptional complex between the BCL2 i-motif and hnRNP LL is a
molecular switch for control of gene expression that can be modulated
by small molecules. J. Am. Chem. Soc. 136, 4172–4185. doi: 10.1021/ja4
109352

Karsisiotis, A. I., Hessari, N. M. A., Novellino, E., Spada, G. P., Randazzo,
A., and Webba Da Silva, M. (2011). Topological characterization of
nucleic acid G-quadruplexes by UV absorption and circular dichroism.
Angew. Chem. Int. Ed. Engl. 50, 10645–10648. doi: 10.1002/anie.2011
05193

Kendrick, S., Kang, H. J., Alam, M. P., Madathil, M. M., Agrawal, P., Gokhale, V.,
et al. (2014). The dynamic character of the BCL2 promoter i-motif provides
a mechanism for modulation of gene expression by compounds that bind
selectively to the alternative DNA hairpin structure. J. Am. Chem. Soc.. 136,
4161–4171. doi: 10.1021/ja410934b

Kovanda, A., Zalar, M., #ket, P., Plavec, J., and Rogelj, B. (2015). Anti-sense DNA
d(GGCCCC)nexpansions in C9ORF72 form i-motifs and protonated hairpins.
Sci. Rep. 5:17944. doi: 10.1038/srep17944

Lam, E. Y. N., Beraldi, D., Tannahill, D., and Balasubramanian, S. (2013). G-
quadruplex structures are stable and detectable in human genomic DNA. Nat.
Commun. 4, 1796. doi: 10.1038/ncomms2792

Li, Q., Xiang, J. F., Yang, Q. F., Sun, H. X., Guan, A. J., and Tang, Y. L. (2013).
G4LDB: A database for discovering and studying G-quadruplex ligands.Nucleic
Acids Res. 41, D1115–D1123. doi: 10.1093/nar/gks1101

Li, X., Peng, Y., Ren, J., and Qu, X. (2006). Carboxyl-modified single-walled carbon
nanotubes selectively induce human telomeric i-motif formation. Proc. Natl.
Acad. Sci. U.S.A. 103, 19658–19663. doi: 10.1073/pnas.0607245103

Luu, K. N., Phan, A. T., Kuryavyi, V., Lacroix, L., and Patel, D. J. (2006). Structure
of the human telomere in K+ solution: an intramolecular (3+ 1) G-quadruplex
sca"old. J. Am. Chem. Soc. 128, 9963–9970. doi: 10.1021/ja062791w

Maizels, N. (2015). G4-associated human diseases. EMBO Rep. 16, 910–922.
doi: 10.15252/embr.201540607

Malliavin, T. E., Snoussi, K., and Leroy, J. L. (2003). The NMR structure of
[Xd(C2)]4 investigated by molecular dynamics simulations. Magn. Reson.
Chem. 41, 18–25. doi: 10.1002/mrc.1109

Masiero, S., Trotta, R., Pieraccini, S., De Tito, S., Perone, R., Randazzo,
A., et al. (2010). A non-empirical chromophoric interpretation of CD
spectra of DNA G-quadruplex structures. Org. Biomol. Chem. 8, 2683–2692.
doi: 10.1039/c003428b

Mergny, J. L., Lacroix, L., Hélène, C., Han, X., and Leroy, J. L. (1995).
Intramolecular Folding of Pyrimidine Oligodeoxynucleotides into an i-DNA
Motif. J. Am. Chem. Soc. 117, 8887–8898. doi: 10.1021/ja00140a001

Mir, B., Serrano, I., Buitrago, D., Orozco, M., Escaja, N., and González,
C. (2017). Prevalent sequences in the human genome can form mini i-
Motif structures at physiological pH. J. Am. Chem. Soc. 139, 13985–13988.
doi: 10.1021/jacs.7b07383

Monchaud, D., Allain, C., and Teulade-Fichou, M.-P. (2006). Development
of a fluorescent intercalator displacement assay (G4-FID) for establishing
quadruplex-DNA a!nity and selectivity of putative ligands. Bioorg.Med. Chem.
Lett. 16, 4842–4845. doi: 10.1016/j.bmcl.2006.06.067

Pagano, B., Amato, J., Iaccarino, N., Cingolani, C., Zizza, P., Biroccio, A.,
et al. (2015). Looking for e!cient G-quadruplex ligands: evidence for
selective stabilizing properties and telomere damage by drug-like molecules.
ChemMedChem 10, 640–649. doi: 10.1002/cmdc.201402552

Pagano, B., Cosconati, S., Gabelica, V., Petraccone, L., De Tito, S., Marinelli,
L., et al. (2012). State-of-the-art methodologies for the discovery and
characterization of DNA G-quadruplex binders. Curr. Pharm. Des. 18,
1880–1899. doi: 10.2174/138161212799958332

Pagano, B., Fotticchia, I., De Tito, S., Mattia, C., a, Mayol, L., Novellino, E.,
et al. (2010). Selective Binding of Distamycin A Derivative to G-Quadruplex
Structure [d(TGGGGT)]4. J. Nucleic Acids 2010, 1–7. doi: 10.4061/2010/247137

Pagano, B., Mattia, C. A., Virno, A., Randazzo, A., Mayol, L., and
Giancola, C. (2007). Thermodynamic analysis of quadruplex DNA-
drug interaction. Nucleosides Nucleotides Nucleic Acids 26, 761–765.
doi: 10.1080/15257770701499069

Phan, A. T., Guéron,M., and Leroy, J. L. (2000). The solution structure and internal
motions of a fragment of the cytidine-rich strand of the human telomere. J. Mol.
Biol. 299, 123–144. doi: 10.1006/jmbi.2000.3613

Rajendran, A., Nakano, S., and Sugimoto, N. (2010). Molecular crowding
of the cosolutes induces an intramolecular i-motif structure of triplet
repeat DNA oligomers at neutral pH. Chem. Commun. 46, 1299–1301.
doi: 10.1039/b922050j

Randazzo, A., Galeone, A., Esposito, V., Varra, M., and Mayol, L. (2002).
Interaction of distamycin a and netropsin with quadruplex and duplex
structures: A comparative 1H-NMR study. Nucleosides, Nucleotides Nucleic
Acids 21, 535–545. doi: 10.1081/NCN-120015067

Randazzo, A., Spada, G. P., and Da Silva, M. W. (2013). Circular
dichroism of quadruplex structures. Top. Curr. Chem. 330, 67–86.
doi: 10.1007/128_2012_331

Rodriguez, R., Müller, S., Yeoman, J. A., Trentesaux, C., Riou, J. F., and
Balasubramanian, S. (2008). A novel small molecule that alters shelterin
integrity and triggers a DNA-damage response at telomeres. J. Am. Chem. Soc.
130, 15758–15759. doi: 10.1021/ja805615w

Frontiers in Chemistry | www.frontiersin.org 12 July 2018 | Volume 6 | Article 281



Pagano et al. G-Quadruplex Ligands Interact With i-Motif-Forming DNA

Salvati, E., Botta, L., Amato, J., Di Leva, F. S., Zizza, P., Gioiello, A., et al.
(2017). Lead Discovery of Dual G-Quadruplex Stabilizers and Poly(ADP-
ribose) Polymerases (PARPs) Inhibitors: a new avenue in anticancer treatment.
J. Med. Chem. 60, 3626–3635. doi: 10.1021/acs.jmedchem.6b01563

Salvati, E., Zizza, P., Rizzo, A., Iachettini, S., Cingolani, C., D’angelo, C.,
et al. (2014). Evidence for G-quadruplex in the promoter of vegfr-2 and its
targeting to inhibit tumor angiogenesis. Nucleic Acids Res. 42, 2945–2957.
doi: 10.1093/nar/gkt1289

Sheng, Q., Neaverson, J. C., Mahmoud, T., Stevenson, C. E. M., Matthews, S. E.,
and Waller, Z. A. E. (2017). Identification of new DNA i-motif binding ligands
through a fluorescent intercalator displacement assay. Org. Biomol. Chem. 15,
5669–5673. doi: 10.1039/C7OB00710H

Siddiqui-Jain, A., Grand, C. L., Bearss, D. J., and Hurley, L. H. (2002). Direct
evidence for a G-quadruplex in a promoter region and its targeting with a
small molecule to repress c-MYC transcription. Proc. Natl. Acad. Sci. U.S.A.
99, 11593–11598. doi: 10.1073/pnas.182256799

Sun, D., and Hurley, L. H. (2009). The importance of negative superhelicity in
inducing the formation of G-quadruplex and i-motif structures in the c-Myc
promoter: Implications for drug targeting and control of gene expression. J.
Med. Chem. 52, 2863–2874. doi: 10.1021/jm900055s

Wright, E., Lamparska, K., Smith, S. S., and Waller, Z. A. E. (2017). Substitution of
cytosine with guanylurea decreases the stability of i-Motif DNA. Biochemistry
56, 4879–4883. doi: 10.1021/acs.biochem.7b00628

Wright, E. P., Day, H. A., Ibrahim, A. M., Kumar, J., Boswell, L. J. E., Huguin, C.,
et al. (2016a). Mitoxantrone and analogues bind and stabilize i-motif forming
DNA sequences. Sci. Rep. 6:39456. doi: 10.1038/srep39456

Wright, E. P., Huppert, J. L., andWaller, Z. A. E. (2016b). Identification of multiple
genomic DNA sequences which form i-motif structures at neutral pH. Nucleic
Acids Res. 45, 2951–2959. doi: 10.1093/nar/gkx090

Xu, B., Devi, G., and Shao, F. (2015). Regulation of telomeric i-
motif stability by 5-methylcytosine and 5-hydroxymethylcytosine

modification. Org. Biomol. Chem. 13, 5646–5651. doi: 10.1039/C4OB0
2646B

Xu, L., Hong, S., Sun, N.,Wang, K., Zhou, L., Ji, L., et al. (2016). Berberine as a novel
light-up i-motif fluorescence ligand and its application in designing molecular
logic systems. Chem. Commun. 52, 179–182. doi: 10.1039/C5CC08242K

Zeraati, M., Langley, D. B., Schofield, P., Moye, A. L., Rouet, R., Hughes, W. E.,
et al. (2018). I-motif DNA structures are formed in the nuclei of human cells.
Nat. Chem. 10, 631–637. doi: 10.1038/s41557-018-0046-3

Zhao, J., Bacolla, A., Wang, G., and Vasquez, K. M. (2010). Non-B DNA structure-
induced genetic instability and evolution. Cell. Mol. Life Sci. 67, 43–62.
doi: 10.1007/s00018-009-0131-2

Zhou, J., Wei, C., Jia, G., Wang, X., Feng, Z., and Li, C. (2010). Formation of i-
motif structure at neutral and slightly alkaline pH. Mol. Biosyst. 6, 580–586.
doi: 10.1039/B919600E

Zizza, P., Cingolani, C., Artuso, S., Salvati, E., Rizzo, A., D’Angelo, C., et al.
(2016). Intragenic G-quadruplex structure formed in the human CD133 and
its biological and translational relevance. Nucleic Acids Res. 44, 1579–1590.
doi: 10.1093/nar/gkv1122

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Pagano, Iaccarino, Abdelhamid, Brancaccio, Garzarella, Di
Porzio, Novellino, Waller, Pagano, Amato and Randazzo. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Chemistry | www.frontiersin.org 13 July 2018 | Volume 6 | Article 281



Destabilization of i!Motif DNA at Neutral pH by G!Quadruplex
Ligands
Mahmoud A. S. Abdelhamid,†,‡ Andrew J. Gates,*,§,‡ and Zoe ! A. E. Waller*,†,‡

†School of Pharmacy, University of East Anglia, Norwich Research Park, Norwich NR4 7TJ, United Kingdom
‡Centre for Molecular and Structural Biochemistry, University of East Anglia, Norwich Research Park, Norwich NR4 7TJ, United
Kingdom
§School of Biological Sciences, University of East Anglia, Norwich Research Park, Norwich NR4 7TJ, United Kingdom

*S Supporting Information

ABSTRACT: Numerous studies have been published
stressing the importance of !nding ligands that can bind
speci!cally to DNA secondary structures. Several have
identi!ed ligands that are presented as having speci!c
binding to the G-quadruplex; however, these were not
originally tested on the complementary i-motif structure.
The i-motif was overlooked and presumed to be irrelevant
due to the belief that the hemiprotonated (cytosine+!
cytosine) base pair at the core of the structure required
acidic pH. The pathophysiological relevance of i-motifs
has since been documented, as well as the discovery of
several genomic sequences, which can form i-motif at
neutral pH. Using di"erent biophysical methodologies, we
provide experimental evidence to show that widely used
G-quadruplex ligands interact with i-motif structures at
neutral pH, generally leading to their destabilization.
Crucially, this has implications both for the search for
quadruplex binding compounds as well as for the e"ects of
compounds reported to have G-quadruplex speci!city
without examining their e"ects on i-motif.

Contrary to it once being regarded as a passive code of
instructions, the sequences, structures, and functions of

DNA are inextricable from both homeostasis and patho-
genesis.1 A diverse array of noncanonical nucleic acid
structures exists conferring on DNA these properties, and
two types of four-stranded structures have emerged as
potential key players in this regard: the G-quadruplex and
the i-motif.2,3 The G-quadruplex is formed by sequences
containing stretches of consecutive guanine nucleotides,4 and
the i-motif is dependent on a sequence with cytosine base
repeats;5 both quadruplex-forming sequences have interspersed
loop-forming regions.
The more prominent quadruplex of the two in terms of

research output is undoubtedly the G-quadruplex. An already
substantial body of evidence for the signi!cance of the G-
quadruplex is growing and garnering further interest due to the
implications raised by their location in the genome and their
biological activity.6,7 Additionally, recent work estimates a 2!
10-fold higher number of G-quadruplexes in the human
genome than previously proposed.8 A similar body of evidence
has been accumulating for the “other” quadruplex structure
known as i-motif. As far as has been revealed to date, the

genomic locations and biological e"ects of the i-motif are
apparently just as interesting as those of the G-quadruplex.9,10

However, the number of sequences in the genome with the
propensity to form i-motif is not clearly known. The primary
cause for the discrepancy in research focus was the i-motif’s
requirement for hemiprotonated cytosine base pairing, which
gave rise to the assumption that these structures invariably
require acidic pH to fold and so would not be physiologically
relevant.3 This was later shown to not be the case, and several
examples of genomic DNA sequences that form i-motif
structures at neutral pH were presented.10,11 Furthermore,
conditions of molecular crowding,12 low temperature,13 or
negative superhelicity14 have all been shown to be favorable for
i-motif formation at neutral pH.
Historically, DNA was the !rst target for anticancer drugs

and remains the mainstay of most treatment regimes.15 Given
their positions in the genome, the potential therapeutic impact
of targeting quadruplex DNA structures to control homeostatic
or pathogenic processes is vast.16,17 Ground-breaking recent
work allowed the in vivo visualization of the two structures in
the nuclei of human cells. The G-quadruplex was shown !rst in
2013 by Balasubramanian and co-workers,18 followed by the i-
motif in 2018 by Christ and co-workers.19 Christ’s work did,
however, reveal an issue with disregarding the i-motif structure:
!nding that the antibody used to con!rm the in vivo existence
of G-quadruplex in cells was also able to interact with the i-
motif. More recent work has shown that at acidic pH, 5.3 and
below, common agents assumed in the literature to be
speci!cally binding G-quadruplex also interact with i-motif.20

Herein, we describe the e"ects of known G-quadruplex ligands
on two genomic i-motif-forming sequences under neutral pH
conditions.
Almost all previous e"orts in the literature to examine the

interaction between small molecules and the i-motif have been
performed at acidic pH.20 While the e"ect of pH on the i-motif
sequence under investigation is discussed at length, rarely is
consideration given to the e"ect of pH on the ligand itself.
Each small molecule will be a"ected by the pH in a di"erent
manner, depending on the functional groups that it contains.
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Aliphatic amino groups will be protonated at physiological pH,
but aromatic amines would typically not be to the same extent.
However, at acidic pH, the protonation of aromatic amines
would be more likely. This will consequently have an e"ect on
ligand interactions with di"erent DNA structures. As such, we
decided to examine how several established G-quadruplex
ligands interact with two candidate i-motif-forming sequences
at neutral pH. The two sequences used, ATXN2L 5!-[(CCC!
CCC)4]-3! and DAP 5!-[(CCC!CCG)4CCCCC]3!, are from
promoter regions of their respective genes in the human
genome and have been shown to fold at neutral pH.11,21 The
G-quadruplex binding compounds used (Figure 1) were
berberine (1),22 BRACO-19 (2),23 mitoxantrone (3),24

Phen-DC3 (4),25 pyridostatin (5),26 RHPS4 (6),27 and
TmPyP4 (7).28 We employed three techniques to monitor
the interactions of these ligands with the neutral i-motifs.
Circular dichroism (CD) titrations were used to determine the
e"ects of the compounds on the i-motif structure. Both CD

and UV melting were used to observe changes in thermal
stability upon addition of the ligand. Finally, a #uorescent
intercalator displacement (FID) assay was used to compare the
a$nities of the ligands. Only DAP was used in the FID
experiments as ATXN2L is a poor candidate for this technique
due to the low #uorescence enhancement observed after
equilibration of the #uorescent probe. While using a lower pH
would have resolved this issue, to allow meaningful
comparisons, we consistently use 10 mM sodium cacodylate
bu"er at pH 7.0 to better address the scepticism surrounding
the physiological relevance of the i-motif.
Before any experiments, we used CD to con!rm that DAP

and ATXN2L formed i-motif structures under our exper-
imental conditions at pH 7.0. Both sequences showed the
characteristic positive peak at 288 nm and a negative one at
260 nm (Figure 2). This was followed by titration of each of
the ligands (1!7) in 1 equiv (10 !M) increments to 5 equiv
(50 !M). This upper concentration was chosen so as to give 5

Figure 1. Chemical structures of the investigated ligands.
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M equiv of ligand with respect to the DNA, thereby potentially
representing an excess of ligand to any potential binding sites
on the structure (representative data is shown for ligand 2 in
Figure 2A,B). At these concentrations, 1 and 5 did not have
signi!cant e"ects on the spectra of either i-motif, with 5
resulting in only a minimal hypochromic shift of the peak at
288 nm. By contrast, 2!4 and 6 resulted, to varying extents, in
considerably greater hypochromic shifts of both the positive
band at 288 nm and the negative band at 260 nm, as well as a
small hypsochromic shift of both the positive band at 288 nm,
consistent with an apparent unfolding e"ect.29 The DAP i-
motif appears to be a"ected by these ligands to a greater extent
compared with ATXN2L; this is most apparent when
observing the negative band at 260 nm, which comes very
close to zero and almost loses its negative character in the cases
of ligands 2 and 4. The e"ects of 7 were most apparent, as it
resulted in the most signi!cant hypochromic shifts of the bands
at 288 and 260 nm for both sequences. Interestingly, while the

bands at 288 nm initially exhibited a hypsochromic shift similar
to that seen with 2!4 and 6 as the ligand concentration
increased, with 7 at 40 and 50 !M a bathochromic shift is then
observed. These data suggest that these ligands are interacting
with the i-motif structures formed by ATXN2L and DAP (see
SI). The hypochromicity observed with 2!4 and 6 suggests
that they are inducing the unfolding of the i-motif structure,
and while 7 appears to do the same at the lower
concentrations, the subsequent bathochromic shift suggests
that perhaps another structure is then adopted.
To assess the e"ects of the ligands on the stability of the i-

motif structures, the melting temperature (Tm) for ATXN2L
and DAP was determined in the absence of ligands using both
CD and UV melting experiments. The results from both
techniques were in very good agreement with one another:
using CD to monitor ellipticity at 288 nm, the Tm for ATNX2L
was determined to be 36.9 ± 0.2 °C, and for DAP, it was 39.7
± 0.1 °C; using UV and monitoring absorbance at 295 nm, the

Figure 2. CD spectra of 10 !M ATXN2L (A) and DAP (B) with titration up to 5 equiv (50 !M) of BRACO-19. Normalized ellipticity at 288 nm
of 10 !M ATXN2L (C) and DAP (D) without ligand (black) and with 5 equiv (50 !M) of BRACO-19 (red). Normalized absorbance at 295 nm of
10 !M ATXN2L (E) and DAP (F) without ligand (black) and with 5 equiv (50 !M) of BRACO-19 (red). Experiments performed at pH 7.0 in 10
mM sodium cacodylate bu"er.

Table 1. Change in Melting Temperature (!Tm) of ATXN2L and DAP i-Motifs with G-Quadruplex Ligands Measured by CD
and UV Melting Experimentsa

ATXN2L DAP

"Tm (°C)

ligand CD melting UV melting CD melting UV melting

(1) berberine !1.5 ± 0.3 !1.17 ± 0.1 !3.9 ± 0.3 !3.4 ± 0.3
(2) BRACO-19 !6.4 ± 0.3 !1.50 ± 0.1 !7.3 ± 0.7 !11.6 ± 0.3
(3) mitoxantrone !1.0 ± 0.4 3.84 ± 0.2 !7.1 ± 0.3 !2.3 ± 0.4
(4) Phen-DC3 !1.4 ± 0.3 !0.61 ± 0.1 !3.0 ± 0.4 !4.4 ± 0.8
(5) pyridostatin !0.8 ± 0.3 0.87 ± 0.3 !1.8 ± 0.3 !1.5 ± 0.3
(6) RHPS4 !1.4 ± 0.3 !7.48 ± 0.1 !6.8 ± 0.4 !8.7 ± 0.3
(7) TmPyP4 ND 4.48 ± 0.1 ND !16.0 ± 0.3

aTm is the midpoint of the transition from each melting experiment, and SE is calculated using R-square values from the statistics on the data !t.
"Tm is the di"erence between the Tm of the DNA in the presence of 5 equiv of each ligand and the DNA on its own. ND, not determined.
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Tm for ATNX2L was determined to be 36.0 ± 0.02 °C, and for
DAP, it was 38.6 ± 0.2 °C. The extent of destabilization of the
i-motif observed using CD melting (example data shown for
ligand 2 in Figure 2C,D) in the presence of the ligands
correlated very well with the intensity of the hypochromicity
observed in the titrations (r = !0.7691, p = 0.0035, Table S1).
Ligands (1!6) all showed a destabilization of the i-motif
structure; the destabilization of DAP was more pronounced
than ATXN2L (Table 1). Due to the signi!cant changes in the
CD spectra of the i-motifs in the presence of 7, a Tm could not
be determined using this method.
In contrast to the CD melting experiments, the results from

UV melting were less straightforward to interpret (example
data is shown for ligand 2 in Figure 2E,F). Monitoring the
ellipticity at 288 nm versus temperature using CD is a direct
reporter of the melting of the i-motif structure.30 On the other
hand, changes in absorbance at 295 nm are not unique to the i-
motif.31 In the cases of 3, 5, and 7 with the ATXN2L sequence,
an increase of the Tm is observed possibly due to the
stabilization of a proportion of the DNA that has formed an
alternative secondary structure, or an otherwise altered
unfolding process re#ected in the changes in the slopes of
the melting curves. This result is not completely surprising as
reports in the literature have shown using some techniques that
3 can stabilize i-motif-forming sequences,32 while others show
destabilization.20 Otherwise, a similar destabilization pattern is
observed for all ligands 1!7 with DAP and for the remaining
ligands (1!2, 4, and 6) with ATNX2L. Again, the stability of
the DAP i-motif was more signi!cantly a"ected than ATXN2L
(Table 1).
To be able to compare the relative a$nities of ligands 1!7

to DAP, an FID assay was used to determine the concentration
at which each ligand could displace 50% of the #uorescent
thiazole orange probe (DC50) (Table 2). The #uorescence

pro!le of RHPS4 (6) overlapped with the parameters used in
this assay and as such was excluded from analysis. As this assay
relies on displacement, rather than occupation of all potential
binding sites, the concentration range used for each ligand was
selected to provide su$cient data points above and below the
DC50 to allow for reliable !tting of the data (example data is
shown for ligand 2 in Figure 3).
Here we have shown that the G-quadruplex binding

compounds 1!7 all interact with two i-motif sequences at
neutral pH. This lends further credence to the issue
highlighted by Christ’s work on the i-motif-interacting
antibody iMab: it is essential to examine both the G-

quadruplex and the i-motif when reporting on a molecule
that appears to bind speci!cally to a given DNA secondary
structure. This further demonstrates that the purported
necessity for acidic pH when working with i-motif is false
and that i-motifs that fold at neutral pH can be considered as
potentially physiologically relevant structures with the same
con!dence as G-quadruplexes.
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