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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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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 KCI (dotted) and with
100 mM KCI (solid). C) Sequence pairs annealed together. All at
10 uM in 10 mM Tris, 5 mM MgClIZ2 buffer.

Analysis of double helix formation by QTET quadruplex forming
sequences using native PAGE.

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.

Analysis of QTET formation with (C2T2)3C2 - (G2A2)3G2
quadruplex segments under different conditions using native
PAGE.
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(blue).
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Figure 4.2.3.5

Figure 4.2.3.6

Figure 4.2.3.7

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.

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.

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 5' and 3' ends of the molecules.

CD spectra of A) i-motif forming segment (C4T)3C4 and
S1'-(C4T)3C4 at pH 8 (dotted) and pH 5 (solid). B) G-quadruplex
forming segment (G4A)3G4 and S2'-(G4A)3G4 without KCI
(dotted) and with 100 mM KCI (solid). C) Tetrahedra and QTET
under different conditions: pH 8 (solid), pH8 + 100 mM KCI
(dotted), pH 5 (dashed), pH 5 + 100 mM KCI (dot-dash).
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Chapter 1: Introduction



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."
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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
2



effectively eliminated as this discovery propelled the field in the direction of
reductionism and molecular biology.? 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.*

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.®

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: 40CB). E) Four-way junction
(PDB ID: 467D).



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. 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.” 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,®'? the different requirements for the
formation of each quadruplex make it so that this is not necessarily the case.
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.'?
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.’



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.



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.' In the 1980s it was found that specific segments of
telomeric DNA formed the same structure in vitro.'®8 Since then, the G-quadruplex
has transformed from an in vitro structural curiosity to an important in vivo regulator
of biological function.'” 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,'®'® while a
high-throughput sequencing of the human genome ‘G4-seq’ identified >700,000.2°
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.?!

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.?? In the human genome, G-quadruplexes were found to be
particularly enriched in the telomeric region?® and in the promoter regions of
genes,?* Additionally, G-quadruplexes have been found in bacteria,?® and in human
RNA and DNA viruses.?%2” They have been shown to play important regulatory
roles in biology,'”?® and to be involved in cellular pathways for gene expression??
including transcription3°, translation3' and epigenetics,3?3% and in the maintenance

of genome integrity.34
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Figure 1.2.2  lllustration 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.3® 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.3® 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.?3’



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 5'-d(TCs). They found that the
multimeric structure formed readily at higher concentrations (> 1 uM) 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.3¢

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).36:383% This was shortly followed by the identification of examples
formed by the intercalation of two hairpin structures (dimers)*® and of
intramolecular i-motifs (monomers),*' 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.



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,”*® 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.'"" 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.*?

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 5'-d(TTAGGG) and the
complementary 5'-d(CCCTAA),*> which form G-quadruplex and i-motif
respectively.** 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.#® Dysfunctional
maintenance of telomeric DNA, due to elevated levels of the enzyme telomerase’s
function, has been linked with 85-90% of cancers.*®4” 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
ions*® (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,*® which by 2009 included three that had been tested in
vivo.5° 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.%’

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%3
Proteins were found that potentially bound to the i-motif, or with the C-rich single
strand,®*5% with the most notable example being the BCL2 activating transcription
factor hnRNP LL.%® As with the G-quadruplex before it,3457:%8 the i-motif began to
be considered as a physiologically relevant target.5%:56:59

While evidence refuting the view that acidic pH was a prerequisite for i-motif
formation has been available for some time,*” the most significant contributions to
the acceptance of the i-motif as a physiologically relevant structure were only
presented in the past two years. | 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.2 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.®° 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.®

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.52 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:®3
(i) the capacity for self-recognition and self-assembly allows for the
‘simple’ design of very complex systems
(i) technological advances have made it relatively easy to synthesise
and amplify
(i)  itis 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.”®* 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.®® 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” The first
report of a nanoscale architecture built using DNA was in 1991 by the “Founder of
DNA Nanotechnology”® Ned Seeman, who had managed to build a “cube-like
object.”®® 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.%88% 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 infancy’®
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Figure 1.4.1 lllustration 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.”’
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.”?

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.” 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.”® G-quadruplexes have been also found to be resistant to conditions
which typically denature DNA,”* and the formation of both quadruplexes is favoured
under conditions of molecular crowding which, again, destabilises B-DNA.”>-78 |n
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,? 7%~
82 and the i-motif has “exquisite” sensitivity to pH.7%:83.84

Many examples of nanoarchitectures incorporating a quadruplex have been
developed including sensors,8-87 walkers, molecular motors and beacons®” and
logic gates;8%° as well as systems incorporating both quadruplexes.®’ 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 a-thrombin in a controllable manner.®?

N
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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.
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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.®® 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.”® 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).%> 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.®® 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 'H NMR, the hemi-protonated C*-C base pairs in an i-motif give
rise to characteristic imino proton resonance at ~15.5 ppm.®’ 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 5' and 3' 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.®® 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,° 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.'%%19" TQO 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.'®? 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.'? 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.'®3

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 Qnly 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.1%7.1%8 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.’° 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,'®® 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’®® 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.5”.''° 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.*?> One of the earliest examples, reported in 2003,
was a proton-fuelled i-motif nanomotor.’' Since then, the i-motif has been

exploited in the design of hundreds of pH-driven nanomachines*?7® including an
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example of a light-driven pH-jump system''?2 and a DNA nanomachine that can
map spatial and temporal pH changes in living cells."”® 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,'4-11® and also about the various i-motifs
formed by different sequences.?1"7.11® 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 quadruplex''® 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.8%: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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Chapter 2: Cations
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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."?'-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,'?*-26 or mono- or divalent metal cations.'?” 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.'?®

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."?® 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*.'3% 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.'*° 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.”® 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*.®

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.*! They also noted that addition of 5 mM MgCl», CaClz, ZnClz 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.*' 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."3? Thus far,
the only cation that has been shown to enable i-motif formation is Ag*.2° Another
interaction between a cation and an i-motif forming sequence is that of Cu?*, 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.?'

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(lIl), cadmium(ll), calcium(ll), chromium(ll), cobalt(ll), copper(ll), iron(ll),
magnesium(ll), manganese(ll), molybdenum(lll), nickel(ll), tungsten(lV),

vanadium(ll), and zinc(ll).
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 5' to 3' direction, as
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for all sequences in this work, is (TA2Cs)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.'® 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.’™* However, the melting temperature for the
structure at pH 7.0 was 13°C,"3* 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.
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Figure 2.2.1.1 CD spectra of 10 uM 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.'3® 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.'36.13” 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 uM to 10 mM. As can
be seen in Figure 2.2.2.1, some apparently interesting results were found for

aluminium(lll), chromium(ll) and vanadium(ll).

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(lll), chromium(ll) and vanadium(ll)
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.
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Figure 2.2.2.1 CD titrations of 10 uM hTeloC in 10 mM sodium cacodylate buffer
at pH 7.0 (black) with increasing cation concentration in 10-fold
increments from 1 uM 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(lll) — green, chromium(ll) — blue, and

vanadium(ll) — 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(ll)) 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*,®° and Cu?*,?
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.

| 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,” 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.

28



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."*® 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.’3® 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.38

H H
' e
rN ol N\H@ |o RN | N\@ |o
‘ N)\N,R 0 \N)\N,R
Ho AN Ho A
H H

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 Cu?* when exposed to 0,'3%140 therefore all
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experiments were performed under strict anoxic conditions in an N2> atmosphere

(containing < 0.5 ppm O3).

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).** UV-difference
spectra are used to identify and characterise the behaviour of the secondary
structure in response to experimental conditions.®*'4! “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.'#? 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.
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Figure 2.3.1.1 ‘Cu*-difference’ spectra using 125 uM 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.'*® Sequential addition of Cu* up to 5 equivalents (i.e.,
50 uM 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.'3 Under these conditions, titration of Cu* up to 19.5
equivalents (195 uM 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 yM 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.
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Figure 2.3.1.2 CD spectra of 10 uM hTeloC in 50 mM sodium cacodylate buffer

(black) at pH 7.4 (left) with titration up to 50 uM Cu™ (red) and at

pH 5.5 (right) with titration up to 150 uM Cu* (red).

Given the spectroscopic changes previously reported with Cu?* and hTeloC, the
possibility that the structure adopted in the presence of Cu* may also display
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hairpin-like character®! 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 Cu?* resulted in a hypsochromic-shift consistent with an
alteration in the structure of the DNA. Addition of Cu?* 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 Cu?*, 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) uM was
determined for the [Cu*]so, while the [Cu?']so was comparatively higher at
382 (x14) uM. This strongly suggests that the Cu?*-DNA complex is different to the
Cu*-DNA complex.
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Figure 2.3.1.3 CD spectra (left) of 10 uM hTeloC at pH 5.5 (dashed black) with
addition of 150 uM Cu* (red) or 1 mM Cu?* (black) and the ellipticity
at 288 nm of 10 uM hTeloC (right) in 50 mM sodium cacodylate
buffer at pH 5.5 with titration up to 195 uM Cu* (red) and in 10 mM
sodium cacodylate buffer at pH 5.5 with titration up to 1 mM Cu?*

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

The relatively high concentration of Cu?* required to form the hairpin was
suggested to be because the Cu?* 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.?' 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 Cu?*, 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.

0.4
0.3 1
0.2 1

0.1

A Ellipticity at 288 nm
(mdeg)

0.0

-0.1 —
0.0 0.2 0.4 0.6 0.8 1.0

dna

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 Laszlé6 Fabian 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 Cu?*."* The results revealed a planar C-Cu?*-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 Cu?* (+1,700 kJ/mol) than
for Cu* (+650 kd/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 Cu?* (+2,100 kJ/mol), compared to Cu* (+593 kJ/mol);'*> which was

consistent with the different behaviour observed experimentally with these cations.

¢ Y

Figure 2.3.2.1 Structures of the C-Cu*-C (left) and C-Cu?*-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.®® 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.'® 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.'#7-148 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 Cu?* on the structure of hTeloC DNA were previously shown to be
reversible using a the chelator ethylenediaminetetraacetic acid (EDTA).2" 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.
9-
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Figure 2.3.3.1 CD spectra (left) of 10 uM hTeloC with 150 uM Cu* at pH 5.5
(black) with titration up to 300 uM DETC (red) and the ellipticity at
288 nm (right) of 10 uM hTeloC in 50 mM sodium cacodylate buffer
at pH 5.5 with titration up to 300 uM 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 'H 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.®” 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."3® Furthermore, no additional signals
appeared, ruling out a hairpin conformation with additional Watson-Crick base
pairing, as was seen with Cu?*.®! 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.

i-motif

i-motif + Cu*

Wwww%

i-motif + Cu* + DETC

—————— ———————— e e ———
16 15 14 13 12 11 [ppm]

Figure 2.3.3.2 '"H NMR of 10 uM hTeloC in 50 mM sodium cacodylate buffer
pH 5.5 with 5% D>O (green), with addition of 150 uM Cu* (red),
and addition of 150 uM Cu™ and 540 uM 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 uM of Cu* and, as Cu* is a high-affinity ligand compared with Cu?*, complete
oxidation to Cu?* would yield a cation concentration below the [Cu?']so
(382 = 14 uM). As a result, there would not be enough Cu?* 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 uM hTeloC in 50 mM sodium cacodylate buffer
at pH 5.5 with 150 uM 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 Cu?* in situ to form the
Cu*-i-motif. To explore this, the well-established reaction between Cu?* and
sodium ascorbate, where Cu?* is reduced to Cu*, was used.'® 150 uM Cu?* was
added to the acid-stabilised i-motif and, as this concentration was below the
[Cu®*]s0, no structural change was observed using CD. Subsequent addition of
150 uM 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 uM hTeloC in 50 mM sodium cacodylate buffer
at pH 5.5 (green); addition of 150 uM Cu?* (blue); addition of
150 uM sodium ascorbate (pink). For comparison, the CD spectra
of 10 uM hTeloC in 50 mM sodium cacodylate buffer at pH 5.5
after addition of 150 uM 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.

Ellipticity (mdeg)

L LJ ) ) L L}
200 220 240 260 280 300 320
Wavelength (nm)

Figure 2.3.3.5 CD spectra of 10 uM hTeloC in 50 mM sodium cacodylate buffer
at pH 5.5 with 150 uM Cu?* immediately after addition of 150 uM
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 hTeloCrrer. 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 hTeloCrret 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 T, 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 T until 15 equivalents (3 pM) 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 T, 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 hTeloCrrer 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 Cu?* on hTeloC were
reported to be possible by repeated chelation and metalation.®” 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 Cu?* 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 Cu?* 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 uM hTeloC at pH 5.5 with 150 uM Cu?*

as a function of time with three additions of 150 uM 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 Cu?* hairpin structure
to the Cu*-stabilised i-motif structure. As can be seen in Figure 2.3.3.8, addition of
1 mM Cu?* to a sample of hTeloC at pH 5.5 forms the hairpin structure and
subsequent reduction to Cu* using 150 uM sodium ascorbate successfully forms
the previously observed Cu*-DNA i-motif, even in the presence of excess Cu?*.
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 Cu?* stabilised hairpin structure. Finally, addition of 1 mM EDTA chelated the
Cu?* 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 uM hTeloC at pH 5.5 (black);
addition of 1 mM Cu?* (blue); addition of 150 uM 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 Cu?*. 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 lllustration  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.'®® Given their positions in the genome, the
potential therapeutic impact of targeting quadruplex DNA structures to control
homeostatic or pathogenic processes is vast.5”-%8 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, "' followed by the i-motif in 2018 by Christ and co-workers.' 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."2° 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

| HO

Figure 3.1.1 Structures of the BCLZ2 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."13%.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.®® This latest report only serves to provide further support to the

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

NN
H I
N

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
(i)  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
(i) 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 (ATn) 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.’™2 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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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
5'-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
DShpiotin: (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: R, = —ligand o p

Rpna 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 uM) 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 %Rmax (%)
NSC Structure
(NSC) hTeloC c-Myc DS
9037 -43.91 210.65 -1498.5
13487 211 17211 -603.44
60339 353.2 54527 -510.2
143491 368.49 373.99 -53.13
|
N
260594 o) N 294.89 344.74 -427.53
H
SN Np
L
(o
308848 9@ 14519 10075 -165.54
HoN \/\r\(\
H
311153 NSNS ) M, | 30863 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 uM
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 pM) in order to determine the dissociation constant (Kp) for these 11 ligands
with the DNA structures. In order for the Kp 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)
54



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 Kp 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

1
calculated as: K, = —
A

Kalligand|Rmax
1+K g[ligand]

Equation 3.2.1.2: R, =
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 Kp for ligand
60339 with the three different DNA secondary structures, for hTeloC and c-Myc
dissociation constants were determined as 0.22 + 0.04 uM and 0.34 + 0.04 pM,
respectively, while in the case of double stranded DNA the data failed the
software’s quality control analysis necessary to determine a Kp (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 Kp values calculated for the c-Myc i-motif

had a margin of error of practically 100% (Ko 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) Ko (M)
hTeloC c-Myc DS

9037 % 0.30 + 0.31 <
13487 < 0.05 + 0.03 <
60339 | 022+004  0.34+0.04 <
143491 | 023+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 | 007+0.05  0.10+0.04 <
317605 019+0.03  0.28+0.04 <
345845 < < x
638432 . < <

Table 3.2.1.2

Kp calculated for each ligand-DNA pair at pH 5.5. x =

determinable.

not
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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 (Ko ~0.01 pM)'** 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.

57



5000 -

m  Flow Cell 1
1 . ® Flow Cell 2
40001
S ] n
X 3000- .
g . ]
S 2000 = " °
Q.
7)) .
)
@ 1000+ 0 e = o & P
° ]
g e
[ ] ]

Injection Number

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)4Cs,
which both had a reported transitional pH of 7.0.2 These sequences were
biotinylated and immobilised on the surface of a new chip and SPR testing using a

concentration range (0 to 500 uM) was performed to attempt to determine Kp
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values for these ligands with the new i-motifs. As before, where the quality control
criteria were met Kp 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) Ko (M)
ATXN2L DAP
9037 0.04 0.37
13487 x X
35676 x 0.20
60339 0.05 0.19
71795 0.03 0.16
103520 x X
143491 0.18 0.02
146771 0.06 0.02
202386 0.30 0.02
204232 0.00 0.02
215718 x X
260594 0.21 0.25
275428 x X
277184 x X
300289 x x
305798 1.14 X
308848 0.05 0.03
308849 0.43 X
309892 x 0.19
311153 0.15 X
317003 x 525000.00
325014 x 129000.00
345647 x 0.32
345845 x X
638432 x x
Table 3.2.2.1 Kp calculated for each ligand-DNA pair at pH 7.0. x = 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 vyielded
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.%2 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: DSfrer (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 yM and the change in melting temperature (ATx) 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 AT, values were derived

are presented in Appendix A.6.

61



60
n u =
154 ° 45
° - °
o
10+ o 30 o A
o L ‘
o 54 [ ]
= 2 15 A
1 A
Z 0 A' T T T T T T T T A A A
r' 0 40 60 80 100 120 o£ , , , , , ,
20 40 60 80 100 120
Py [9037] (1M)
[60339] (uM)
® "
OH Q /©/LH
OO New
Cl
HO o] o) HW/@ o
R
25-
504 n
| ]
204
. 40 "
[ ]
154 — 301 ¢
—~~ O L ‘
O " <
< 104 o ol 7c201 mwgy *
£ 3 A Al= Py
[ <
<4 51 ¢ 10_:
O T T T T T T T T M O T T T T T T T T T
20 40 60 80 100 120 20 40 60 80 100 120
-5 [71795] (uM)
H
P N
Ao
40 o ° ° °
4
2 n
0O 20 g A A °
2 O 2 o , : .
= — 20 40 60 80 100 1204
< 10- £ °
< 5 [202386] (1M)
0 . .| u T |. T T T L &
20 40 60 80 100 120 .
[146771] (uM)
H H
PORe PORE
Q)kN N dN N
H H
9 HN 9 HN Dl+—o-
SN SN

62



20-
4 | °
A 154 ]
I-I |
2]. = 5 10 . A A
§ [ ] u < 1 Y
T e ° £ 54
I_E 0 .: .1 A T |A' T A Z _l. A A
< 20 40 60 80 100 120 N .
0 " T '. T T T T T T T T T N
) [204232] (uM) r 20 40 60 80 100 120
e [308848] (uM)

J :L i i /@
O N N NO
) H H )
N \/\N/\

Figure 3.2.3.1 ATn of 200 nM FRET-labelled DNA (black square B = DAP, red

circle ® = DS, blue triangle A = hTeloG) in 10 mM sodium
cacodylate buffer at pH 7.0 with 0 to 128 uM 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 yM
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
Lukas Trantirek at the Central European Institute of Technology (CEITEC) in the
Czech Republic. Trantirek’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.®® 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-€0 |n contrast to the NMR described in
chapter 2, where spectra were collected over two hours using 10 uM DNA, to
enable collection of spectra in a more reasonable time (~15 minutes) the
concentration of the DNA used here was 100 uM. 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 '"H NMR spectra of 100 uM DAP in 140 mM
NaPO,, 10 mM MgCl2, 56 mM KCI buffer at pH 7.0 with 10% D20 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.
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Figure 3.2.4.2 Imino region of 1D '"H NMR spectra of 100 uM DAP in 140 mM
NaPO,, 10 mM MgCl2, 56 mM KCI buffer at pH 7.0 with 10% D20 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 ATXNZ2L i-motif as, while both sequences
have 24 cytosines, the four guanines interspersed in the DAP sequence are absent
in ATXNZ2L. 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 ATXNZ2L 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).
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Figure 3.2.5.1 CD spectra of 10 uM DAP (left) and ATXNZ2L (right) with titration

up to 50 uM 143491 in 10 mM sodium cacodylate buffer at pH 7.0.
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For the CD titrations the ligand concentration was increased up to 50 uM which, in
keeping with the NMR experiments, represented a DNA:ligand ratio of 1:5. The
spectrum of ATXNZ2L 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.
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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 3550+0.29 35.07+0.18
DNA + 143491
1:5

AT (°C) -6.05 -6.18 -2.08 -2.31

32.64+0.38 3186+041 33.42+0.30 32.76+0.32

Table 3.2.5.1 T of DAP and ATXN2L measured by CD and UV in the absence
and presence of 5 equivalents of 143491.
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Figure 3.2.5.2 Normalised Ellipticity at 288 nm (top) and normalised absorbance
at 295 nm (bottom) of 10 uM DAP (left) and ATXNZ2L (right) without
ligand (black) and with 5 equivalents (50 uM) 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
ATXNZ2L the decrease was only ~2°C.

Further NMR experiments were then carried out by Martin Gajarsky from the
Trantirek group to see what effects 143491 had on ATXNZ2L. Unsurprisingly,
because ATXNZ2L 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).
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Figure 3.2.5.3 Spectra overlap showing shifts in imino proton signals from 1D "H
NMR spectra of 100 uM ATXNZ2L in 140 mM NaPQ;, 10 mM MgCl.,
5 mM KCI buffer at pH 7.0 with 10% D0 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 (CsG(Cs5G)2C3TCs), PDGF-A (C2GCGC4T(CsG)3Cq3) 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 ATXNZ2L, 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.

JAZF : 143491 PDGF-A : 143491
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Figure 3.2.5.4 Imino region of 1D "H NMR spectra of 100 uM DNA in 140 mM
NaPO,, 10 mM MgCl>, 5 mM KCI buffer with 10% D20 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.8" 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 Il in Italy. Six G-quadruplex ligands were selected: Berberine, '
BRACO-19,'%¢ Mitoxantrone,'>” Phen-DC3,"%® Pyridostatin,’>® and RHPS4'60
(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.’® 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).10
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ATm (°C) — CD melting ATm (°C) — UV melting
i-motif G-quadruplex i-motif G-quadruplex
pH 43 5.7 4.3 5.7 4.3 5.7 4.3 5.7
Berberine | -25 -08 | 134 124 1.2 0.9 11.7 153
BRACO-19 | -134 -9.2 | 124 89 | -176 -6.5 x x
Mitoxantrone | 4.8 -9.9 7.7 45 | -16.6 -1.0 4.1 0.6
Phen-DC3 | -134 -6.8 X 144 | -171 -6.3 x 5.3
Pyridostatin | -2.8 0.8 12.9 8.8 1.1 0.2 9.3 5.5
RHPS4 | -1.0 -0.3 | 220 20.6 0.7 0.1 x x
Table 3.3.1.1  ATn of ligand-DNA pairs measured by CD and UV melting using 5

equivalents of each ligand. All experiments were performed in
duplicate and ATn values are reported as the mean. Errors were

+0.5°C. x = not determinable.

Following on from this, using an FID assay the concentration at which each of the

ligands displaced 50% of the fluorescent probe (DCso) 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 DCso to allow for

reliable fitting of the data. Aliquots of the ligands were titrated in triplicate against

both quadruplex structures and the DCso values calculated from dose-response

curves fitted to this data (Appendix A.8).

DCso (UM)
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 DCs values for ligand-DNA pairs at pH 4.3 and pH 5.7 determined

using the FID assay. Experiments performed in triplicate and DCso
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.' 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),"®" were
used to explore how these ligands interacted with two candidate i-motif forming
sequences at neutral pH.
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TmPyP4

Figure 3.3.2.1 Structure of TmPyPA4.

Three techniques were used to monitor the interactions of these ligands with the
ATXNZ2L 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 ATXNZ2L 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 yM) increments up to
5 equivalents (50 uM) 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.'6?
The DAP i-motif appears to be affected by these ligands to a greater extent
compared with ATXNZ2L; 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 yM 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 uM ATXNZ2L with titration up to 50 uM ligand in
10 mM sodium cacodylate buffer at pH 7.0.
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Figure 3.3.2.3 CD spectra of 10 uM DAP with titration up to 50 uM 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 T, 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 Tp,
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 T, could not be determined using this
method.

ATn (°C)

Ligand ATXN2L DAP
Berberine -1.5+0.3 -3.9+£0.3
BRACO-19 -6.4+£0.3 -7.3+20.7
Mitoxantrone -1.0+04 -7.1+0.3
Phen-DC3 -1.4+0.3 -3.0+x04
Pyridostatin -0.8+0.3 -1.8+£0.3
RHPS4 -1.4+£0.3 -6.8+0.4

TmPyP4 x x

Table 3.3.2.1 Tm is the midpoint of the ftransition from each CD melting
experiment, and SE is calculated using R-square values from the
statistics on the data fit. ATn is the difference between the Tp of
the DNA in the presence of 5 equivalents of each ligand and the

DNA on its own. x = 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 uM Berberine 35.4 0.0709
ATXN2L + 50 yM BRACO-19 30.5 0.4614
ATXNZ2L + 50 uM Mitoxantrone 35.9 0.3557
ATXN2L + 50 uM Phen-DC3 35.5 0.2686
ATXN2L + 50 uM Pyridostatin 36.1 0.1432
ATXN2L + 50 uM RHPS4 35.5 0.1972
ATXN2L + 50 uM TmPyP4 x 0.806
DAP + 50 uyM Berberine 35.8 0.0852
DAP + 50 yM BRACO-19 32.4 0.5244
DAP + 50 yM Mitoxantrone 32.6 0.357
DAP + 50 uM Phen-DC3 36.7 0.2639
DAP + 50 pyM Pyridostatin 37.9 0.1225
DAP + 50 yM RHPS4 32.9 0.3719
DAP + 50 yM TmPyP4 X 0.77
Pearson correlation coefficient -0.76909
P-value 0.00346

Table 3.3.2.2 Tn is the midpoint of the transition from each melting experiment.
x = 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.’®® On the other
hand, changes in absorbance at 295 nm are not unique to i-motif.** In the cases of
Mitoxantrone, Pyridostatin and TmPyP4 with the ATXN2L sequence, an
increase of the Ty 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
sequences'®? while others showed destabilization.’®® 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
ATNXZ2L. Again, the stability of the DAP i-motif was more significantly affected than
ATXN2L (Table 3.3.2.3, Appendix A.10).
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ATnm (°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 231204
Phen-DC3 -0.61 0.1 -44+0.8
Pyridostatin 0.87+£0.3 -1.5+£0.3
RHPS4 -7.48+0.1 -8.7+0.3
TmPyP4 448 + 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. ATn is the difference between the Tp of
the DNA in the presence of 5 equivalents of each ligand and the

DNA on its own. x = 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 DCso (1M)
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 x
TmPyP4 0.16 £ 0.00
Table 3.3.2.4 Ligand DCso values for DAP determined using FID assay.

Experiments performed at least in triplicate, and DCso 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. x = 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.

81



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.'%4.165 |t 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.'6®

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."66
The predecessor to NUPACK, NANEV'%7 is what enabled Goodman to synthesise
a complex 3D DNA nanoarchitecture in such a uniform and rapid manner.'%* 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 algorithms'68-170 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.’®® The second tool, Design, essentially does the opposite of this:
following specific but straightforward rules,'®® 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. Algorithms'”'-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.'®® 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
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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.’%® 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;'”>-17® with examples being built by a single strand of DNA'® and
others where the polyhedra are used to assemble higher-order multimeric
complexes.'”8181 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 biopolymers'®? and
proteins, '8 in the tracking and modulation of cell entry pathways,'®* in targeting

tumours and allowing in vivo imaging,'8® and as theranostics."86:187

00

>

Figure 4.1.2  lllustration 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 pH'244188 and requires triggers which are more
difficult to remove post-addition or to recycle.?® 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;®'8 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."% 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 5'and 3' 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."7 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)."”” 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."””

4.2 The Quadruplex Tetrahedron (Qrer)

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 Qrer. 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 Qrer to change its size in response to its

<

' AN =

Figure 4.2.1 Proposed multi-state Qrer model; orange segments represent

environment.

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 second'%%'9' as opposed to thousands of
seconds needed to reach the equilibrium between the competing
complementary strands and the hairpin'’’

(i) depending on the triggers used, this system could be much more
amenable to continuous cycling without the generation of significant
by-products

(iif)  with DNA tetrahedra already showing potential in the development of
viable theranostics,'® a system responsive to triggers inherently
available in different physiological environments®® is preferable to
one that requires repeated addition of further DNA strands.

4.2.1 Qrer 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 Qrer. 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 Qrer was to be built
into the scaffold of the tetrahedron reported by Goodman et al. which was made
up of four complementary strands.’® 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.'64
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The first step in designing the Qrer 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
Qrer. 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)3Cs and (GsA)3Ga
(i) (CsT)3Cs and (G3A)3G3
(iif)  (C2T)3C2 and (G2A)3G2
(iv)  (C2oT2)3C2 and (G2A2)3G2
A) *1—Eng, B) ™7 — (GALG,
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Figure 4.2.1.1 CD of candidate quadruplex forming sequences for Qrer. A) i-Motif
forming sequences at pH 8.03 (dotted) and pH 4.94 (solid). B)

G-quadruplex forming sequences without KCI (dotted) and with

100 mM KCI (solid). C) Sequence pairs annealed together. All at

10 uM in 10 mM Tris, 5 mM MgCl 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."3 For the G-quadruplexes, (GsA)3Gs, (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, (GzA)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.'43192 Agsessing 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.’3 Nevertheless, from the CD data it appeared that the (C2T2)sC2 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 Qrer formation (Figure 4.2.1.2).

(C3T)5Cs + (G3A)3Ca
(CoT)5Cx + (G2A)3G2
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Figure 4.2.1.2 Analysis of double helix formation by Qrer 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 Qrer
using the (C4T)3Cs — (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 Qrer Synthesis

With the quadruplex forming segments chosen it was decided to synthesise the
QreT using the (C2T2)3C2 — (G2A2)3G2 pair to have the best chance of the overall
structure forming. Two versions of the Qrer 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.
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Figure 4.2.2.1 Analysis of rapid tetrahedral formation using native PAGE. A)
Tetrahedron with no quadruplex forming segments. B) Qr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>