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Abstract

Chapter 1 is a general introduction to DNA and the alternative secondary
structures that it forms, leading into an introduction to MYC the oncogene
and techniques used to determine probes that bind to the i-motif that forms
in the MYC promoter region.

Chapter 2 explores the interactions of small molecules with the MYC
1-motif DNA using a high-throughput biophysical screen with a library of
1596 compounds. The results are validated by further biophysical
techniques with the most promising compounds continued into the next
stages of development finishing with the beginning of cellular studies.

Chapter 3 explores the interactions of peptides with the MYC i-motif DNA
using phage display with different phage libraries contain 109 different
peptide sequences. The first section discusses method development of the
phage display technique to achieve optimal conditions. The second uses
biophysical techniques to demonstrate peptides binding to the MYC
1-motif.

Chapter 4 discusses Chapters 2 and 3 in the context of the current
literature and explores the future work that this project could take.

Chapter 5 discusses the experimental procedures used in Chapters 2 and
3.
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Proposed model for the effects of G-quadruplex and i-motif formation in
the purine-rich and pyrimidine-rich strands respectively within the

nuclease hypersensitivity element Il region of the MYC promoter. Created
with BioRender.com adapted from Dash et al. 2020.6

Structures of MYC i-motif specific ligands B19 and 3be and MYC dual-
specific i-motif and G-quadruplex ligand a9.

Schematic of fluorescence indicator displacement assay steps. 1) Thiazole
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Circular dichroism characterisation of c-MycC52in 10 mM NaCaco from
pH 8.0 to 5.0 to determine the transitional pH, the pH at which the
sequence is 50% folded (i-motif) and 50% unfolded (single-stranded). The
graph of the ellipticity of the dominant characteristic MYC i-motif peak,
285 nm, against pH was fitted using a single sigmoidal fitting which was
used to extrapolate the transitional pH in origin software to determine the
transitional pH where the error is that of the line fitting.

Monitoring relative fluorescence units over time after DNA and thiazole
orange have been mixed for 30 seconds for c-MycC27 (left) and c-MycC52
(right) in 10 mM NaCaco pH 6.6.

Fluorescent indicator displacement assay screen of National Cancer
Institute Diversity Library IV against c-MycC27. The screen was ran
using 1 uM DNA, 2 uM thiazole orange and 2.5 uM of compound in 10
mM NaCaco pH 6.6. Compounds were determined as hits if the
displacement was over 15% or under -15% these two thresholds are shown
by the green lines. Error bars are standard deviation for >2 technical
replicates.

Fluorescent indicator displacement assay screen of National Cancer
Institute Diversity Library IV against c-MycC52. The screen was ran
using 1 uM DNA, 2 uM thiazole orange and 2.5 uM of compound in 10
mM NaCaco pH 6.6. Compounds were determined as hits if the
displacement was over 15% or under -15% these two thresholds are shown
by the green lines. Error bars are standard deviation for >2 technical
replicates.

Structure of NSC 129929 compound.

Monitoring relative fluorescence units over time after B-DNA and thiazole
orange have been mixed for 30 seconds in 10 mM NaCaco pH 6.6.

Fluorescent indicator displacement assay screen of National Cancer
Institute Diversity Library IV of compounds c¢-MycC27 and c-MycC52
binding compounds against B-DNA. The screen was ran using 1 uM
DNA, 2 uM thiazole orange and 2.5 uM of compound in 10 mM NaCaco
pH 6.6. Compounds were determined as hits if the displacement was over
15% or under -15% these two thresholds are shown by the green lines.
Error bars are standard deviation for >2 technical replicates.

Fluorescent indicator displacement assay screen validation hits from the
National Cancer Institute Diversity Library IV against c-MycC27 and
c-MycC52. The screen was ran using 1 uM DNA, 2 uM thiazole orange
and 2.5 uM of compound in 10 mM NaCaco pH 6.6. Compounds were
determined as hits if the displacement was over 15% or under -15%. Error
is standard deviation for >2 technical replicates.



Figure 2.12

Figure 2.13

Figure 2.14

Figure 2.15

Figure 2.16

Figure 2.17

Figure 2.18

Figure 2.19

Figure 2.20

xiv|Page

Illustrations of c-MycC27 (Left) and c-MycC52 (Right) likely i-motif
morphologies formed. The morphology depicted for c-MycC52 is based on
bromide footprinting by Hurley and team in 2016.47 The circles
demonstrate DNA bases and are colour coded as follows: Yellow-Cytosine,
Red-Guanine, Blue-Thymine, Green-Adenine.

Structure of eight compounds of interest as c-MycC27 and/or c-MycC52
binders, NSC 63680, 73735, 105781, 288387, 309401, 317605, 345647,
and 354844.

Fluorescence intercalator displacement assay titration of compounds
from 1 equivalence to 10 equivalences to analyse binding to c-MycC27
(left) and c-MycC52 (right) in the buffering conditions 10 mM NaCaco pH
6.6. 1 uM DNA, 2 uM TO, and 1 to 10 uM of compound added in 1 uM
additions.

Schematic of CD normalised ellipticity showing fraction folded from 5 °C
to 95 °C to determine the Twm, which is the temperature at which the
structure is 50% folded and 50% unfolded show by the yellow lines on the
graph. Data used for the CD graph was 10 uM i-motif, 52 base i-motif
that forms in the MYC promoter region, in 10 mM NaCaco pH 6.6.

Circular Dichroism of normalised ellipiticity at 285 nm, the maximum
positive characteristic i-motif peak for c-MycC, of 10 uM c-MycC52 in 10
mM NaCaco pH 6.6 with addition of 50 uM of a given compound. The
control (black) is addition of 5 uL of 100% DMSO, this the vehicle control.
Line fitting is bi-dose response.

Circular Dichroism of normalised ellipiticity at 285 nm, the maximum
positive characteristic i-motif peak for c-MycC, of 10 uM c-MycC27 in 10
mM NaCaco pH 6.6 with addition of 50 uM of a given compound. The
control (black) is addition of 5 uL of 100% DMSO, this the vehicle control.
Line fitting bi-dose response.

Circular Dichroism of normalised ellipiticity at 250 nm, the maximum
positive characteristic B-DNA peak, of B-DNA in 10 mM NaCaco pH 6.6
with addition of 50 uM of a given compound. The control (black) is
addition of 5 uL of 100% DMSQO, this the vehicle control. Line fitting is
dose response.

Circular Dichroism of normalised ellipiticity at 263 nm, the maximum
positive characteristic G-quadruplex peak for c-MycG, of c-MycG in 10
mM NaCaco 10 mM KCIl pH 6.6 with addition of 50 uM of a given
compound. The control (black) is addition of 5 uL of 100% DMSO, this
the vehicle control. Line fitting is dose response.

Surface plasmon resonance response units vs ligand concentrations at 10
uM and 100 uM of ligands against eight different DNA structures:
c-MycC27, c-MycC52, B-DNA, c-MycG, DAP, ATXN2L, ILPR, and
hTeloC. DNA immobilised on the chip was ~500-600 RU, compounds 100
uM, in 10 mM NaCaco 10 mM KCI 0.05% Tween20 1% DMSO pH 6.6.
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Where c-MycC27, c-MycC52, DAP, ATXN2L, ILPR, and hTeloC are
i-motif sequences and c-MycG is a G-quadruplex.
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Fluorescent indicator displacement assay in the following conditions: 1
uM:2 uM c-MycC52:To in 10 mM NaCaco pH 6.6 (where TO is thiazole
orange). Five different peptides of interest were titrated every 25 uM from
0 uM to 200 uM and fitted with a dose response (Pep-SLC and Pep-PTN)
or exponential curve (Pep-VSE, Pep-RVS, and Pep-EIE) using OriginPro
8 software.

Circular dichroism of normalised ellipiticity at 285 nm, the maximum
positive characteristic peak for c-MycC52, of 10 uM c-MycC52 in 10 mM
NaCaco pH 6.6 in the absence and presence of peptides at 10 equivalence.
The control (black) is addition of 5 uL of water for Pep-SLC, Pep-RVS,
and Pep-EIE and 5 uL of 100% DMSO for Pep-PTN and Pep-VSE as the
appropriate vehicle controls. The data analysis was carried out in
OriginPro 8 and fitted with a bi-dose response fitting.

A labelled schematic illustration of a typical sensorgram produced from
surface plasmon resonance.

Surface plasmon resonance sensorgram of response vs time plots at
concentrations from 0 uM to 100 uM in 2-fold intervals in the buffer 10
mM NaCaco 10 mM KCI 0.05% Tween20 pH 6.6. There are two replicates
for every concentration shown by the same colour. a) Sensorgram plot of
Pep-SLC with c-MycC52, the top sensorgram is greyed out as the typical
shape has been lost and so is removed. b) Sensorgram plot of Pep-PTN
with B-DNA, the buffer has an addition of 2% DMSO. SPR experiments
used Biacore SPR software.

Saturation curves of five different peptides against eight different DNA
structures using surface plasmon resonance in the conditions 10 mM
NaCaco 10 mM KCI 0.05% Tween20 pH 6.6 for experiments b), d), and e),
the experiments a) and d) had 2% DMSO added to the conditions stated.
a) Pep-PTN b) Pep-PTN and c-MycC52 plot only ¢) Pep-SLC d) Pep-VSE
e) Pep-RVS f) Pep-EIE g) Structures of the peptides. The data analysis
was carried out in OriginPro 8 and fitted using appropriate growth
fittings dependant on curve shape. Where c-MycG is a G-quadruplex, and
all the rest of the sequences except B-DNA are i-motif forming sequences.

Circular dichroism characterisation 12-mer peptides of interest secondary
structures: 0.1 mg/mL Pep-SLC, 0.1 mg/mL Pep-RVS, and 0.01 mg/mL
Pep-EIE in 10 mM NaH:2PO4 at pH 6.0 and pH 6.6 and 0.1 mg/mL
Pep-PTN and 0.1 mg/mL Pep-VSE in 50:50 MeCN:Water.

Structure of TH3, a thiazole peptide that targets the G-quadruplex that
forms in the MYC promoter.®

4: Discussions and Future Work

Structures of MYC i-motif ligands. Made in ChemDraw 18.2.
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Chapter 1: Introduction

1.1 Secondary DNA Structure

The story of DNA truly begins with Friedrich Miescher in 1869, a
biochemist trying to elucidate the building blocks of life. His research
began with isolating proteins from white blood cells, where he identified
an unexpected substance with chemical properties differing from proteins.
Miescher was fascinated with this novel substance and referred to it as

‘nuclein’.%19 Unknown to Miescher, this was the moment that the molecule

of life, DNA, was discovered.!1.12

The next most notable discovery was by Albrecht Kossel in 1881 in
identifying that ‘nuclein’ was a nucleic acid, it was this key discovery that
gave the molecule of life its current name deoxyribonucleic acid (DNA).13
Kossel also isolated all the purine and pyrimidine bases and identified that
DNA is confined to the nucleus. Despite these early break throughs, the

extent of DNA’s significance was yet to be realised for many decades.

Views began to shift from the late 1940s following Erwin Chargaff’s
discovery that relative DNA base proportions were identical between
individuals in the same species but differed between species. Chargaff also
determined that molar ratios of A/T and C/G were essentially always
one.'415 This paired with the discovery that DNA carries hereditary
information brought DNA research centre stage.1617 This rediscovered
curiosity in DNA led to the historical 1953 paper by James Watson and
Francis Crick, based on Rosalind Franklin’s, Maurice Wilkins, and
Charegaff’s work, to propose the double helix structure of DNA, known as
B-DNA (figure 1.1).18
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Figure 1.1.: Watson and Crick base pairing and the structure of B-form DNA (PDB ID:
IBNA). Colouring scheme: red is adenine, blue is thymine, green is guanine, yellow is

cytosine.

This seemingly simple molecule has not stepped off the centre stage since
1953, due to 1its functionally important numerous structural
polymorphisms (figure 1.2).1921 DNA can form three different double
helical structures: B-DNA and A-DNA are both right-handed, antiparallel
structures, where A is a shorter, wider version of B that requires a reduced
water environment to form.2! The third double helix structure is Z-DNA
which is a left-handed helix that requires a non-physiological high-salt
environment (figure 1.2). Certain other conditions permit other DNA
structures to form including hairpins, triplexes, cruciforms, junctions, and

quadruplexes (figure 1.2).19:20
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Figure 1.2: Schematic of some alternative DNA secondary structures. a) A-DNA (PBD ID:
440D) b) Z-DNA (PBD ID: 40CB) ¢) Hairpin (PBD ID: 1AC7) d) triplex (PDB ID: 1D3X)
e) Holiday Junction (PBD ID: 467D). Colouring scheme: red is adenine, blue is thymine,

green is guanine, yellow is cytosine.

One of the most extensively studied alternative structures is a type of
quadruplex, a four stranded structure, known as a G-quadruplex.22 The
formation of this structure is dependent on a guanine rich sequence and
the presence of cations to form intramolecular/intermolecular and
parallel/antiparallel structures. The characterisation of G-quadruplex’s
structure identified that Hoogsteen hydrogen bonds between four guanines
gave rise to the formation of G-quartets, which stack on top of each other
in a comparable manner to Watson and Crick base pairing.20.23 Within each
G-quartet each of the guanines act as hydrogen bond donors and
acceptors.24 The process of stacking of these G-quartets provides space
where cations can localise to stabilise the G-quadruplex (figure 1.3).20.23
These cations stabilise the electronegative core due to close proximities of

the O7s making them more electronically favourable.2526 Computational
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analysis of the human genome identified enrichment for sequences capable
of forming these structures at telomeres and gene promoters suggesting a
potential significant biological function for G-quadruplexes.27.26 Which has
been further supported by, visualisation of G-quadruplexs in vivo,29
visualisation of G-quadruplexes in live cells,30 identification of
G-quadruplex binding proteins,31:32 mediation of protein transcription,33
and further studies that identify G-quadruplex’s as having a significant

biological role in ‘normal’ and pathogenic states.34.35
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Figure 1.3: G-quadruplex DNA. a) Hoogsteen hydrogen bonding of G-quartets with
stabilising cation in the core b) A structure of G-quadruplex DNA (PBD ID:143D) with the
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colouring scheme: red is adenine, blue is thymine, green is guanine, yellow is cytosine c)

Schematic of G-quadruplex DNA created with Biorender.com
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1.2 i-Motif DNA

The G-quadruplex has a less extensively studied sister quadruplex that
forms on the complementary C-rich strand, known as the i-motif (figure
1.4). Since its first description in 1993, by Gehring, Leory and Guéron,36
the 1-motif field has made many advances investigating genome location,
required environment, and biological function. Yet much is still left
unanswered. One of the reasons for research in the i-motif field lagging
behind its sister structure is due to the requirement for hemi-protonated
cytosine base pairs to form the structure.3¢ This formed the belief they
could only form at acidic pH, thus causing great scepticism towards their
biological relevance. Therefore, until recently, the majority of i-motif
research has focused on nanotechnological applications.3”7 In which their
rapid reversible folding and unfolding in response to alternating pH made
them an excellent platform for logistical application switches3839 and pH

sensors 1n cells.4041
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Figure 1.4: i-Motif DNA. a) Hoogsteen hydrogen bonding of cytosine-cytosine* b) A
structure of i-motif DNA (PBD ID: Ieln) with the colouring scheme: red is adenine, blue is
thymine, green is guanine, yellow is cytosine c¢) Schematic of i-motif DNA with loop and

C-tract regions labels, created with Biorender.com

1.2.1 Structure and Classifications of i-Motif DNA

1-Motif structures vary significantly and have multiple different ways to be
classified. The first i-motif identified, by Gehring et al., was an
intermolecular, tetrameric structure consisting of two parallel duplexes in
an anti-parallel orientation, were the duplexes are formed from cytosine
tracts of two independent nucleic acid strands that are stabilised via
intercalated C-C+ base pairs (figure 1.5).36 Another possible intermolecular
1-motif structure is achieved from the intercalation of a dimer consisting of
two C-rich hairpin structures, stabilised in same manner as the tetrameric
i-motif (figure 1.5).42 Arguably, the most significant structure to be
determined in the 1990’s was the intramolecular structure, formed from a

single strand (monomer) with a minimum of four intercalated cytosine
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residues, that can form in natural sequences, and were detected at neutral
pH (figure 1.5).43 Determination of this structure provided a compelling
argument for i-motifs biological relevance, but was still not widely accepted

for some years.

Figure 1.5: i-Motif DNA structures composed of different numbers of subunits. a)
Monomeric i-motif (PBD ID: 1ELN) b) Dimeric i-motif (PBD ID: 2MRZ) c) Tetrameric
i-motif structure (PBD ID: 1YBL). Colouring scheme: red is adenine, blue is thymine, green

is guanine, yellow is cytosine.

An additional classification, described in 1998, was based upon i-motif
topology, grouping structures via how intercalation occurs as either R-form
or S-form, now more commonly referred to as 3'E or 5'E respectively. If the
spatial arrangement of the terminal C-C* base pair is at the 3’ end or at
the 5’ end then they are accordingly denoted as 3'E and 5'E (figure 1.6).44.45
In 2001 a third topology, T-form, was identified where the terminal
cytosines are not intercalated, subsequently this topology is less stable

than 3'E and 5'E.46 Notably, the three topologies have varied values of
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enthalpy and entropy of formation and thus different conditions stabilise

different topologies and thus shift the equilibrium between the topologies

that exist for a particular i-motif forming sequence.
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3’
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Figure 1.6: Classifications of i-Motifs by topology. The darker grey bonds and C’s highlight
the areas of interest. a) 3'E (R-form): the terminal C-C* is at the 3'end b) 5'E (S-form): the

terminal C-C* is at the 5' end c) T-form: the terminal cytosines are not intercalated.

Intramolecular i-motifs have an added classification based on loop length

that was described by Hurley and co-workers.47 In which they defined class

I (short loops) and class II (long loops) i-motifs (figure 1.7), as having the

following loop sizes respectively: 5'-(2 :3/4 :2)-3" with four to six C-C* base

pairs and loop sizes: 5'(6/8 :2/5 :6/7)-3'. In general, the transitional pH for

class II i-motifs are less acidic in comparison to class I, due to enhanced

stabilisation which was speculatively achieved by interactions between

bases in the loop regions.45
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Figure 1.7: Classifications of i-Motif’s by loop length, loops are labelled 1 to 8 and orange
circles demonstrate any nucleic acid DNA bases where X circles equates to the number of
bases in the loop to meet criteria of class I or class II. a) Class I: short loops with the
following loop sizes for loops 1, 2, and 3 5'-(2 :3/4 :2)-3' b) Class II: long loops with the
following loop sizes for loops 1, 2, and 3 5'-(6/8 :2/5 :6/7)-3".

1.2.2 Stability of i-Motif DNA

The requirement of protonated cytosines for the formation of an i-motif
means that pH is a fundamental factor to its formation. Although, the
stability of an i-motif is multifactorial and the following also need to be
taken into account: the phosphate backbone, loop length, loop nature,
sequence length, c-tract length and environmental conditions such as:

molecular crowding, temperature, and ligands (figure 1.8).48
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Figure 1.8: Figure summarising the factors that effect i-motif stability. Created with
BioRender.com and ChemDraw 18.2.

1.2.2.1 The Phosphate Backbone and i-Motif Stability

To understand i-motif stability the phosphate backbone needs to be
considered. The tetrameric i-motif has a 3.15 A average rise per base pair
and an 12-20° rotation per residue, both of which are smaller than observed
in B-DNA (3.33 A and 36.0 °).4%-51 Demonstrating that i-motif DNA has
more compact stacking and a shallower right handed twist, forming a
structure with two broad and two narrow grooves. In the narrow grooves
the interstrand phosphates are as close 5.9 A in comparison to 7 A in
B-DNA.5253 This causes electrostatic repulsion between the charged
C-imino groups destabilising the structure. On the other hand, this small
distance permits intermolecular CH---O hydrogen bonding between
sugars, thus stabilising the i-motif structure. It is important to highlight
that the free energy for this bond is 2.6 kJ mol-l, this is significantly
smaller than expected for a CH---O bond (7.5 kd mol1).5¢ Leroy et al.
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suggested this was due to the H-bonding not being created but replacing
H-bonds with surrounding water molecules.?®> Notably, 3'E topology 1is
more stable than 5'E as 3'E has an extra sugar pair and therefore more
van der waals interactions than 5'K.55 Leroy and co-workers suggest the
free energy difference this causes is small as both 3'E and 5'E exist.
However, Malliavin et al. found in their work 5'E was unstable and didn’t
form suggesting that the free energy difference was significantly larger,
due to other interactions, than for the i1-motif Leroy investigated.
Interestingly, it was originally suggested that these interactions caused
the narrowing seen in the i-motif structure.?! However, in 2001 it was
determined that this was energetically untenable. Which formed the
theory that the i1-motif structure rotates as narrow as possible and
repulsions between the strands components inhibit further narrowing,
thus the structure is due to a compromise between narrowing and

repulsion.54

1.2.2.2 Loop Length and i-Motif Stability

Previously, it was shown that the 3'E topology was the most stable
conformation,?® however this is not always the case. For example, it has
been demonstrated in the monomeric, intramolecular hTeloC i-motif that
the 5'E topology i1s favoured. Schwalbe’s group determined this
stabilisation of 5'E was due to a T-T pair between loop one and three.¢
Thus, highlighting the importance of loop interactions on the stability of
the 1-motif. Furthermore, it had been noticed that class II i-motifs, those
with longer loops, generally had greater stability than those with shorter
loops.45 Which also highlighted the importance of loops in i-motif stability.
Upon greater investigation by various groups it has been widely
demonstrated that longer loops decrease the stability of the i-motif.57.58
This attribute is likely due to the increased flexibility of longer loops which

decreases stabilising interactions such as H-bonding.57 It has been
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demonstrated that bases present in the loops is of greater significance than
the loop length itself. The first and last loop have the greatest significance
on i-motif stability; having the same number of bases in these lateral loops
is optimal for stability and the presence of G/T in these loops adjacent to
the C-tract also provides stability from H-bond formation. Stacking within
loops can also provide stability but has been deemed to have a lesser
stabilising effect than H-bonding. Furthermore, additional C-C* base pairs
also provides 1-motif stability. Notably, the middle loop can accommodate
a longer loop with minimal disruption to the structure, which could be
beneficial for small molecule binding.57:58 Therefore, the nature of the loops
has a much greater significance on i-motif stability than loop length,

especially in loops one and three.

1.2.2.3 C-Tract Length and i-Motif Stability

Another important factor for i-motif stability is of course the C-tract
length. In general increasing the length increases the melting
temperature, brings transitional pH (pH where you have 50% folded
1-motif and 50% unfolded) closer to physiological, and increases the
stability of the 1-motif.59.60 The work from Burrows group identified that
this was only true for up to 30 C-bases, going beyond this caused
destabilisation. They also identified that the most stable C-tract lengths
followed the rule 4n-1 and that many of the strands where capable of
forming i-motif at pH 7.0 at 37 °C.60
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1.2.2.3 The Environment and i-Motif Stability

Unsurprisingly, the environment has been shown on multiple occasions to
affect 1-motif formation and stability. 1-Motif formation has been shown to
be temperature dependent. With one group identifying that the i-motif
formed in the human telomeric region (hTeloC), the naturally occurring
sequence, can form at physiological pH if at 4 °C.6! Lowering the
temperature favours i-motif formation potentially due a decreased amount
of protons needed for formation.62 Although, this is not to say that low
temperatures are a requirement for i-motif formation near physiological
pH.?9 Work within the Waller group interestingly highlighted that hTeloC
rapidly forms the less stable, more kinetically favoured 3'E structure
following the annealing process (5 minutes at 95 °C, then cooled to room
temperature). However, if the sample is kept at 4 °C post-annealing the
topology slowly converts to the more stable 5'E structure. This, highlights
that temperature needs to be considered when working with i-motifs and
the treatment of samples needs to be applied consistently. Interestingly,
by mimicking molecular crowding, similar to cellular conditions using
molecular crowding agents, typically PEG, an increase in intramolecular
1-motif stability has been observed in telomeric sequences and the i-motif
forming region in the MYC promoter (c-MycC).64.65 Molecular crowding has
been shown to shift the pK. towards physiological pH and favour

quadruplex structures over B-DNA.66.67

Furthermore, negative superhelicity has also been shown to promote the
formation of secondary DNA structures in the MYC promoter region.68 It
was found that c-MycC was capable of folding at neutral pH under negative
superhelicity. Sun and Hurley suggested that the quadruplexes absorb
torsional stress caused by negative superhelicity and that it is likely they

are somehow involved in the transcription process. Another environmental
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consideration is ionic strength. It has been demonstrated that increasing
the 1onic strength destabilises the 1-motif 43 however this destabilisation
maxes out upon reaching a particular ionic strength (0-100 mM NaCl and
300 mM NaCl respectively). Furthermore, dehydration has been shown to

stabilise 1-motifs, due to the release of water molecules.62.64

Generally monovalent cations stabilise Watson-Crick and Hoogsteen base
pairs by shielding the electrostatic repulsion between the negative charges
associated with the phosphate groups of nucleic acids. As evident in the
case of c-jun, a proto-oncogene, where different cations favour the
formation of different DNA structures via stabilisation of base pair
bonding. 69 Watson-Crick base pairs were stabilised by Na* and hence
duplex formation was favoured, whereas K* stabilised Hoogsteen base
pairing so G-quadruplex and i-motif structures were observed, and a
combination of Mg* and Na* gave a mixture of duplex and quadruplex
structures. Although, when investigating hTeloC in the absence of duplex
forming sequences Na* and K* have a stabilising effect, 70 one could infer
from this that Na* stabilises duplex DNA to a larger extent than i-motif,
although these are different sequences examined under different
conditions so they cannot be directly compared and further research would
need to be carried out to begin to conclude this. Perhaps more interestingly
it was shown that Li* ions have a non-stabilising effect on hTeloC.7 It has
been proposed that Li* fits between the two C-C* base pairs in space but
cannot adequately fulfil the role of protons to mediate the hydrogen
binding between the C-C+* base pairs and instead disrupt it. Due to their
larger radi, Na* and K* provide an adequate positive charge between the
paired cytosines and thus stabilise the i-motif structure.” Hence, cations
affect the stability of i-motifs as well as other DNA structures. Since
monovalent cations are ubiquitous in the microenvironment of cells they
need to be considered when exploring i-motifs, and suggest that these
structures can form at physiological pH, especially as concentrations of Li*
(which is an i-motif non-stabiliser) are significantly lower than Na* and K+

(which stabilise the i-motif) (uM compared to ~100mM respectively).
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Furthermore, some transition metal cations have also been investigated.
It has been demonstrated that Hg?*, Ag® and Cu* stabilise i-motif, the
latter two at physiological pH.7-73 Interestingly it was also shown that
Cu?* coverts the i-motif structure into a hairpin, further highlighting the
importance of cations on DNA structure.” Therefore, it can be suggested
that cations have the potential to act as a biological mechanism that

control DNA polymorphisms such as i-motif formation.

Ultimately, these studies stress the importance of the sequence itself and
the environment on i-motif structure and provide evidence that suggests

1-motifs can form in vivo.

1.3 Ligand Interactions with i-Motif DNA

Evidence increasingly suggested that i-motif DNA 1is biologically
significant. Therefore, the need for i-motif binding ligands intensified to
enable investigation of biological functions and to identify potential i-motif
interacting compounds. It needs to be considered when investigating
ligands that conditions need to be consistent to compare across sequences
as of the multiple factors that affect i-motif stability and the properties of
compounds functional groups in varying conditions, for example the charge

of groups at different pH values.

Currently, the research output for i-motif ligands lags behind its sister
quadruplex. In an attempt to close this gap some groups have investigated
known G-quadruplex ligands against i-motif sequences. The following
G-quadruplex ligands interactions with i-motifs have been investigated:
Berberine, BRACO-19, Mitoxantrone, Phen-DC3, Pyridostatin,
RHPS4, and TmPyP4.74 Randazzo et al. demonstrated that all of these
listed compounds form interactions with hTeloC at pH 4.3 and 5.7 using
FID, CD- and UV-melting studies. Although, compounds BRACO-19,

Mitoxantrone, and Phen-DC3 which are known to stabilise
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G-quadruplexes, were found to destabilise hTeloC at both pH’s using
CD- and UV-melting experiments. Whereas, Berberine, Pyridostatin,
and RHPS4 had no effect on i-motif stability.”* Similar results, by the
Waller group, were seen investigating these compounds against two other
i-motif sequences, known as ATXN2L and DAP, at pH 7.0 which generally
caused destabilisation in CD- and UV-melting.’? A greater extent of
destabilisation was seen in respect to DAP than ATXNZ2L. Notably,
different techniques within this study did produce contradicting data for
Mitoxantrone. For example, CD-melting showed Mitoxantrone
destabilised ATXN2L whereas UV-melting demonstrated it had a
stabilising effect. Highlighting how different biophysical techniques can
have conflicting results, which is one difficulty of discovering specific

ligands for different DNA structures.

Other studies have investigated single-walled carbon nanotubes,
SWCNTSs, and demonstrated that they inhibit B-DNA formation and
induce i1-motif formation in hTeloC at physiological and even basic pH.7®
Further research has shown that SWCNTs can induce i-motif formation
under crowded conditions which mimic cellular conditions.”” It has even
been demonstrated that telomerase activity can be inhibited by stabilising
1-motif structure using SWCNT's and could be a powerful therapeutic route
for cancer.” However, their use as therapeutics is controversial due to
their toxicity to humans, including DNA damage and oxidative stress, and
their poor metabolism leading to concerns about their accumulation along

the food chain.79.80

A variety of other i-motif binding ligands have been reported including
bis-acridine,’! acridone derivatives,82 Crystal violet,®3 Coumarin
343,84 and Thiazole orange?> (figure 1.9). Some of which are capable of
inhibiting B-DNA formation and stabilising quadruplexes, others show
selectivity for i-motif. An interesting study was on the Bcl2 i1-motif where
it was discovered that IMC-48, a cholestane derivative with a positively

charged piperidine attached to it, binds and stabilises the i-motif structure
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whereas IMC-76, a cholestane derivative, converts the i-motif to a hairpin
structure. Which has led to interesting gene expression studies.86
Additionally, a fluorescent indicator assay has allowed large screens for
i-motif ligands and has identified the following known drugs interact with
1-motif DNA: Tilorone, Tobramycin, Phenazopyridine,
Amodiaquine, Harmalol, Quinalizarin, and Minocycline
tyrothricin.8> More recently, an in situ screen has been described that has
identified specific probes for the BCL2 and MYC i-motif’s: 3bm and 3be
respectively which are triazole compounds.¢ A further two MYC i-motif
probes have been identified, known as B19 and a9, where B19 is an

acridone derivative and a9 is a bisacridine derivative.82.87

17 |Page



B
NH Thiazole Orange | HNo
Mitoxantrone o ON\ Byridostati
" yridostatin
O N (0]
O LI Ay
HO X H H
o BRACO™®
coumarin 343 o

N/\/\N \H
O O N

2

HO

2+
o 0
N/\/\N N
H | \
\ Q

Big [Ru(bpy) 2 (dppz)] 2*

Figure 1.9: Figure showcasing some examples of different i-Motif ligands identified.

Furthermore, complexes containing central metal atoms are frequently
studied as B-DNA binders, particularly ruthenium complexes due to their
stability, affinity for B-DNA, and luminescence properties. Leading to an
interest in their ability to bind i-motif DNA. Brazier’s group identified that
[Ru(phen):(dppz)]2* stabilises long-looped i-motif sequences.
Highlighting i-motifs appeal as drug targets. The Waller group have also
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explored ruthenium complexes and have identified further i-motif binders
and even probes with a preference for i-motif DNA using emission lifetime

measurements.88

Research into i-motif ligands has gained considerable interest over the
recent years and the field continues to grow as the i-motif’s biological
significance gains increasing evidence and the prospect of use as
therapeutics is explored. Yet, i-motif specific ligands are struggling to be
unearthed and commonalities between known ligands is not clear cut
(figure 1.9). Therefore, the hunt for i-motif specific ligands is still an

essential area of research.

1.4 Biological Significance of i-Motif DNA

Initially researchers focused on investigating the biological function of the
complementary strands which formed the sister quadruplex, known as the
G-quadruplex. Although, i-motifs were not forgotten and the first review
was published in 2000 which stated that interest was accumulating to
investigate their biological significance.® Since, this area has continued to
gain momentum and acquired increasing experimental support to prove

their existence in vivo and determine their biological function (figure 1.10).
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Figure 1.10: Figure summarising the biological significance of i-motif DNA. Created with
BioRender.com and ChemDraw 18.2.

1.4.1 Formation of i-Motifs at Physiological pH

A major contributing factor to the scepticism of a natural biological
function of i-motifs is that they were observed to form readily at acidic pH
and their requirement for protonation suggested they would be unstable in
a cellular environment at physiological pH. Although, there was evidence
as early as 1995, just two years after discovery of the i-motif, that 1-motifs
could form at physiological pH by demonstrating that C-C*base pairing is
detectable at physiological pH.43

Although, the stability was shown to be significantly higher at pH 5.0 and
it was not investigated if the i-motif structure was preferred over B-form.
But, this was significant in showing that i-motifs are capable of forming at
physiological pH and that they could have a biological function. By 2010

there were minimal published studies showing evidence of i-motif
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formation near physiological pH,%! under molecular crowding conditions,”?
via ligand binding,’¢ and at low temperatures.®? The accumulating
evidence clearly showed that i-motifs were capable of forming near
physiological pH and identified that the environment played a key role in
their stability and consequently ability to form. At this point there was a
compelling case that i1-motifs could form in vivo, suggesting a biological
function. Yet, their biological significance was still argued and a larger
volume of published research providing evidence of i-motif formation at
physiological pH was required. The next few years saw an increase of
research investigating i-motifs stability and their ability to form under
physiological conditions: natural genomic sequences,?9:9 in the presence of
ligands,4891 in the presence of cations,’292 and molecular crowding
conditions.®7.92 Each year saw increasing evidence of in vitro evidence that
1-motifs can form naturally under physiological conditions and serve a
biological function. However compelling the building evidence was the field
lacked in vivo evidence and the ability to investigate these structures in

cells until 2018.

1.4.2 Formation of i-Motifs in vivo

2018 saw two crucial papers published that provided the first evidence of
1-motif formation in vivo. The first was presented by Trantirek’s group that
demonstrated i-motif formation persisted following transformation into
the nuclei of living human cells.?3 Arguably, the most convincing evidence
for a biological function of i-motifs was by Zeraati et al. where i-motifs were
visualised in the nuclei of human cells.9* This study utilised the powerful
molecular biology technique phage display to identify the antibody
fragment named iMab, in a similar manner to how BG4, the G-quadruplex
binding antibody, was established in 2013.29 The visualisation of i-motifs
in cells via a fluorescently tagged antibody probe allows further

investigations into the biological significance of i-motif DNA. Zeraati et al.
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and colleagues began to address this by investigating at which point
1-motifs formed during the cell cycle, as was previously done with
G-quadruplexes.? Interestingly, it was shown that the frequency of
1-motifs 1s highest towards the end of Gi; (Gap 1) phase, which is
responsible for preparing the cell for division metabolically by synthesising
mRNA and proteins, and thus supports previous evidence that i-motifs are
involved in transcription and cellular growth. However, G-quadruplexes
highest formation frequency was during the S (synthesis) phase which is
when DNA replicates.299 Notably, there were G-quadruplexes observed at
the end of G1 and i-motifs in S phase. This suggests that these quadruplex
structures can form in similar conditions but what is optimal for one is not
for the other, supporting the theory that they are mutually exclusive.% The
ability to wvisualise i-motifs in cells opens up exciting avenues for
researchers in the field and will be an essential tool to further research
investigating biological function. Which has led to a study by Smith et al.
in 2020 which demonstrated fluctuating levels of G-quadruplexes and
1-motif structures at different cell cycle stages agreeing with that seen in
Zeraati et al’s work.97 Interestingly, the Smith et al. study used compounds
to stabilise G-quadruplexes in human cells and observed destabilisation of
the i-motif and vice versa. Highlighting that there is interdependency
between the two structures and that the interplay of the structures needs
to be considered when investigating them as gene regulatory switches.
Thus, the field will benefit from the design of multiple probes which will
allow appropriate probing properties to be chosen for specific needs to
explore these structures as gene regulatory switches. Ideally designing
probes that could allow discrimination not just between i-motifs and
G-quadruplexes but go a step further and be capable of discriminating

between different i-motif sequences and different G-quadruplexes.
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1.4.3 Telomeric Regions and DNA Secondary Structures

A fundamental of chromosome integrity is protection of the ends by
ribonucleoprotein structures known as telomeres. Telomeres act as a cap
on the ends of chromosomes to avoid fusions and degradation.? They are
characterised by GC-rich repetitive sequences; interestingly these regions
can form secondary DNA structures such as G-quadruplexes and i-motifs.%
Notably, during replication the C-rich strand and G-rich strand are
respectively replicated by leading and lagging strand synthesis.
Consequently the 3’ strand has a 50-300nt G-overhang protecting the
chromosome from degradation during cell replication and is known to form
consecutive G-quadruplexes.100.101 Each round of replication causes
telomere shortening, thus the cell employs the enzyme telomerase to
lengthen them as a control of chromosomal protection. As cells age the level
of telomerase decreases, causing telomere shortening, consequently cells
enter replicative senescence. However, many cancerous cells reactivate
telomerase permitting the continuing lengthening of telomeres which

subsequently delays cell senescence and enables immortality.102

Initially investigations exploring telomeres focused on the G-rich sequence
as the discovery of the G-overhang was unique. The identification that
these G-rich sequences formed G-quadruplexes added another layer of
complexity to the regulation of telomeres and subsequently their effect
became a research focus. Which produced compelling evidence that
G-quadruplex formation uncaps telomeres and initiates the DNA damage-
response mediated cell death. Consequently, multiple G-quadruplex
ligands that inhibit telomerase are being investigated as drugs.103
However, the formation of the G-quadruplex does not produce a full
mechanism for telomere control. Another structure that adds to the
complicity of this control mechanism is the tandem repeat human
telomeric forming sequence denoted as hTeloC, with the sequence

5d(CCCTAA)»-3’, which can form an i-motif structure. Although, a clear
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biological mechanism of hTeloC is yet to be established there is evidence
that it inhibits telomerase and initiates telomere uncapping which induces
the DNA damage-response mediated cell death.”® Consequently, hTeloC is
frequently used for ligand studies.488> Evidently, the i-motif and
G-quadruplex appear to function in a similar manner in the case of

telomeres and are both an interesting prospect as therapeutic targets.

1.4.4 i-Motif Binding Proteins

Poly(C)-binding proteins (PCBP) and their interactions with C-rich
sequences are well documented, and so its unsurprising they have become
an area of interest in the search for i-motif binding proteins.1%¢ Within the
family of PCBP’s are aCP1-4 and aCP1-KL which have been shown to bind
to C-rich ssDNA and hnRNP K that binds to the C-rich sequence in the
MYC promoter.+104105 Although, it is not clear if these proteins bind to the
1-motif or unfolded sequence. However, it has been demonstrated in vitro
that hnRNP K and the splicing factor ASF/SF2 bind to the hTeloC
1-motif.106 hnRNP K has also been shown to bind to the MYC i-motif, which
is explored in more detail in Chapter 1.3.4.4 Additionally, the hnRNP LL
protein binds to the lateral loops of the Bcl2 i-motif causing destabilisation
of the i-motif and activating transcription.10? Collectively these studies
make a promising case that i-motifs have a biological function and are
involved in transcriptional regulation. Nonetheless, it is clear that this

exciting area needs further research.

1.4.5 Promoter Regions and DNA Secondary Structures

It i1s well known that gene transcription is highly regulated, one
mechanism of control is by regulatory elements such as promoters.108

Promoters are specific regions of DNA upstream of transcription start sites
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and are recognised by transcription factors whose binding recruits RNA
polymerase Il to initiate transcription of target genes downstream.108
Interestingly, i-motif forming sequences are enriched for in promoter
regions suggesting an involvement in the regulation of gene

transcription.47.109

One of the most widely studied promoter region capable of forming an
i-motif is the B-cell lymphoma gene-2 (Bcl2) promoter region.8 The Bcl2
promoter is a known regulator of apoptosis which is frequently deregulated
in cancers and is a common target of cancer therapies.110 It is known that
Bcl2 interacts with a range of proteins which led to Hurley’s group
investigating the binding of small molecules to the C-rich sequence of the
Bcl2 promoter. They identified that the ligands preferentially bound to
folded or unfolded i-motif forming sequences and proposed that proteins
would also show structural selectively when binding to the sequence.86
Specifically that IMC-48 is selective for the i-motif structure, its binding
constricts the lateral loops which allows hnRNP LL to bind which causes
the structure to unfold and transcription is activated.86.107 This proposes
that formation of an i-motif structure could function as a control of gene
expression. Interestingly, i-motifs regulatory role of transcription is
further supported by studies investigating the MYC promoter, which
curiously supresses Bcl2 from activating apoptosis stimulating

imortaility.111,112

Another promoter region of interest is the insulin-linked polymorphic
region (ILPR), which is upstream of the human insulin gene.42 ILPR has a
C-rich strand that has been shown to form i-motif at acidic pH and a partial
1-motif structure at pH 7.42 Notably, ILPR’s length is polymorphic and it
has been demonstrated an increase in sequence length causes an increase
in stability. It has been suggested that the ILPR i-motif, similarly to the
ILPR G-quadruplex, causes slippage during replication,42113 which is a
form of mutation that causes expansion or contraction of the nucleotide

sequence and thus can be linked to the length of the ILPR sequence.
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Furthermore, the mechanical stabilities of both the 1-motif and
G-quadruplex meet the minimum required to stall RNA polymerases.114
Notably, experimental data has shown that these two structures do not
form at the same time,!14 although the conditions of this investigation were
not replicating the in vivo environment so this may not be true for in cells.
Nevertheless, one can postulate that the 1-motif is functioning as a control
mechanism for transcription of the human insulin gene, and thus ILPR

could be a therapeutic target for insulin-dependent diabetes mellitus.

Some other mentionable promoters that form i-motifs include c-Myc,115
VEGF,116 ¢c-Kit,117 Rb,118 RET,119 and KRAS.120 All of these promoters are
associated with hallmarks of cancer and lend support to a biological
function and cancer treatment targets. MYC is one of the best studied

promoter i-motifs and will be explored extensively in Chapter 1.5.

1.5 The MYC Proto-Oncogene

MYC is a proto-oncogene that functions as a multifunctional transcription
factor that targets an array of genes which coordinate a broad range of
essential cellular functions, such as cell cycle progression regulation,
proliferation, differentiation, and apoptosis (figure 1.11).121.122 The
biological significance of MYC is further highlighted by tight regulation by
a variety of complex mechanisms Therefore, it is unsurprising that

dysregulation of MYC is frequently recognised as a hallmark of cancer.
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Figure 1.11: An example of cellular functions that the MYC gene regulates. Created with

Biorender.com.

1.5.1 Structure and Functions of c-Myc, the Protein

MYC is a family of regulator genes, that are known oncogenes, which
include three well defined members: L-Myc, N-Myc and c-Myc. The overall
structure and organisation of these genes and their transcripts are very
similar. They each contain 3 exons and the proteins encoded by these genes
have significant homology.123 MYC family proteins can be organised into
an unstructured N-terminal transactivation domain (NTD), a central

region, and a C-terminal domain (CTD) (figure 1.12).124
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Figure 1.12: Structure of MYC family proteins. Where NTD is the N-terminal transaction

domain, CTD is the C-terminal domain, NLS is the nuclear localisation sequence, and

there are four MYC boxes (MB).

The NTD regulates transcription and transformation and this domain
contains three MYC boxes (MB): MBI, MBII, and MB III (figure 1.12).124
MB II is essential for cell cycle progression, apoptosis, and transformation,
and although MB I reduces c-Myc activity it is not as significant as MB 11
in regards to its effect on c-Myc function.2’ MB III regulates
transcriptional suppression and is a negative regulator of apoptosis.126
Further downstream in the central region of the protein is the final MYC
box, MB IV (figure 1.11). MB IV regulates c-Myc induced apoptosis,
transformation, DNA binding, and Gz arrest.127 Notably, the central region
1s also important as it contains the nuclear localisation sequence (NLS)
which tags c-Myc to be imported into the nucleus. The final domain is the
CTD which is essential for protein and DNA interactions, it contains a
basic region/helix-loop-helix/leucine zipper (bHLHLZ) which is mostly
unstructured. This region forms a heterodimer with MAX, a protein that
binds DNA, via its bHLHLZ site. The c¢-Myc and MAX heterodimer binds
to specific E-boxes with the consensus sequence 5°-CACGTG-3" which is
typically found in c-Myc activated genes.128129 Research suggested for
many years that MAX was essential for c-Myc’s biological function,
however in more recent times it has been demonstrated that c-Myc retains
significant biological activity without MAX.130 ¢-Myec is involved in many
different biological functions and is essential to many processes some of

which are briefly explored below.
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MYC transcription is an essential early growth response gene for cells to
enter the cell cycle.131.132 c-Myc levels have been demonstrated throughout
the cell cycle at differing levels (figure 1.13). Quiescent cells do not produce
detectable amounts of c¢-Myc but upon entering the cell cycle c-Myc
production rapidly increases (Go/G1 transition), following the surge c-Myc
production falls to a rate that persists throughout the cell cycle.?2 Evidence
suggest that c-Myc regulates cell cycle progression, and is required for Go-
S phase progression, via an array of genes including those involved in cell
cycle checkpoints.131.133,134¢ Multiple groups have demonstrated that c-Myc
downregulation is essential for exiting the cell cycle and initiating
differentiation.132.135136 Further research has also demonstrated that
c-Myc has initiates cell differentiation by upregulating miRNAs that target
differentiation genes.13” Another process linked to c-Myc driving the cell
cycle but also distinctly regulated is proliferation. c¢-Myc increases
proliferation and cell size by providing the cell with the resources to grow
and increasing rates of metabolism via a variety of targets.138-141
Furthermore, c-Myc regulation has been shown as essential for genomic
integrity and when this regulation is lost the gene is upregulated and
genetic instability is observed. c¢-Myc appears to be one system that
regulates cell cycle checkpoints this ensures that cells with damaged DNA
cannot continue to divide.l42143 ¢c-Myc is one of the many agents that
regulate apoptosis, in normal cells when c-Myc levels are elevated cellular
feedback relays this information triggering response mechanisms that lead
to apoptosis. c-Myc triggered apoptosis is related to cell type and
physiological status and thus acts as a regulation to ensure the cell is in
the correct environment.144-146 It has even been suggested that apoptosis
control is c¢-Myc’s default function.l4’7 Research demonstrates c-Myc
directly regulates angiogenesis, c-Myc expression is a requirement to
coordinate expression of angiogenic regulators. Thus, c-Myc acts as a

master regulator of angiogenesis.!48
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Figure 1.13: Schematic of c-Myc expression levels throughout the cell cycle. Adapted from
Alves et al. (2008, Figl)! and Lemaitre et al. (1996, Fig 8).2

Evidently, c-Myc i1s involved in multiple cellular processes and its
regulation is essential for many cellular processes. To summarise c-Myc is
a multifunctional transcription factor that regulates various cellular
processes including, cell cycle progression,49 cell proliferation,50 cell
differentiation,!3! genomic integrity,'51 apoptosis,46:147 angiogenesis,!5!
cell growth and metabolism52 all of which can explored in much more

detail in the referenced reviews (figure 1.10).

Even with the extensive research into c-Myc function the exact
mechanisms of many of these regulatory pathways are still being explored.
This exploration is essential to understanding normal cell functions and
unsurprisingly how dysregulation leads to disastrous effects in the cell

causing cancer.
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1.5.2 c-Myc, the Protein, and the Hallmarks of Cancer

It’s no surprise that c-Myc is tightly regulated in normal cells due to its
essential central role in normal cell homeostasis and disruption of this
pivotal cellular control has profound biological effects (figure 1.14).153
Evident by >70% of cancers have some form of c-Myc dysregulation and
this is associated with poor prognosis and low survival rates. c-Myc has
been shown to not only play a role in tumor initiation but also in tumor

maintenance showcasing the importance of its dysregulation in cancer.
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Figure 1.14: A summary of how cancer exploits c-Myc. Created with Biorender.com and

freepik.com.

Genomic instability has been shown to be linked to overexpression of c-Myc
by different pathways.143 One way this happens is by cells bypassing check
points in the cell cycle allowing damaged DNA to be passed onto daughter

cells such as, gene amplification!4? and rearrangement.143

Much of ¢-Myc research has demonstrated a pivotal role in proliferation

and apoptosis not only in normal cells but in cancer as well.131 The
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characteristic proliferation is attributed to promoting cells to advance from

Go to S phase of the cell cycle.133134

Multiple studies have documented that cells overexpressing c-Myc are
metabolically addicted and c-Myc can manipulate multiple pathways that
can feed this addiction.5415 [t is essential that cancer cells can control
metabolic activity to ensure a steady supply of building blocks and to
assemble these blocks into macromolecules so that the tumour can
continue to grow and multiply. c-Myc can alter metabolism via many

routes including glutaminolysis, glycolysis and lipid synthesis.156

Vasculogenesis and angiogenesis are two processes that develop new blood
cells, vasculogenesis forms entirely new blood vessels whereas
angiogenesis forms from pre-formed vessels via sprouting and splitting.157
These processes are essential for cancer growth and metastasis, supplying
oxygen, nutrients and growth factors via ample blood supply.157 c-Myc acts
as a master regulator of vasculogenic and angiogenic development during
tumor progression and loss of c¢-Myc impairs these processes in

Finally, it has been shown that c-Myc affects resisting radiation-induced
apoptosis, protection from radiation-induced DNA damages and even
promote radiation-induced DNA repair.160.161  Consequently, this
contributes to the low survival rates correlated with dysregulation of

c-Myc.161

The key point as demonstrated in figure 1.14 is that c-Myc has profound
biological effects in cancer. Evidently many cancers exploit c¢-Myc to
support abnormal growth. Making c-Myc a highly valuable drug target for
cancer treatments, which has led to decades of ¢c-Myc research. One would
have assumed c-Myc, being an oncogene, would be an ideal drug target
because generally inhibiting excessive activity is an easier approach then
restoring lost activity, meaning oncogenes are normally favoured drug
targets. However, this area has been extremely challenging. One reason

for this is because of the spectrum of cellular functions regulated by c¢-Myc
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Inactivation can negatively impact physiological functions and cause
undesirable side effects in normal cells.162 Although, there is evidence that
these effects may be tolerable. Another blockade is the “undruggable”
protein structure. The c-Myc protein lacks effective binding pockets due to
the protein being highly disordered and functions via protein-protein or
protein-DNA interactions which are difficult to disrupt with small
molecules. Finally, much of the dysregulation seen in cancers is not due to
the c-Myc gene but its upstream controls. Highlighting that the promoter

region of c-Myc could be a powerful cancer therapeutic target.

1.5.3 Regulation of MYC Promoter Structure and
Activity

MYC regulation needs to be stringent as it’s a pivotal regulator of multiple
cellular processes. One mechanism in which regulation is achieved is via
four promoter regions: Po, P1, P2, and Ps (figure 1.15).163 Interestingly, P:
and P2 account for ~25% and ~75% of MYC transcription and thus have
clear biological significance. Whereas, little is understood about the role of
the Po and Ps promoter regions. Another important regulatory component
is the multiple cis-elements. Interestingly, during transcription RNA
polymerase induces negative superhelicity which causes some cis elements
to form non-canonical structures.164165 [t is suggested their formation
reduces the stress on the DNA structure and have proposed roles effecting
transcription. For example, the far upstream element (FUSE) under
torsional stress forms a single-stranded formation which allows FUSE
binding protein (FBP) to bind and increase transcription. FBP-interacting
repressor (FIR) can interact with FBP and FUSE causing a conformational
change that reduces MYC expression to basal levels.166-168 Thus,
highlighting the importance of DNA structures in the promoter region of

MYC in regulating it’s transcriptional activity.
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Figure 1.15: Promoter structure of the MYC gene and location of the nuclease
hypersensitivity element (NHE). There are four promoter regions labelled P0-P3. The
location of the nuclease hypersensitivity element (NHE) III; is shown by an arrow. The

G-rich and C-rich strands. Created with Biorender.com.

In addition, the promoter region contains seven nuclease hypersensitive
elements (NHEs). Arguably, the most crucial and complex is NHE III;
(figure 1.15), regulating ~90% MYC transcription with multiple known
transcription factors: hnRNP K, CNBP, Sp1, Sp3, MAZ, hnRNP A1, MAZi,
TH-Zif-1, NM23-H2, and NSEP-1.1 NHE III; is composed of C-rich coding
strand capable of forming an i-motif structure and a G-rich noncoding
strand that can fold into a G-quadruplex and it is known that transcription
factors favour particular structures acting as additional regulatory

element (figure 1.15).169

1.5.4 NHE III: Regulation by Nonconical DNA

Structures

Leven suggested the NHE III; region may be the most complex of ¢-Myc,
although is this unsurprising for a region that controls such a large

percentage of MYC transcription.l63 If one thing is clear it is that such an
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important transcriptional regulator requires multiple mechanisms to
control transcription and ensure normal functioning. One mechanism of
control gaining increasing amounts of interest and research, is the

formation of the secondary DNA structures the G-quadruplex and i-motif.

Hurley and Yang have demonstrated that the NHE III; region can form
two different G-quadruplex structures, importantly their mutational
studies investigating effects on promoter activity via a luciferase assay
demonstrated that only the intramolecular parallel G-quadruplex appears
biologically relevant, which will be referred to as ¢c-MycG from here on.
Significantly, this study also demonstrated that destabilising ¢c-MycG led
to an increase of transcriptional activity. Suggesting that the formation of
c-MycG acts as a repressor to MYC transcription and so is an interesting
anti-cancer target.170.171 Therefore, one could reasonably suggest that
c-MycG stabilisers would supress MYC transcription. A well-known
G-quadruplex stabiliser, TMPyP4, has been shown to supress MYC
transcriptional activity.171172  This further establishes that the
G-quadruplex structure needs to be unfolded for MYC to become

transcriptionally active.

One proposed model of how this system works i1s that the unwinding of the
double stranded DNA during the initiation phase of transcription causes
negative superhelicity on the NHE III; region. This dynamic stress shifts
the equilibrium towards formation of the non-canonical structures, the
G-quadruplex on the purine-rich and i-motif on the pyrimidine-rich strand.
Thus, transcriptional activators such as CNBP and hnRNP K, which are
single-stranded DNA-binding proteins, are prevented from binding and

consequently transcription is not activated.170.171

Recent studies have also identified proteins that bind to ¢c-MycG to regulate
MYC transcription. In 2009 it was shown that nucleolin binds, facilitates,
and stabilises ¢c-MycG in vitro with high specificity.3! The same study also
identified that nucleolin binds to the NHE III; region in vivo using ChIP

assays and that overexpression of nucleolin repressed MYC activity in
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luciferase assays. Therefore, it’s reasonable to suggest from this evidence
that nucleolin induces ¢-MycG formation within the NHE III; region which
prevents transcriptional activators from binding and thus reduces MYC
expression. This theory has been supported by further studies.32 Another
protein that has become of interest is NM23-H2, which was shown to bind
the NHE III; region in 1993 and has since been found to bind to the purine
and pyrimidine single strands.173174 Florescence energy transfer
experiments have demonstrated that NM23-H2 binds and unfolds the
G-quadruplex within the NHE III; region. This is further supported by
luciferase reporter and ChIP assays which show MYC is activated by
NM23-H2 via an interaction with the G-quadruplex.1’> Meaning it looks
reasonable that NM23-H2 binds to ¢c-MycG and destabilises the structure
so 1t unfolds which leads to activation of MYC transcription. This is
another example that appears to support the proposed model above and
demonstrate that ¢c-MycG acts as a transcriptional switch. Consequently,

there is enormous interest in targeting c-MycG as powerful anti-cancer

drugs.32.176.177

All of this evidence makes focusing on the G-quadruplex very appealing.
However, MYC regulation is complex and to be able to have effective cancer
treatments we need to understand how the whole regulatory system works
including the i-motif capable of forming on pyrimidine strand, which will
be referred to as c-MycC throughout this thesis.!’® It was known that
different c-MycC variations could be formed within this region (table 1.1).
Hurley and Sun identified that the major ¢c-MycC form was a 6:2:6 loop
1somer sequenced for the 33 base sequence, will be referred to as ¢c-MycC33,
5-TCC-CCA-CCT-TCC-CCA-CCC-TCC-CCA-CCC-TCC-CCA-3'. However,
this loop formation for c-MycC was revised to 5:5:5 in 2016 with greater
footprinting resolution using the c-MycC52 oligonucleotide (figure 1.16).4
Notably, ¢c-MycC33 can also form the 5:5:5 formation, the difference being
the reduced lengths of the over hang on the 5’ becoming one nucleotide base

and the 3’ having no hangover (figure 1.16).
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Table 1.1: Sequences of ¢c-MycC27 and c-MycC52 oligonucleotides. The underlined DNA
bases in the c-MycC52 oligonucleotide shows the c-MycC27 sequence and the bold DNA
bases show the c-MycC33 sequence. All of these sequences are different lengths of

oligonucleotides taken from the MYC protomer region capable of forming an i-motif.

Name Sequence 5'-3’

c-MycC27  CCT-TCC-CCA-CCC-TCC-CCA-CCC-TCC-CCA

c-MycC33  TCC-CCA-CCT-TCC-CCA-CCC-TCC-CCA-CCC-TCC-CCA

c-MycC52  CTT-CTC-CCC-ACC-TTC-CCC-ACC-CTC-CCC-ACC-CTC-CCC-ATA-AGC-GCC-CCT-
CCC-G

Loop1l Loop3

*i/¢+ *} \J

Loop1 Loop3

A\ A 4

Loop 1 Loop3

Loop 1 Loop 3

6:2:6 6:2:6 5:5:5 5:5:5
c-Myc i-motif c-Myc i-motif ¢-Myc i-motif c-Myc i-motif
33 bases 52 bases 33 bases 52 bases

Figure 1.16: Proposed folding paiterns of the MYC i-motif from 2010 (6:2:6) and the
updated proposal in 2016 (5:5:5) for the oligonucleotide sequences that are 33 nucleotide
bases and 52 nucleotide bases in length determined my Hurley et al.3* Colouring scheme:

red is adenine, blue is thymine, green is guanine, yellow is cytosine.
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Researchers proposed c-MycC played a role in transcriptional regulation
long before 1-motifs were identified in cells.178 Since there has been a surge
of compelling evidence collaborating this view. Notably, that the MYC
promoter is under superhelical stress in vivo, a condition in which ¢c-MycC
has been demonstrated to fold near physiological pH.68165 Both of these
studies implied ¢c-MycC could form in vivo and suggested a potential role
in transcriptional regulation like c-MycG, with Leven’s suggesting
multiple DNA structures work in a dynamic equilibrium to regulate MYC
transcription.165 Interestingly, other studies had identified that BCLZ2’s
transcription regulation involves an i-motif and hairpin complex providing
support for i-motif’'s biological significance in promoter regions.86.107
Significantly, it was demonstrated that hnRNP LL binds to the lateral
loops of the BCL2 i-motif, unfolds it and initiates transcription, hnRNP LL
1s a member of the same family as the protein hnRNP K which is known to
bind to the C-rich strand of NHE III; of the MYC promoter region.
Although, it must be noted that hnRNP K is known to bind both ssDNA
and RNA. Further suggesting it is plausible that ¢c-MycC is involved in
regulating MYC expression, and making it more likely that hnRNP K
binds to c-MycC directly which was conjectured as early as 2000.11> It took
until 2016 to demonstrate that hnRNP K binds to the i-motif structure in

the MYC promoter region.4

hnRNP K has three K homology (KH) domains which recognise the
sequence consensus 5'-C-C-C/T-T-3';166 each of the three loops in the 5:5:5
formation of c-MycC contains 5'-CCTT-3' in loop 1 and 5'-CCCT-3' in loops
2 and 3 (figure 1.16). It has been demonstrated that two of the KH domains
bind to two of the loops, with the following binding preference
Loop3>loop2>loop1, leading to low levels of transcription activation. To
achieve maximal activation it has been demonstrated that negative
superhelicity and two additional cytosine tracts, located seven bases
downstream of the i-motif forming region, are required, shown in the
52-base oligonucleotide sequence with the 5:5:5 loops in figure 1.16.4 Which

cooperates with a mutational study that identified all eight cytosine runs
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are required for maximal transcriptional activation of P1 and P2.7 This
sequence will be referred to as ¢c-MycC52, it is composed of 52 bases and
can form a 5:5:5 loop isomer with a 16 base hangover on the 3’ end, 5'-CTT-
CTC-CCC-ACC-TTC-CCC-ACC-CTC-CCC-ACC-CTC-CCC-ATA-AGC-

GCC-CCT-CCC-G-3'. c¢-MycCh2 achieves maximum transcriptional
activation because hnRNP K recognises the 5'-C-C-C/T-T-3' sequence in
the loops and two of it’s KH domains bind, and due to the i-motif being
more conformationally constraining than ssDNA the final CT element can

be accessed by the final KH domain (figure 1.17).4

Za\Y2 Promoter YZ,\"Z,

(? hnRNP K binding site 3 :
- ) which can only be *
= o1, Transcription Off accessed in an unfolded
P structure ?, b9 hnRNP K
{E v binding site 1
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Figure 1.17: Proposed scheme for the control of MYC expression through the i-motif
forming region in the NHE III;. a) Proposed scheme for maximal transcriptional activation
where hnRNP K binds to two of KH domains within the i-motif loops and due to
conformational constraint the i-motif is unfolded and the additional KH domain is bound
to forming a thermodynamically stable complex. b) An example schematic of the 52-base
oligonucleotide sequence of the i-motif forming region within NHE III; and the KH
domains, notably loop 1 is also be a KH domain but hnRNP K only binds to two i-motif
KH domains within the loop region and one in the tail, it could bind loop 1 but this is the

least favourable loop. Created with BioRender.com
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This research highlights that ¢c-MycG and ¢-MycC are mutually exclusive
and the transcription factors that recognise these structures dictate
activation or silencing of MYC transcription. Evidently these sister
structures carry out regulatory roles in NHE III;. Therefore, to fully
understand the regulation by NHE III; the pyrimidine and purine strand
needs to be considered. This dual-stranded system opens up the possibility
of therapeutic avenues to explore targeting both structures. To begin to
explore this a clearer understanding of how these regulatory structures

function individually and as a system as a whole.

1.5.5 Targeting the i-Motif Structure in NHE III;

The 1-motif field have begun to explore targeting c-MycC as a prospective
target for cancer therapeutics. One group has identified B19, an acridone
derivative (figure 1.18), which selectively binds and stabilises ¢c-MycC.82
They further demonstrated that when B19 is used in cells it can down-
regulate MYC transcription and can cause apoptosis in cancer cells. This
work is an interesting avenue for c-MycC anti-cancer drugs. However, this
study used a 27-base oligonucleotide version of the i-motif forming region
in the MYC promoter, which will be referred to throughout this thesis as
c-MycC27, which cannot form the 5:5:5 loop structure that Hurley’s group
have demonstrated hnRNP K binds to.4 Yet the i-motif structure can form
a 5'-C-C-C/T-T-3' sequence in loop 2, which has a similar loop to that of
loop 3 in the ¢c-MycC52 5:5:5 formation (figure 1.19). However, it has not
been demonstrated where this compound binds and so the mechanism

causing the downregulation of MYC is not determined.
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Figure 1.18: Structures of MYC i-motif ligands that affect MYC transcription in cells: B19
and 3be and a9.
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Figure 1.19: Proposed folding patterns of the MYC 52-base oligonucleotide sequence and a
variation of of the MYC 27-base oligonucleotide variation with loops labelled and loop
ratios determined. Colouring scheme: red is adenine, blue is thymine, green is guanine,

yellow is cytosine.

Another group has also identified a ¢-MycC33 specific compound using an
in situ approach using nanotemplates called 3be, a triazole compound
(figure 1.18).5 The use of c-MycC33 as the target should translate well in
vivo as this sequence forms the 5:5:5 structure that is required for maximal
transcription (figure 1.16). Cell cytotoxicity studies identified that 3be
inhibits cell proliferation in the cancer cell lines (HeLa, A549, and B95.8)
and is minimally toxic in the normal cell line NKE. It was also identified
that 3be enters the cell nucleus and causes apoptosis in a dose dependent

manner in Hel.a cells.6
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A bisacridine derivative, a9, has been demonstrated to bind c-MycC and
c-MycG and stabilises both structures (figure 1.18).87 The cytotoxicity
studies were carried out in multiple different cancer cells lines and
demonstrated varied ICso (half maximal inhibitory concentration) values
from 0.15 pM to 1.22 uM. It was further demonstrated that in SiHa cells

a9 caused a decrease of MYC transcription.8?

Evidently, there is limited research on c¢-MycC specific ligands as drug
targets, however studies so far and the successes of G-quadruplex ligands

entering clinical trials make this exploration look promising.17®

1.6 Techniques to Develop and Investigate

i-Motif Binding Probes Used in this Thesis

Multiple techniques can be used in the process that identifies i-motif
binding probes. The choice depends on the nature of the probe as well as
the conditions required. Generally, it is best practice to use a multitude of
techniques. The following provides a brief introduction to the procedures

used in this thesis.

1.6.1 Phage Display Technology

Phage display technology utilises bacteriophages, commonly referred to as
phage, as vectors to display a protein of interest on their surface (figure
1.20). Phage display was developed by George Smith in 1985180 and the
2018 Nobel Prize in Chemistry was awarded jointly to George P. Smith and
Sir Gregory P. Winter for the phage display of peptides and antibodies.
Phage display was developed as a simple, efficient technology using
filamentous phage to screen and identify specific ligand interactions with

a molecular target. Phage display saw an eruption of scientific interest
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after George Smith’s 1988 publication establishing the use of phage to
produce large libraries for exploration of protein-protein, protein-peptide,
and protein-DNA interactions.!8! Phage display has multiple applications
including drug discovery, cancer research, and identifying DNA binding
ligands. Phage display has demonstrated its potential in discovering high
affinity-binding ligands to molecular targets and i1s a continually
advancing field.182 Hence, this 1s a powerful technique to identify probes

for secondary DNA structures.

Gene encoding for a protein
of interest inserted into

Protein of interest phage coat protein DNA

displayed on the surface

\

\ Phage DNA

Phage coat
protein

Figure 1.20: Illustration of an M13 phage that has the genetic information of a protein on
interest, shown in pink, inserted into the phage DNA encoding for a coat protein. The
protein of interest is shown as a pink square attached to an M13 coat protein. Created with

BioRender.com.

1.6.1.1 Introduction to Bacteriophages

Phage display is a useful screening mechanism as the phenotype and
genotype of the phage are physically linked (figure 1.20). Meaning that
foreign DNA can be inserted into the ssDNA that makes up the phage
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genome and the peptides or proteins coded for by the foreign DNA are then

expressed in fusion with the phage coat protein.

There are 6 basic morphological phage groups (figure 1.21), in the interest
of phage display the main phage of interest are DNA containing
filamentous and hexagonal head-tail phage that can infect the model
organism FE. coli.183-185 Those utilising phage display frequently use
F-specific filamentous phage (M13, 1, and fd) although the following head-
tail phage, T4, T7, and A have also been used. Importantly, these phage
exploit different reproductive cycles. Filamentous phage use the lysogenic
life cycle which doesn’t cause lysis or death of host cells whereas the head-
tail phage reproduce via the lytic lifecycle and cause lysis and thus death
of their hosts. The use of filamentous phages is more applicable because
they don’t cause lysis of host cells. For the research in this thesis the
filamentous phage M13 was used as it is a better characterised phage

display system and meets the criteria of the study.

seses

Figure 1.21: The 6 basic morphological types of bacteriophages. a) This is the most complex
phage morphology. The shape is a hexagonal head with a tail and a contractile sheath that
permits contraction of the tail. b) The shape is similar to a with hexagonal head and tail,
however the tail in non-contractible. c¢) A hexagonal head with a short non-contractible tail
d) A hexagonal head with either a large knob or capsomere on each apex. e) A hexagonal

head. f) Long flexible filament with no attachments.
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1.6.1.2 M13 Bacteriophage, Structure, and Life Cycle

M13 bacteriophage are rod shaped filamentous phage part of the Ff family
(figure 1.22), which also includes f1 and fd phage.186 All Ff phage are F
(male) specific and infect gram negative bacteria such as E. coli. M13 are
composed of a nucleoprotein that is ~900 nm in length and 6-7 nm width
which encloses supercoiled, circular, ssDNA genome of 6407 bp that
encodes for 11 proteins (figure 1.22). Where gene I (gl) encodes protein I
(pI) and gII encode pll and so on. The proteins are organised into three
classes: proteins involved in replication (pIlI, pV, and pX), morphogenic
proteins required for assembly and secretion (pI, pIV, and pXI), and
structural coat proteins (pIII, pVI, pVII, pVIII, and pIX).186.187
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Figure 1.22: Filamentous phage M13 structure and genome. Created with BioRender.com.

The structural coat proteins are further grouped as the major coat protein,
pVIII, and the minor coat proteins which are plIl, pVI, pVII, and pIX.
There are 2700 copies of the major coat protein, pVIII, which is located

along the lengths of the structure.186.187 The coat proteins are largely
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a-helical. The helices of pVIII extend in an axial direction and overlap
producing a hollow rod that encloses the DNA. Amino acid residues that
make up the a-helix are orientated so that the acidic residues extend in an
axial direct and overlap interact with its external environment and the
basic residues protrude internally neutralising the phosphate backbone of
the DNA.188-190 Whilst there are only 3 to 5 copies of each of the minor coat
proteins that are located at the ends of M13. One end of the phage
expresses plIl, and pVI which form an adsorption complex that exposes
plIl on the phage exterior to recognise the F pilus.!86 Furthermore,
alteration of pIII accommodates different sizes of DNA by increasing the
length of M13 but not affecting the width, this contributes to the observed
flexibility of M13.191 On the other end of the phage structure is pVII, and
pIX and this end initiates assembly of the phage in the membrane of the
host.186 The minor coat proteins are essential for initiating entry of M13
into the host, mediating phage assembly, and formation of pore complexes
to export the phage from the host cell.192 The reproductive cycle of M13 is
known as the lysogenic cycle and do not lyse infected cells, but instead uses
the host cell machinery to continually produce phage which are
subsequently exported through the cell membrane. The reproductive cycle

relies on pllII-F pilus binding through recombinant expression.193.194

1.6.1.3 Construction of Phage Display Libraries

Recombinant polypeptide libraries can be constructed by different
approaches that either introduce random mutations or produce defined
libraries by using synthetic DNA.19 Oligonucleotide-directed mutagenesis
is frequently used to introduce mutations into genes where the position is

controlled.

There are 20 different natural amino acids so when randomising n amino

acids the different possible peptide sequences are 207, thus one can produce
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a very diverse library.19 Generally solid phase DNA synthesis is used to
produce randomised mutations, by using equimolar concentrations of the
four nucleotides. However, this does cause a bias towards certain amino
acids as the 64 natural codons code for the 20 amino acids and stop codons
(there are 61 sense codons and three stop codons). Therefore, there is bias
towards certain amino acids and stop codons prevent biosynthesis when
inserted into the phage, subsequently the virion is uninfective. For
randomised positions, relative representations of each amino acid can be
improved by limiting the third position of each codon to G or T (to equal A
or C on the synthetic library oligonucleotide).197 Although this does not
account for the disproportional abundance of amino acids seen as it is not

proportional to the number of possible codons.195,196

1.6.1.4 Phage Display Method

Phage display is based on a phenotypic and genotypic link which leads to
presentations of peptide/protein libraries on the phage surface.19 This
technology is used to create libraries with 106-1011 different ligand
populations in a population of at least 1012 phage virions. Phage display is
a biopanning method is based on repeating cycles of binding, washing,

elution, and amplification as shown in figure 1.23.
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Figure 1.23: Generic phage display selection procedure where an i-motif is the target
molecule of interest. The plate is coated with streptavidin, shown by grey crosses, so that
the i-motif can bind via biotin, which is depicted as a blue ball. The first step is binding of
the phage to the target molecule, followed by washing to remove non-binders and elution
to obtain the phage with an affinity for the target molecule. The phage in the elution are
amplified and then can be analysed or go into a further round of biopanning. Created with

BioRender.com.

Phage display has multiple advantages in identifying target-binding
peptides/proteins, the key being it can identify specific target-binding
probes from a library of millions of different probes at once.197 Making it
possible to screen billions of probes weekly. Another advantage is that

libraries can be created focusing on known epitopes that bind the target
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molecule to identify better probes for example greater binding affinity or
greater specificity.19® Using peptides have even further advantages
including ease of synthesis, structural simplicity, small molecular size,
easy to amplify without replicative interferance, the process is easy, there
are protocols in use in many forms, low cost, and more likely to readily
diffuse such as into the nucleus than larger biomolecules.19® The
limitations of phage display include that probes identified can have low
affinities, library construction is time consuming and commercial libraries
are costly and not based off previously known binders so are likely to have
lower binding affinities. Furthermore, this system has a replication bias
which will affect the amino acids selected for the sequence making the
process less random when constructing random libraries, and the
prokaryotic machinery of the bacteria are unable to make crucial post-
translational modifications.197.200 To conclude, phage display can be a
powerful technique to rapidly screen to identify specific interactions for a

molecular target.

1.6.1.5 The Scope of Phage Display Applications

Phage are exploited for phage display for an array of reasons, including
that their genotype and phenotype are linked, they are stable under a
spectrum of conditions including across temperatures and pH, and loss of
infectivity from insertion of foreign DNA can be avoided.2! Filamentous
phage are advantageous as cloning vectors and for the display of
peptides/proteins compared to other phage. Including length flexibility
that allows altered genome lengths, the N-terminus of pllIl is easily
accessible making the plIl gene an ideal target for insertion of
peptides/proteins, insertions in non-essential regions do not disrupt
packaging, and their genome can be either ssSDNA or dsDNA.201 Thus it is
unsurprising phage display is utilised across multiple fields and is

frequently used in drug discovery.29:191,202
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1.6.1.6 Phage Display and Higher Order DNA Structures

As interest in higher order DNA structures and functions increases, the
importance of specific probes grows. Once the probe is developed it can be
exploited in various procedures including investigating where, when, and
under what conditions these structures are forming in cells. Thus,
providing potential biological functions that can be further investigated

where opportunities for further use of the probes can arise.

At the time of writing there were limited published applications of phage
display to identify probes specific for secondary DNA structures: Z-DNA,203
G-quadruplexes,29:204¢ and i-motif® structures. There were more instances
of phage display being used to find ligands for DNA and RNA, although to
a much smaller extent than in other fields such as drug discovery.205-208
These  studies used phage display to identify  specific
antibodies/proteins/peptides that bound to DNA/RNA for a variety of
reasons. One of which was to investigate RNA-protein interactions that
naturally occur whereas another was investigating specific antibody
probes for RNA which could be developed as diagnostic tools or
therapeutics to treat disease.20”7 Even though the aims of these studies
were different the principles and general method of phage display
remained the same. Evidently it is plausible that this could be a powerful

technique for identifying probes for secondary DNA structures.

The research that identified antibodies specific for Z-DNA were not
actually looking for a probe to investigate Z-DNA, but rather a method to
produce anti-Z-DNA antibodies for autoimmune studies.293 Nevertheless,
they demonstrated that using biotinylated Z-DNA as a target in phage
display bound to particles being displayed on the anti-Z-DNA antibodies.
Therefore, demonstrating that phage display can be used to identify amino

acid residues interacting with nucleic acids.
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The antibody probes for G-quadruplex and i-motif structures were
achieved using phage display to identify the probes and further techniques
to validate binding.29.94 The antibody probe for G-quadruplexes, BG4, was
one of the antibodies selected after 2 rounds of biopanning, then screened,
and had their binding validated and affinity assessed by ELISA before cell
culture experiments were carried out.?? Identification of iMab, the
antibody that binds to the i-motif, was identified in a similar manner but
from three rounds of biopanning.%¢ This study shows that phage display
works at acidic pH and could be an excellent method to explore i-motif

binding peptides.

Balasubramanian, whose lab identified the G-quadruplex antibodies,29.209
has also investigated the binding of zinc fingers to G-quadruplex using
phage display as a display strategy. Zinc fingers are a protein motif that
resemble the shape of a fingers with a Zn2* ion stabilising the folded
secondary structure. Their biological function has a wide scope and their
Cys2His2 domains are known to bind to DNA and RNA via recognition of
specific nucleotide triplets.210 Due to the ability of zinc fingers to recognise
and bind specifically to DNA with high affinity and the success and
promise of its use for dsDNA2!l it was investigated as a probe for
G-quadruplexes in 2000.294 Choo et al. demonstrated that zinc finger
proteins can bind to G-quadruplexes, such as protein Gql, and those that
did had strong amino acid consensus suggesting similar binding modes.
Their binding modes were explored using enzyme-linked immunosorbent
assay (ELISA) and gel mobility shift assays and showed sequence and
structure specificity,20* meaning these proteins are excellent candidates as
secondary DNA structure probes. Gql has been further investigated to
identify how it recognises G-quadruplexes, which has identified which
fingers of Gql can be modified without impaired recognition of
G-quadruplexes or loss of discrimination of other DNA structures.212
Therefore, investigating zinc fingers is a promising avenue for identifying

probes that bind to DNA structures and could provide some structural
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insights on which nucleic bases probes are important for specific

interactions.

However, there are still limited probes available for higher order DNA
structures and the probes available generally lack specificity. For example,
it has recently been shown that the commercially used G4 small molecules
also bind 1-motifs.” Notably, the G-quadruplex binding proteins discussed
above that were identified using phage display did not use i-motif DNA as
competitor during the phage display rounds and data showing they don’t
bind i-motif was not presented.?* Due to the binding of the “specific”
G-quadruplex small molecules to i-motif DNA these proteins cannot be
classified as G-quadruplex specific until tested against i-motif DNA. For
example, the antibody fragment iMab was tested against G-quadruplexes
as well as B-DNA to demonstrate that it selectively binds i-motif DNA.94
However, iMab cannot differentiate between different i-motif sequences
and specificity between i-motifs is generally lacked across the field.
Highlighting the need for further probes which can be achieved by phage
display.

1.6.2 Fluorescence Indicator Displacement (FID) Assay

Fluorescence indicator displacement (FID) assay is a biophysical assay
that can detect binding of ligands to DNA structures. They fundamentally
require an indicator which has optical properties that are modulated by
reversible, non-covalent binding (figure 1.24). The indictor is initially
unbound free in solution giving off no optical signal. When in the presence
of the target the indicator-target complex causes the indictor to produce a
fluorescent signal that is detected. Then addition of a competitor analyte
1s added to solution and if this analyte displaces the indicator then the

indicator is free in solution and giving off no fluorescent signal. Therefore,

53| Page



a reduction in fluorescent signal is directly related to displacement of the

indictor from the target.

A

Free Analyte

Free Indicator \ )
\ Free Indicator

Free Target Target-Indicator Target-Analyte
complex complex

Figure 1.24: Schematic of fluorescence indicator displacement assay steps. Where there is
a fluorescence molecule referred to as indictor which is only fluorescent upon binding to
the target but not when free in solution. The target-indicator complex fluoresces but when
a competitive analyte displaces the indictor to form a target-analyte complex the indicator

is free in solution again and not fluorescence.

Thus, FID relies on the fluorescent enhancement of a probe upon binding
a DNA structure and the selection of that probe is important for assay
development. For i-motif studies Thiazole orange (TO) was identified as
the best probe by the Waller group (figure 1.25). TO was selected as it is
commercially available, can be used to assess binding against diverse DNA
structures, gave significant fluorescence enhancement with the i-motif
forming sequence in the human telomere (hTeloC) which this assay was
developed with, TO demonstrated a strong enough binding to observe good
fluorescence signal but weak enough to be displaced by a competitor
analyte, low micromolar dissociation constant, could be used at acidic pH
(essential for i-motif work as the structures are stabilised by acidic pH),
structural circular dichroism studies showed that TO didn’t affect the

structure of hTeloC.85 Since, TO has been used to carry out competitive
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assays searching for i-motif ligands.213 When developing this method it is
essential that TO equilibrates with the DNA structure first so that the
fluorescence is at a steady state to obtain maximum fluorescence. Once this
1s achieved competitor analytes can be added, where a decrease in

fluorescence demonstrates TO displacement by competitor analytes.

Figure 1.25: Structure of Thiazole orange.

FID assays are advantageous as they permit sensitive and quantitative
detection, are relatively cheap and fast to perform. Furthermore, FID
doesn’t require site-specific labelling like other commonly used
fluorescence-based methods in the non-canonical DNA structures field
such as Forster resonance energy transfer (FRET). Additionally, it
requires small quantities of material in comparison to other biophysical
techniques used in the field including isothermal titration calorimetry
(ITC), surface plasmon resonance (SPR), and nuclear magnetic resonance
(NMR) spectroscopy.214 Thus, making FID an ideal technique for high
throughput studies. While FID is an excellent choice for an initial high
throughput study to evaluate binding of analytes to DNA structures
obtained data is limited and there are drawbacks. One drawback of the
technique is that for the binding of the competitor analyte to the DNA to
be detected the competitor analyte must displace the indicator molecule. It
1s possible the competitor analyte binds at a different binding site on the
target which doesn’t cause displacement of the indicator molecule and thus
these analytes, although binding, are not detectable with this assay.
Additionally, whilst an excellent technique for rapidly collecting data the

obtainable data is limited to percentage displacement, and the DCso, the
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concentration at which 50% of the indicator is displaced. Whereas other
techniques enabling measuring of binding constants, binding epitopes, and
kinetic parameters. Moreover, FID needs to be optimised and
interpretation of results requires a specialist to ensure high quality and
reliable method of screening.214 Nonetheless, FID is an excellent high-
throughput screening method to identify analytes that bind to your target

from large libraries.

1.6.3 Ultraviolet (UV) Spectroscopy

Ultraviolet (UV) spectroscopy is a widely used analytical technique within
multiple fields. Absorption of UV light by molecules causes electronic
transitions. An energy transfer occurs that that excites electrons which
causes those in lower energy orbitals excited into higher energy orbitals.
The absorbance is then plotted against the wavelength of light to produce
a spectrum.2> UV spectroscopy 1s a useful way to determine DNA and
peptide concentration. To do this the UV absorbance at a particular
wavelength is converted to protein concentration using the Beer-Lambert

law:
A=€cl

Equation 1.1: Beer-Lambert law where A is absorbance, £ the molar coefficient, M-1ecm-1, ¢

1s the concentration, and 1 is the path length of the cuvette in cm.

Where A stands for absorbance, ¢ is the molar extinction coefficient, M-1
cm-l, ¢ is the concentration, and 1is the path length of the cuvette in ¢m.216
Peptide absorbance is most accurately read at 280 nm, which is the
wavelength at which tryptophan and tyrosine absorb. It is commonly
stated that peptides without tryptophan or tyrosine cannot have their
concentration determined accurately by UV spectroscopy. The Nick Anthis’

Protein Parameter Calculator permits determination of peptide
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concentration using absorbance at 205 nm, although it will not be as
accurate as using absorbance at 280 nm due to the added interference at
the smaller wavelength.217 This calculator also provides the molar

extinction coefficient.

It should be mentioned that working within the i-motif field that UV
spectroscopy is widely used to monitor nucleic acid folding and unfolding
in solution although not utilised for this thesis. There are characteristic
spectrums for different DNA structures due to hydrogen bonds and base
stacking in the structure, although spectral changes are not fully
understood they are sensitive enough to the base environment to

determine changes in DNA structures.218

1.6.4 Circular Dichroism (CD) Spectroscopy

Circular dichroism (CD) is a light absorption spectroscopy based on the
differential absorption of circularly polarised light which identifies
characteristic signals related to the difference of absorption of left- and
right-circular polarised light (figure 1.26). The main unit used for circular

dichroism is ellipticity.219

Figure 1.26: 2D (left) and 3D (right) schematics of circular polarised light. Created with

BioRender.com.

CD uses a light source that is passed through a filter wheel to form
monochromatic light which is light that is a single frequency.220.221 The
monochromatic light is passed through a plane polariser which only allows
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light through which has waves with vibrations in only one direction, the
same direction as the polarising filter, meaning there 1is one
electromagnetic plane wave. This light is then passed through a circular
polariser to make the light circularly polarised, meaning there is now two
perpendicular electromagnetic plane waves which are 90°¢ difference in
phase but the same amplitude. The circular polarised light then passes
through a sample and is absorbed by the sample and transmitted light is
transmitted to the detector which creates a circular dichroism spectrum
(figure 1.27). When the sample absorbs the left and right circularised light
optically active molecules absorb the left- and right-circular polarised light

differentially and this produces a CD spectrum

Circular Dichroism
Machine
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Light Source  Monochromator Linear Circular Samplein  Detector
Polariser Polariser Cuvette

Figure 1.27: Schematic of the process of circular dichroism from the light source to the
detector. Light leaves the light source and travels through a filter wheel to get
monochromatic light. The monochromatic light is passed through a plane polariser to give
one electromagnetic plane wave and is then passed through a circular polariser to make
the light circular polarised, where there are two perpendicular electromagnetic plane
waves that are 90° out of plane. The circular polarised light is absorbed by a sample and

transmitted light is detected by the detector. Created with BioRender.com.

CD is used for rapid structural studies and has many applications that
arise from 1its sensitivity to different conformational states of

macromolecules such as proteins and DNA.222.223 CD can determine effects
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of mutations, environment such as temperature and pH, and the presence
of ligands on macromolecules structures. Additionally, CD is also utilised
to investigate macromolecule stability, folding, ligand binding, and

characterisation studies.

The application of CD to monitor peptide structures is possible due to the
optical activity of the Cq carbon chirality in all amino acids except
glycine.22¢ The spectral region 170-250 nm is dominated by the peptide
backbone and is used to estimate protein secondary structure.225
Therefore, the choice of buffers is limited due to the required lower
wavelength generally potassium/sodium phosphate or fluoride buffers are
used as they can go to 185 nm. Quartz glass is also essential to go down to
the lower wavelength limit.223 The accuracy of CD, compared to X-ray
structures, 1s ~97% for a-helix structure, ~75% for a B-sheet, and ~50% for
B-turns.226 The characteristic spectra for a-helix, B-sheet, and random coil
are in (figure 1.28).5 These reference spectrums are very useful for
analysing protein structure CD spectrums however the exact reference
spectra for different secondary structure types are not identical. Therefore,
servers are available, such as DichroWeb, which analyse experimental
data and provide a percentage of the different structures present based in

a database of proteins known structures.227-229
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Structure minimum or
Element maximum
(nm)
a-helix Positive 190-195
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Figure 1.28: Graph illustrating the reference circular dichroism spectrums of a-helix, (-
sheet, and random coils (left) with a table listing the characteristic references (right). Data

was obtained from Fasman et al.’

The application of CD spectroscopy to DNA structures is possible due to
three different factors which are asymmetry of the sugar moity, relative
base-stacking geometry, and helical positioning of the base pairs.230 The
spectral region 200-320 nm is used to monitor DNA structures. Therefore,
there is a greater range of buffers that can be used for DNA studies than
compared with reading peptide structures as the shorter wavelengths are
not required. Different DNA structures have characteristic CD spectrums
which can be used as reference spectrums to determine the DNA structure,
although exact positions and amplitudes of CD bands to differ due to
sequences even if the secondary structure is the same due to the three
factors stated previously (figure 1.29). Where B-DNA has a strong positive
band between 260-280 nm and a negative band at 245 nm,231 the i-motif
has a dominant positive band at 288 nm and a negative peak at 267 nm,115
parallel G-quadruplex structures have a dominant positive peak at 260
nm, and a positive peak at 210 nm, and the anti-parallel G-quadruplex has
a negative band at 260 nm, a positive band at 290 nm, and a positive band

at 210 nm.232 CD is commonly used within the alternative DNA structure
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field to determine the structure of different oligonucleotides in different

conditions and monitor the effects when ligands are bound.

Secondary Signal Position of
DNA Structure minimum or
maximum
(nm)
B-DNA Positive, Long  260-280
Negative 245
i-Motif Positive, 290
dominant
Negative 267
Parallel Positive, 260
v G-quadruplex dominant
27 o paralll & quadriplox .
16+ Positive 210
g 2 Anti-parallel  Negative 260
é : G-quadruplex
5o — Positive 290
: . . . . . Positive 210
240 260 280 300 320

Wavelength (nm)

Figure 1.29: Graph illustrating the reference circular dichroism spectrums of B-DNA,
i-motif, parallel G-quadruplex, and an anti-parallel G-quadruplex (left) with a table
listing the characteristic references (right). Data for the anti-parallel G-quadruplex was

provided by Carlos Gamez Alvarez, a colleague in the Waller lab.

CD melting experiments can also be performed to gain further information
on the thermal stability of the structure in various conditions including the
presence of different ligands. CD melting is a method in which the
temperature of a sample is gradually increased, and the CD spectrum is
recorded at intervals throughout, at the lower temperature the DNA
structure will be folded and at the higher temperature it will be melted
and thus unfolded. The temperature at which this melting occurs depends

on stability. Therefore, CD melting experiments can be used to monitor the
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change in melting temperature (ATm) in different conditions and identify

stabilising (positive ATm) or destabilising (negative ATm) conditions.

Using CD for peptide or DNA secondary structure analysis is
advantageous as 1t 1s very sensitive which permits using low
concentrations of DNA or peptides and can lengthen cuvette width to lower
concentrations further. Which is particularly advantageous if studying
samples with poor solubility such as long DNA structures or
environmental conditions which tend to cause structures to aggregate for
example high salt conditions. Additionally, it can be used to study a large
variety of DNA or peptide lengths investigating short and long
oligonucleotides and amino acid sequences and so it can be utilised for
investigating structures of most sequences. Furthermore, CD can be used
to explore the effect of titrating various agents and ligands into the sample
of DNA or peptide to explore the effect of them on the structure, which is
useful for understanding environmental and ligand induced changes. In
comparison to other conformational analysis techniques CD is fast and
relatively inexpensive once you have the equipment. Although, as with any
technique there are limitations such as a lack of atomic level structure
analysis. Finally, CD spectroscopy cannot be used to provide definitive
structural data without complementary conformational analysis.
Nonetheless, CD is an excellent technique for determining secondary
structural elements of peptides and oligonucleotides and the effects of

different conditions on these very quickly.

1.6.5 Surface Plasmon Resonance (SPR)

Surface plasmon resonance (SPR) is a powerful optical detection technique
that allows real-time, label-free detection of biomolecular interactions.233
This technology can be used to determine binding affinities and kinetics.

SPR happens when polarised light strikes an electrical conductor, such as
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gold, at the interface between two media. This causes electron charge
density waves, known as plasmons, to resonance as the light is absorbed
by delocalised electrons in the metal surface causing them to resonate,
these resonating electrons are very sensitive to their environment which
causes changes in the intensity of light reflected at the specific angle which

1s proportional to the mass on the metal surface (figure 1.30).
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Figure 1.30: Schematic of how the optical technique surface plasmon resonance works.
Where polarised light from a source strikes a mental conducting sensor, causing plasmons

to resonant, causing a change in intensity of light reflected at a single angle.

The application of SPR to monitor DNA-ligand interactions is a popular
method within the non-canonical DNA structures field.23¢ The most
frequently used immobilisation method of G-quadruplexes and i-motif
DNA in the literature to evaluate interactions is by biotinylating the 5'-
end of the oligonucleotide. This permits usual folding of the oligonucleotide
structures, although care must still be taken as modifications can cause
steric hinderance.234235 Therefore, as the target DNA will be biotinylated
a streptavidin or neutravidin coated gold sensor chip is used for SPR
studies to immobilise the DNA. The polarised light source passes through
a prism and is reflected off the surface of the chip opposite the ligand
immobilised (this is the glass side with no coatings) and into a detector as
shown in figure 1.31. As ligands of interest (analytes) are passed over the

surface of the chip in solution the analytes bind to the DNA immobilised
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on the chip. Causing a change in the angle of reflected light, the change in
this angle 1s proportional to the mass of analyte bound allowing

biomolecular interactions to be recorded (figure 1.31).
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Figure 1.31: Schematic of how surface plasmon resonance works. Where polarised light
from a source strikes a mental conducting sensor, causing plasmons to resonant, causing
a change in intensity of light reflected at a single angle. Where the angle is directly linked
to the mass of the surface of the chip. a) Demonstrates the angle of resonance and
sensorgram when no ligand is bound. b) Demonstrates the angle of resonance and
sensorgram when a ligand is bound, showing a change in resonance angle and a shift of

the sensorgram indicated by blue arrows.
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Utilising SPR technology for monitoring DNA-ligand interactions are
advantageous as the it has high sensitivity permitting the use of low
concentrations of DNA and ligand samples.23¢ Which is especially
advantageous for studying samples with poor solubility or environment
conditions that cause aggregation as mentioned in chapter 1.6.4. In
addition, SPR is time efficient, and data is collected in real-time. However,
there are some disadvantages to be aware of including sophisticated and
expensive equipment, use of labelling which can cause steric hinderance,
immobilisation of the target which could disrupt interactions, and a high
dependence on experimental conditions makes it difficult to compare
results between different studies. Furthermore, maintaining different
secondary DNA structures after immobilisation onto the chip is required
and so storage conditions are extremely important.236 Finally, there are
drawbacks of using DMSO in the SPR system as it has a high-refractive
index which can introduce significant error in SPR determinations and so
calibrations are carried out to reduce this but DMSO free samples are
preferred.237 Overall, SPR is an excellent technique for obtaining binding

affinity and kinetic data when studying DNA-ligand interactions.

1.6.6 Tetrazolium Dye Colorimetric Assay to Assess Cell

Cytotoxicity

Tetrazolium dyes are colorimetric assays used to monitoring cell metabolic
activity, reflecting the number of viable cells present.238 Viable cells can
reduce tetrazolium dyes using NAD(P)H-dependent oxidoreductase
enzymes which causes a colour change that can be detected by a plate
reader to determine absorbance at a particular wavelength. One common
example is the MTT assay, where a yellow tetrazolium salt, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide known as MTT, is
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reduced to an insoluble formazan which is a purple colour and quantified
by measuring absorbance at 500-600 nm. The darker the purple coloured
solution the greater number of viable, metabolically active cells are present
(figsure 1.32). MTT assays can be used for multiple purposes including
quantification of cell growth and viability,23® measuring cell

proliferation,?38 measuring cytotoxicity,240 and to study cell activation.24!

CH, CHy >
MTT Formazan

a) b) Decreasing number of cells per well

Figure 1.32. Metabolism of MTT to formazan salt by NAD(P)H-dependent oxidoreductase
enzymes in viable cells. a) The chemical reaction b) The colour change seen in a 96 well

plate with decreasing amounts of viable cells created with Biorender.com.

MTT is the gold standard for cytotoxicity testing, and it is suitable for high-
throughput screening due to ease and rapidness of the assay which are
advantageous.242 Another advantage is that the protocol for MTT requires
the compounds in media to be removed before adding the MTT to analyse
the viability and thus coloured compounds will not affect the absorbance
readings used to measure cell viability. However, the disadvantageous are
conversion to formazan is dependent on metabolic rate and number of
mitochondria resulting in multiple interferences and numerous wash
steps.242 QOverall, this technique is excellent for determining what

concentrations of ligands cause cell death.
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1.7 Aims and Objectives

The overall aim of this project was to identify probes that bind to the i-motif
that forms in the MYC promoter region. Work in Chapter 2 aims to identify
lead small compounds which can be further developed into c-MycC specific
probes. The high-throughput method, fluorescence indictor displacement
(FID) assay was used as a screening method followed up by further
biophysical techniques. Chapter 3 addresses this aim using the molecular
biology technique phage display to identify peptides that bind ¢-MycC and

uses biophysical data to further validate findings.
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Chapter 2: Searching for Small Molecules
to Target the i-Motif Forming Sequence in

the Promoter Region of c-Myc

2.1 Introduction

MYC is a proto-oncogene which controls many cellular processes including
cell cycle progression, proliferation, differentiation, and apoptosis.12! Many
cancers appear “hooked” on dysregulated MYC which isn’t surprising
considering its pivotal role in cellular control and involvement in not only
tumour initiation but also tumour maintenance.1%° Unfortunately decades
of research have found it extremely difficult to make advancements
targeting c-Myc, partly due to our lack of understanding of the complexity
of MYC regulation.!®3 To begin to address this numerous studies have
aimed to understand the dynamic nature of the nuclease hypersensitivity
element (NHE) III; region as regulates ~90% of MYC transcription.! A
clear understanding of how this region regulates transcription could be key
to unearthing new effective cancer therapies.153 This is a very real and
attractive possibility. However, to understand the complexity of this
regulation system an understanding of the following is required: the
equilibrium of duplex, single-stranded, and non-canonical DNA structures
that can form in the NHE III; region and the transcriptional factors

controlling this process.

In an attempt to understand the full dynamics of NHE III; the following
model was proposed by Hurley et al (figure 2.1).3120 The initiation of
transcription induces negative superhelicity on the NHE III; region. To
relieve this dynamic stress the single-stranded DNA forms a G-quadruplex
on the purine-rich strand and i-motif on the pyrimidine-rich strand which

will be respectively referred to as c¢-MycG and c-MycC throughout this
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thesis. The formation of these non-canonical structures prevent
transcriptional activators from binding and consequently transcription is

not activated.170,171

c-MycG33 5- TGG GGA-GGG-TGG-GGA-GGG-TGG-GGA-AGG-TGG-GGA-3'
c-MycC33 5-TCC-CCA-CCT-TCC-CCA-CCC-TCC-CCA-CCC-TCC-CCA-3

c-MycG33 Forr:7 ‘;Mycc33 Forms
I
O :\I
=7
P11
b —— Transcription Off

Figure 2.1: Proposed model for the effects of G-quadruplex and i-motif formation in the

P1, Transcription Off

purine-rich and pyrimidine-rich strands respectively within the nuclease hypersensitivity
element II; region of the MYC promoter. Created with BioRender.com adapted from Dash
et al. 2020.%

This model is supported by a handful of studies that have shown that
c-MycG destabilisation leads to an increase of MYC transcriptional
activity.170.171 Further studies into how c-MycG influences MYC activation
have identified that nucleolin not only binds and stabilises c-MycG but can
also facilitate its formation.32 When nucleolin is overexpressed you see a
decrease in MYC activation. It has also been identified that NM23-H2
binds and unfolds ¢-MycG causing an increase in MYC activation.1?® This
model 1s supported by evidence from the i-motif field which has
demonstrated decreased MYC transcription in tumor cells when using the
ligand called B19 (figure 2.2), which shows preference for binding c-MycC

and can induce its formation.82 Another ligand of interest is 3be (figure
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1.18) which preferentially binds ¢-MycC over ¢-MycG and the i-motif that
forms in the BCL2 promoter region whilst not appearing to bind to
B-DNA.6 Following this 3be’s effects on 3 different cancer cell lines (HelLa,
A549, B95.8) and a normal cell line (NKE) was evaluated. This study
identified that 3be inhibits cell proliferation in the cancer cell lines and
also had low toxicity in the normal cell line.® It was also determined that
3be induces apoptosis in HeLa cells in a dose-dependent manner. Even
more significant was that 3be was shown to be able to enter the cell
nucleus and significantly repress transcriptional and translational levels
of MYC expression in HeLLa and B95.8 cell lines.® Therefore, this study also
supports the NHE III: proposed model. A bisacridine compound, a
compound class that are known DNA bis-intercalating agents, a9 (figure
1.18), was demonstrated as a dual c-MycC and c-MycG binder that
stabilises both quadruplex structures.8”7 Furthermore, SPR data
demonstrated that a9 bound B-DNA but had greater binding affinity to
c-MycC and c-MycG. Therefore, it would have been of interest to also
explore how a9 affected B-DNA stability however this was not determined.
Interestingly, biological studies identified that a9 downregulates MYC
transcription and expression and induced apoptosis and cycle arrest in
cancer cells suggesting it is an interesting prospect to be developed into a
powerful therapeutic.8” This study also provides further evidence that the

proposed model is of G-quadruplex/i-motif interplay is correct.
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Figure 2.2: Structures of MYC i-motif specific ligands B19 and 3be and MYC dual-specific
i-motif and G-quadruplex ligand a9.

Interestingly, B19 has a acridone core, 3be a carbazole core, and a9 a
bisacridine core which are similar structures (figure 2.2).6:82.87 Notably, it
was Dang Li’s group that identified B19 and then developed a9 starting
with the acridone core from B19 to produce the ligand a9. Using acridone
cores as a starting point for developing i-motif ligands is a popular route
as the sister field has used them to develop G-quadruplex ligands as these
are known to bind DNA structures.2!3 Using carbazole cores is also a
popular starting point as multiple have also been developed as
G-quadruplex ligands.243 The challenge is to develop specific probes based
on carbazole and acridone cores is that they are DNA intercalators.244.245
So far both the G-quadruplex and i-motif a have demonstrated carbazole
and acridone core compounds binding to these two structures.
Furthermore, compounds have been developed from these cores which

showed a preference for a particular quadruplex structure over B-DNA.6.87
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Interestingly, the G-quadruplex field have the addressed the challenge of
specificity with acridine/acridone cores by using hybrid acridine/acridone-
peptide molecules and find these hybrids to have the greater selectivity
compared to the small molecules alone.244 Overall screening carbazole and
acridone libraries to gain a greater toolbox of quadruplex compounds which
can be further developed into specific quadruplex probes is a popular route

1n the 1-motif field.

2.2 Fluorescent Indicator Displacement
Screening of National Cancer Institute IV

Library

Despite the rapid growth of non-canonical DNA structures research, there
are still limited reports in the literature of i-motif specific ligands and even
fewer c-MycC specific ligands. And those that are documented generally
show weak binding to other DNA structures and so are more selective
rather than specific. Further investigation into compounds that bind to
c-MycC is warranted. To identify lead small compounds which can be
further developed into c-MycC specific probes a high-throughput technique

that can screen large libraries of small compounds is needed.

As the literature is scarce for i-motif specific ligands let alone c-MycC
specific ligands there is no clear concept of the structural features of a
c-MycC specific compound and so high throughput screening of large
libraries is appropriate to begin to build a database. Fluorescent indicator
displacement (FID) was chosen to do this because it is cost-effective and

fairly fast.
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2.2.1 Fluorescent Indicator Displacement Method

Development

In 2017 the Waller group developed an FID assay to identify new i-motif
binding ligands.85 FID works by using a compound that fluoresces when
bound to DNA but not when it is free in solution. It was identified that the
most suitable indicator molecule for FID was thiazole orange (TO)
because it demonstrated the largest fluorescence enhancement upon
binding hTeloC, compared to ethidium bromide, acridine orange,
crystal violet and pyrene derivative. TO was the ideal indicator
molecule because the large fluorescence enhancement was important as
high levels of enhancement will improve signal:noise ratio, there were no
fluorescent properties in the absence of DNA, which is important for
having low background readings, and there was a low micromolar
dissociation constant, which is required so that the fluorescent probe is
easily displaced by other compounds binding. The Waller group used the
FID assay as a high through put technique to determine new i-motif
binding ligands. FID can be explained as three steps, 1) TO is in solution
and there’s no fluorescence, 2) DNA 1s added and TO fluoresces when it
binds to the DNA, 3) a small molecule is added and if it displaces the TO
so it is free in solution again there is a decrease in fluorescence (figure 2.3).
This decrease in fluorescence can be calculated as percentage displacement
and is used to determine if a molecule bind to the DNA, the higher the
percentage displacement the greater amount of TO has been displaced and
the better the relative binding affinity. Therefore, FID can determine if
binding occurs but cannot provide an explanation of the interactions at the

molecular level.
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Figure 2.3: Schematic of fluorescence indicator displacement assay steps. 1) Thiazole
orange is free in solution there is no fluorescence. 2) DNA is added to the solution the
DNA-TO complex fluoresces. 3) A competitive molecule is added and if it displaces TO to
form a DNA-molecule complex the indicator is free in solution again causing a decrease in

fluorescence.

Prior to this forster resonance energy transfer (FRET) based melting was
used as high-throughput screening method to identify alternative DNA
structure ligands.86:235 FID is advantageous over FRET because it is lower
cost as labelled oligonucleotides are not required, the folding and stability
of the structure is not affected by the label, and there are not restrictions
on the lengths of oligonucleotides required due to spacing between donor
and acceptor fluorophores.8> Although, FID does not determine if a
compound stabilises or destabilises a DNA structure and is based on the
binding of a compound causing displacement of TO. This was not the first
study to use an FID assay to determine compounds that bound to certain
DNA structures, it had previously been used for G-quadruplexes,246
triplexes,247 hairpins,?48 and B-DNA,249 but it was the first to use it for a
high through-put screen against and i-motif. The study screened 960
different compounds and they investigated a handful of compounds as

example hits using the FID screen, FRET, and SPR to validate the method.
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This FID method was the basis for the FID studies carried out throughout

this work.

To begin optimising the FID method, characterisation of ¢-MycC27 and
c-MycC52 was carried out to identify the pH at which the experiment was
to be performed. The method was to be performed at transitional pH, the
pH at which you have a 50% folded (i-motif) and 50% unfolded (single-
stranded) population. The transitional pH of c-MycC27 is well documented
and known to be pH 6.6 from the literature.250 The transitional pH of
c-MycC52 was determined using circular dichroism (CD) as pH 6.64 (+/-
0.04) as shown in figure 2.4. The CD spectrum for the oligonucleotide
sequence 1s ran at a range of pH values usually pH 5.0-8.0 for i-motifs,
where the sample is expected to be fully folded at pH 5.0 and fully unfolded
at pH 8.0. The ellipiticity of the characteristic dominant positive i-motif
peak ~290 nm is plotted at each pH value and fitted with a dose response
curve of which the transitional pH can be extrapolated from the graph
using finding x from y.115> Therefore, the pH chosen was pH 6.6 to ensure

both ¢c-MycC strands were 50% folded.
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Figure 2.4: Circular dichroism characterisation of c-MycC52 in 10 mM NaCaco from pH
8.0 to 5.0 to determine the transitional pH, the pH at which the sequence is 50% folded
(i-motif) and 50% unfolded (single-stranded). The graph of the ellipticity of the dominant
characteristic MYC i-motif peak, 285 nm, against pH was fitted using a single sigmoidal
fitting which was used to extrapolate the transitional pH in origin software to determine

the transitional pH where the error is that of the line fitting.

75| Page



The FID protocol also required optimisation on the duration of the
equilibration time of the i-motif and TO binding, this is a crucial step
because maximum fluorescence needs to be reached before addition of the
ligang, otherwise you are unable to determine the change in fluorescence
percentage. For example, if you added a ligand when only 50% of the TO
was bound to the DNA more TO-DNA complexes could form and you may
see an increase in relative fluorescence units (RFU). It is also possible you
would see no change and determining no binding when actually the ligand
has bound to the DNA in the free binding sites where TO has not bound.
Therefore, this equilibration step is of importance and can vary between
different structures. To determine how long the equilibration time
required TO and DNA were mixed for 30 seconds and then the fluorescence
was measured over 30-40 minutes, equilibrium time was determined as
where RFU plateaued. The equilibrium time was determined as 10
minutes for both ¢-MycC27/52 (figure 2.5). Notably, c-MycC27 has a much
lower fluorescent response compared to c-MycC52. For the more detailed

method refer to Section 5.1.
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Figure 2.5: Monitoring relative fluorescence units over time after DNA and thiazole orange
have been mixed for 30 seconds for c-MycC27 (left) and c-MycC52 (right) in 10 mM NaCaco
pH 6.6.
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2.2.2 Screening Compound Library Against c-MycC27 vs
c-MycC52 with Fluorescent Indicator Displacement

Assay

For this study the national cancer institute (NCI) IV Library Diversity Set
was chosen as it represents maximal structural diversity and a wide range
of potential pharmacophores containing 1,584 different known
compounds.25! This library was screened against ¢c-MycC27 and ¢-MycC52
using 1 uM DNA, 2 uM TO and 2.5 pM of compound. In this work, we
maintained >15% displacement as the hit threshold above which a
compound is denoted as a hit to i-motifs (figures 2.6 and 2.7).85
Furthermore, compounds that had <-15% displacement were also explored
as potential hits, the rationale for this is explained and discussed below.

Thus, either 15% or <-15% displacement demonstrated binding to i-motif

DNA.
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Figure 2.6: Fluorescent indicator displacement assay screen of National Cancer Institute Diversity Library IV against c-MycC27. The screen was ran using
1 uM DNA, 2 uM thiazole orange and 2.5 uM of compound in 10 mM NaCaco pH 6.6. Compounds were determined as hits if the displacement was over

15% or under -15% these two thresholds are shown by the green lines. Error bars are standard deviation for >2 technical replicates.
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Figure 2.7: Fluorescent indicator displacement assay screen of National Cancer Institute Diversity Library IV against c-MycC52. The screen was ran using
1 uM DNA, 2 uM thiazole orange and 2.5 uM of compound in 10 mM NaCaco pH 6.6. Compounds were determined as hits if the displacement was over

15% or under -15% these two thresholds are shown by the green lines. Error bars are standard deviation for >2 technical replicates.
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Interestingly for c-MycC27, as shown in figure 2.6, there are multiple
negative displacement values. One could expect to see some negative
values near 0% and within error of 0% as no binding is taking place and
this is error of the experiment, similarly to that seen for c-MycC52 shown
in figure 2.7. However, c-MycC27 has multiple negative displacements
smaller than -15%. As discussed previously in Section 2.2 this could be due
to relative fluorescence increases as equilibrium was not achieved,
however figure 2.5 shows this should not be the case. It is however, more
likely that the compounds are also fluorescent at the same wavelength
being read 450 nm and so there is an increase in fluorescence which would
cause a negative displacement result. This highlights that this assay is not
ideal for compounds which fluoresce at 450 nm as it affects the analysis,
and one is unable to identify what is happening at the molecular level
using FID to understand the cause of increased fluorescence. Which can be
assessed by checking the compounds fluorescence. However, it 1is
interesting that the Waller group had only observed this on rare occasions
before during FID experiments screening the exact same library against
other i-motif sequences. Which is further supported when looking at c-
MycC52 (figure 2.7). Negative displacement could have indicated that the
compound was shifting the equilibrium towards i-motif formation and thus
there were more binding pockets available for TO to bind causing an
increase in fluorescence. Therefore, these compounds showing a significant
negative displacement (<-15%) were deemed of interest and a hit. Notably,
NCS 129929, figure 2.8, had a negative displacement of -152.2 (+/-8.7) this
did not fit on the axis shown in figure 2.6 and so is not shown. This
displacement is much smaller than any of the other compounds and was
found to be fluorescent. All of the other compounds with a displacement of

<-15% were taken forward as hits for c-MycC27.
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Figure 2.8: Structure of NSC 129929 compound.

Out of 1,584 different compounds screened 18 were identified as hits (>15%
or <-15% displacement) binding to c-MycC27 and 20 to ¢c-MycC52, four of
which bound to both ¢c-MycC structures. In total there were 34 different
compounds identified as hits (Table 2.1 and 2.2). The four compounds that
both c¢c-MycC sequences are 7218, 63680, 143491, and 309401, where
143491 shows the greatest percentage displacement for both c-MycC
sequences. The compounds 7218, 63680, and 309401 all show negative
displacement against c-MycC27 and positive displacement against
c-MycC52. The five ligands with the greatest percentage displacement
values from highest to lowest are 143491, 317003, 309401, 7218, and
36758 for c-MycC52 and 345647, 143491, 260594,105781, and 11668 for
c-MycC27. The five ligands with the lowest percentage displacement
values from lowest to highest are 63680, 33353, 30205, 335504, and 60339
for c-MycC52 and 309401, 63680, 7218, 366289, and 288387. Notably,
there are seven compounds that bind ¢c-MycC52 with a displacement of over
30%, which is 35% of the compounds identified as ¢c-MycC52 hits, whereas
for c-MycC27 there are four compounds that displace 30% of TO which is
22% of compounds identified as c¢c-MycC27 hits. Further, six of the
c-MycC27 hits gave a negative displacement smaller than 15% which is a

third of the compounds determined as ¢c-MycC27 binders.
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Table 2.1: Fluorescent indicator displacement assay screen hit results of National Cancer
Institute Diversity Library IV against c-MycC27. The screen was ran using 1 uM DNA, 2
uM thiazole orange and 2.5 uM of compound in 10 mM NaCaco pH 6.6. Compounds were
determined as hits if the displacement was over 15% or under -15%. Error is standard

deviation for >2 technical replicates.
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Table 2.2: Fluorescent indicator displacement assay screen hit results of National Cancer
Institute Diversity Library IV against c-MycC52. The screen was ran using 1 uM DNA, 2
uM thiazole orange and 2.5 uM of compound in 10 mM NaCaco pH 6.6. Compounds were
determined as hits if the displacement was over 15% or under -15%. Error is standard

deviation for >2 technical replicates.
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Before moving on one must explore reasons why there are significant
(<-15%) negative displacements for c-MycC27. To begin to understand this
the raw data for each stage must be analysed. The background fluorescence
of this assay (TO and buffer only) is ~200 RFU, which is normal and the
same as what was seen during assay development by the Waller 1ab.8> The
Waller group observed fluorescent enhancement of ~59 fold increase
(~11800 RFU) when the TO-i-motif complex formed. The fluorescent
enhancement seen when the TO-c-MycC27 complex forms is a modest
~17.5 fold (~3500 RFU) (figure 2.5). In contrast, c-MycC52 sees an
enhancement of ~150 fold (~30000 RFU) when the TO-c-MycC52 complex
forms, which is significantly more (figure 2.5). Therefore, for c-MycC27 any
small fluorescence changes have a greater effect and thus greater error is
expected than compared to the when the assay was developed. Whereas
c-MycC52 will be impacted less by small fluorescent changes and thus the
error of the experimental method itself will have a much lesser effect than
compared to c-MycC27 and the assay development. Thus, it is reasonable
that the compounds showing a displacement of <-15% for ¢-MycC27 and
positive displacement values for c-MycC52 are indeed fluorescent but the
RFU of that fluorescence is minimal compared to the ~30000 RFU observed
for the TO-c-MycC52 complex and so does not affect the assay to the same
extent. It must be noted here that fluorescent compounds will still affect
this assay for example a compound could displace TO causing a 20%
displacement but the ligand itself fluoresces at a -10% displacement and
so the total displacement observed would be 10%, therefore a hit could be
missed. Unfortunately, this is one downside of this screening technique as
it 1s not ideal for compounds that fluoresce at 450 nm. It should also be
highlighted that the low fluorescent enhancement from TO only to the
TO-c-MycC27 complex has a low signal to noise ratio accounting for the
large error bars seen for c-MycC27 data as demonstrated in figure 2.5. This
led to challenges in large variations of percentage displacement shown as
assay, machine, and human error had a more significant effect on RFU

values causing large error bars as seen in figure 2.6. Overall, FID was a
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useful tool for high throughput screening to identify compounds that bind
to c-MycC.

2.2.3 Refining Screening Hits by Removing Double
Stranded Binders

In total there were 34 different compounds identified as hits for ¢c-MycC27
and c¢-MycC52 (Table 2.1 and 2.2). To reduce the number of compounds
under investigation hits were screened against B-DNA to exclude
non-specific DNA binders. The B-DNA sequenced used cannot form
secondary structures and is in the double-stranded right-handed helical

structure in the conditions used for the FID assay.

Before carrying out the FID assay against B-DNA an equilibration
experiment of the TO-B-DNA complex was carried out and determined an

equilibration time of 10 minutes was required (figure 2.9).
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Figure 2.9: Monitoring relative fluorescence units over time after B-DNA and thiazole

orange have been mixed for 30 seconds in 10 mM NaCaco pH 6.6.
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To screen against B-DNA the FID assay was performed under the same
assay conditions to allow valid dataset comparisons. Screening of the 34
compounds identified 11 compounds had >15% displacement and thus
were determined as B-DNA binders (figure 2.10). Therefore, these 11
compounds were disregarded to focus on specific ¢c-MycC probes. This
screening identified ~one third of compounds that bound to either ¢c-MycC

structure also bound B-DNA.
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Figure 2.10: Fluorescent indicator displacement assay screen of National Cancer Institute
Diversity Library IV of compounds c-MycC27 and c-MycC52 binding compounds against
B-DNA. The screen was ran using 1 uM DNA, 2 uM thiazole orange and 2.5 uM of
compound in 10 mM NaCaco pH 6.6. Compounds were determined as hits if the
displacement was over 15% or under -15% these two thresholds are shown by the green

lines. Error bars are standard deviation for >2 technical replicates.

It’s unsurprising that a ~one third of the compounds also bound to B-DNA

as one of the problems the i-motif field face is identifying specific probes.252
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This is not a unique to the i-motif field to have problems identifying specific
probes it is also a challenge the G-quadruplex field face as many of the
probes believed to be G-quadruplex specific have been shown to also bind
i-motif DNA.747 One reason it is hard to identify compounds that bind
specifically to one DNA secondary structure is because they have the same
four building blocks: Adenine, Thymine, Guanine, and Cytosine, attached
to the phosphate backbone and so chemical structure wise there are
similarities. Moreover, many B-DNA binders intercalate between the
planar bases of the DNA,253 a few well known DNA intercalators are
ethidium bromide, berberine, and doxorubicin.?54255 Yet B-DNA 1is
not the only structure that has planar bases pairs. Other DNA secondary
structures that have planar bases include G-quadruplex,256 hairpins,257
and even 1-motif DNA.258 Therefore, intercalators can bind non-specifically
to different DNA structures. In addition, the i-motif C-C+* base pairs are
intercalated leading to a structure with major (wide) and minor (narrow)
grooves. However, these differ from those seen in B-DNA which rise from
the helical folding, the tertiary structure, causing the formation of two
grooves, whereas for i-motif DNA these two grooves are due to the
secondary structure.2’® Furthermore, the minor groove of the i-motif is
extremely narrow, 3.1 A, compared to the minor grooves in B-DNA, ~5.7
A5l Moreover, the i-motif minor groove shows a high degree of
hydrophobicity which reduces backbone repulsion to stabilise the
structure, whereas ligands binding B-DNA are known to have cooperative
effects with water.25® This may suggest that ligands binding to the minor
grooves of the i-motif or B-DNA are more likely to show DNA structure
specificity compared to intercalators. The takeaway point is the interaction
of ligands with 1-motifs can be from intercalation, binding to the loops, and
binding to the major or minor grooves. B-DNA can also interact with
ligands via intercalation and groove binding, however the structural

differences suggest specificity can be obtained for i-motif specific probes.
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To summarise, 1,584 different NCI diversity set IV compounds were
screened against the two different MYC i-motif sequences, ¢c-MycC27 and
c-MycC52, and 34 were identified as hits binding to either or both
structures. FID hits studies were performed against B-DNA which
revealed one third of the hits to be non-specific. The 11 compounds that
were 1dentified as binding B-DNA were: 7218, 30205, 33353, 36758,
60339, 143491, 227186, 260594, 308849, 311153, and 317003 (table 2.3).
Leaving 23 hits to investigate further (table 2.3).
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Table 2.3: Fluorescent indicator displacement assay screen of c-MycC National Cancer Institute Diversity Library IV hits against c-MycC27, c-MycC52, and B-DNA. The

screen was ran using 1 uM DNA, 2 uM thiazole orange and 2.5 uM of compound in 10 mM NaCaco pH 6.6. Compounds were determined as hits if the displacement was

over 15% or under -15%. Error is standard deviation for >2 technical replicates.

Ligand
(NSC)

5426

7218

11668

13248
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Structure

c-MycC27

204+29

-23.9+1.2

25.6+2.2

-11.7+3.3

% Displacement

c-MycC52

8.8+14

39.3+34

14.2+3.5

20.0+6.3

B-DNA

0.7+£0.3

50.9+1.6

6.8+0.7

0.0+1.7
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13974
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36758
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HO
cl
’ NH,
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N
N
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N Sk NH,
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17.3+13

-0.2+1.6

0.5+2.0

11.2+0.3

144+13

13.8+3.7

18.7+0.7

32.8+2.0

17.7+35

34.0+£3.5

6.8+0.8

51.3+1.9

2.3+0.9

19.3+33

33.2+0.2
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60339

61642

63680

73735

HO

Iz

-3.2+2.7

10.7+3.4

-26.1+1.4

25.6+4.1

19.4+£0.6

27.5+1.5

17.6 £0.5

6.1+ 0.5

189+1.7

8.7+0.8

-1.7+1.8

6.3+2.2
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105781

107582

118832

124818

135168

Br

31.6+£0.5

23.7+4.4

-21.8+3.4

17.4+2.0

3.8%0.2

10.6 £ 2.5

9.6+1.0

16.2+3.0

16.8+2.7

23.2+55

0.4+0.6

9.9+3.9

-21+16

33+1.2
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143491

227186

HO

228150

0
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0.+0
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<\ 32.4+2.0

66.7+2.0
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10.4+2.9

73.7+1.1

199+29

-0.2+0.9
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57.4+23
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335504

345647

354844

366289
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(0]

OH OH

26+1.9

48.3+7.2

13.7+3.4

-23.8+3.1

19.1+3.2

13.6+5.2

22516

20+11

06+1.6

9.5+3.8

8.0+0.8

-4.7+1.0



638432 -1.6+6.2 23.6+29 -29+0.7
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2.2.4 Validation of c-MycC27 and c-MycC52 Hits

From the FID screen there were 23 identified hits which bound either
c-MycC structure and did not bind to B-DNA (table 2.3).

The FID assay was repeated for all 23 hit compounds using fresh batches
of each compound against c-MycC27, ¢c-MycC52, DS, and c-MycG. The
rationale for repeating the FID against the c¢-MycC sequences was to

ensure no issues from cross contamination or degradation.

Following an FID assay carried out against ¢c-MycC27 and ¢c-MycC52 these
23 compounds that were initial hits were reduced to 10 in the repeated
assay as they did not meet the hit criteria of >15% or <-15% (table 2.4). 13
compounds did not demonstrate >15% or <-15% displacement and were
disregarded (table 2.4). The most likely reasons for this lack of
reproducibility are: 1) the compound stocks in the screening plates were
old and so the compounds may have degraded through multiple defrost
cycles, although this is limited as much as possible, which can cause
degradation 2) the storage conditions at -80 °C in 100% DMSO may not
have been optimal for all the compounds and so degradation occurred 3)
the plates wells may have become cross-contaminated 4) the plates were

incorrectly labelled.
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Table 2.4: Fluorescent indicator displacement assay screen of c-MycC National Cancer
Institute Diversity Library IV hits validation against c-MycC27 and c-MycC52. The screen
was ran using 1 uM DNA, 2 uM thiazole orange and 2.5 uM of compound in 10 mM NaCaco
pH 6.6. Compounds were determined as hits if the displacement was over 15% or

under -15%. Error is standard deviation for >2 technical replicates.

Ligand Structure % Displacement

(NSC) c-MycC27 c-MycC52

HO N OH
5426 O O 13.2+6.7 0.6+0.9
HO 0 0
11668 3.0+2.7 41+1.0
T Q1
N O
N™ N7 N Cl

/ H
Cl N
| N
=
13248 985+81 33421
NH
\/'O/
NH,
13974 N 37.5+3.9 25.6+1.8
N
s
33005 N/> g > Gl 41+46 48402
HO
H,N
o
/N Z\|
61642 Y 120+17  49+09

\S
O N” N7 NH,
H,N
NH N
_ |
63680 N j\ ” 7144221 0.5+0.4
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-14.2+£0.6

3.8%7.2

-13.7+7.5
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-3.5+0.5

08+1.7

7.0+£2.2

264+19

-20+29

156+1.1

31.8+0.7



366289 -24.1+9.9 -1.7+1.4

638432 -19.2+£4.8 -0.8+0.9

The 10 compounds identified as hits for either c-MycC oligonucleotide
were: 13248, 13974, 63680, 73735, 105781, 288387, 309401, 317605,
345647, and 354844 (figure 2.11). FID determined that out of the 10
compounds three bound to ¢-MycC52 and nine bound c¢-MycC27. Of these
10 compounds two, 13974, and 317605, were determined as hits for both
c-MycC27 and c-MycC52. There were seven compounds determined as hits
for ¢c-MycC27 only, 13248, 63680, 73735, 105781, 288387, 309401, and
345647 and one compound was identified as a hit for c-MycC52 only,
354844. In total there were three compounds determined as c-MycC52
binders and if ranking the ligands from best to worst, where the best has
the highest percentage displacement and the worst has the lowest, for
c-MycC52 the ranking is: 354884 (32% +/-1), 317605 (26% +/- 2), 13974
(26% +/-2) (table 2.5). If doing the same ranking system c-MycC27 for the
compounds with positive percentage displacement values then the ranking
1s: 13974 (38 +/-4), 345647 (27 +/-11), and 73735 (20 +/-8) (table 2.5).
Ranking the compounds with negative percentage displacement with the
best having the smallest value and the worst the largest 1s: 288387 (-101
+/-1), 13248 (-99 +/-8), 317605 (-91 +/-14), 309401 (-73 +/-9), 63680 (-71 +/-
22), and 105781 (-16.5 +/-8) (table 2.5). Compound 13974 is the best ranked
ligand for c-MycC27 but the worst ranked for c-MycC52. Whereas the best
ranked compound for c-MycC52 is 354844 and it was determined this
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doesn’t bind ¢c-MycC27, although it was on the boarder of being determined
as a hit (15% +/-2).

128_- [ lec-MycC27
] B c-MycC52

60 -

40

20

H

=204
-40 4
-604
-80 4
-100-
1204

Displacement (%)
o
=l

NSC Number

Figure 2.11: Fluorescent indicator displacement assay screen validation hits from the
National Cancer Institute Diversity Library IV against c-MycC27 and c-MycC52. The
screen was ran using 1 uM DNA, 2 uM thiazole orange and 2.5 uM of compound in 10 mM
NaCaco pH 6.6. Compounds were determined as hits if the displacement was over 15% or

under -15%. Error bars are standard deviation for >2 technical replicates.
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Table 2.5: Fluorescent indicator displacement assay screen validation hits summary from
the National Cancer Institute Diversity Library IV against c-MycC27 and c-MycC52. The
screen was ran using 1 uM DNA, 2 uM thiazole orange and 2.5 uM of compound in 10 mM
NaCaco pH 6.6. Compounds were determined as hits if the displacement was over 15% or
under -15%. Error is standard deviation for >2 technical replicates. Error is standard

deviation for >2 technical replicates.

NSC % Displacement (error)
Number ¢c-mycC27 c-MycC52
13248 -98.5+8.1 33+21
13974 37.5+3.9 25.6+1.8
63680 -71.4+£22.1 05+04
73735 19.8+6.3 82+1.1
105781 -16.5+8.3 0.1+29
288387 -101.4+0.8 -3.5+0.5
309401 -73.2+94 7.0+2.2
317605 -91.01+14.3 264+1.9
345647 27.0+10.5 156%1.1
354844 15.2+2.2 31.8+0.7

Having identified the 10 compounds of interest further FID was carried
out to identify which of the ligands had greater promise as specific c-MycC

probes.

2.2.5 Testing the Specificity of c-MycC27 and c-MycC52

Hits using Fluorescent Indicator Displacement Assay

To investigate the specificity of the compounds FID was carried out to
assess their binding to B-DNA and the G-quadruplex structure that forms
in the MYC promoter region opposite c-MycC which will be referred to
c-MycG. It is common within the i-motif field to test specificity against
double stranded DNA (B-DNA) as this is the most common structural form
of DNA in the cell and also against the G-quadruplex. The G-quadruplex
these compounds were tested against is the one that forms on the opposite

strand of the i-motif of interest in the MYC promoter region. This is
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arguably the most important G-quadruplex to test as when investing
compound effects on the MYC promoter in cellular conditions it needs to
be known if any effects seen are due to binding to the i-motif or
G-quadruplex and therefore biophysical data can provide evidence for
suggesting how compounds are interacting and causing effects on MYC

expression.

The 10 compounds of interest were tested against B-DNA using the FID
assay in the exact same conditions used for FID experiments against both
c-MycC sequences, 10 mM NaCaco pH 6.6. This ensures that conditions
are identical expect the target DNA. Of the 10 compounds one, 13974, was
determined as a hit for B-DNA, >15% or <-15% displacement, (table 2.6).
Therefore, 13974 was not pursued further as it was not ¢-MycC specific.
Compound 13248 was also not taken further within this project due to the
stock being finished and limited time, thus will be followed up by
colleagues in the Waller lab.
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Table 2.6: Fluorescent indicator displacement assay screen hits from the National Cancer Institute Diversity Library IV against B-DNA, c-MycG, ¢-MycC27
and c-MycC52. The screen was ran using 1 uM DNA, 2 uM thiazole orange and 2.5 uM of compound in 10 mM NaCaco pH 6.6. Compounds were

determined as hits if the displacement was over 15% or under -15%. Error is standard deviation for >2 technical replicates. N/D means not determined.

Ligand Structure % Displacement
(NSC) c-MycC27 c-MycC52 B-DNA c-MycG
Cl N
N
=
13248 -98.5+8.1 3321 -82+14 N/D

13974 N~ 37.5+3.9 25.6+1.8 20.3+0.6 N/D

63680 N ) N -71.4+221 0.5+0.4 -3.1+6.2 -5.2+3.9

Iz
Iz
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73735

105781

288387

309401

NH,

19.8+6.3

-16.5+8.3

-101.4+0.8

-73.2+9.4

8.2+1.1

0.1+£2.9

-3.5%+0.5

7.0+£2.2

7.2+09

2.2+0.7

-5.1+31

-13.4+6.0

55+£05

6.5%+25

-8.6+2.1

9.3+4.38
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To further investigate the specificity of these compounds it was analysed
if they bind c¢-MycG using the FID assay (table 2.6). Importantly, the
buffering conditions were adjusted when testing against the G-quadruplex
structure as they are stabilised by cations and so 100 mM KCl was added
to the 10 mM NaCaco pH 6.6 to ensure that the G-quadruplex was
folded.260 The rest of the components of the buffer were identical to those
used for the c-MycC and B-DNA sequences including the pH, this means
the compounds will be the same charge. The data shows that 317605 (20
(+/-1), 345647 (21 (+/-1), and 354844 (22 +/- 4), have greater than 15%
displacement with ¢c-MycG and thus by the threshold set for this project
(table 2.6). These compounds have the same displacement of TO within
error. Furthermore, compound 354844 was determined by FID as only
binding to ¢-MycC52 and c-MycG means that this compound could have
dual specific binding of the MYC i-motif and G-quadruplex (table 2.6). To
confirm this binding to a larger number of DNA sequences including
multiple i1-motif and G-quadruplex sequences need to be determined.
Compound 317605 was identified as binding only to the i-motif and
G-quadruplex structures and so this may have dual binding to i-motif and
G-quadruplex structures whilst not binding to other DNA structures such
as hairpins, and thus this needs to be tested against other DNA structures

to explore this.

The other five compounds, 63680, 73735, 105781, 288387 and 309401
were determined to only bind c¢-MycC27 (table 2.6). Suggesting that
105781, 288387, 309401, 63680, and 73735 are all specific to c-MycC27.
Although, all of these compounds, except 73735, gave negative percentage
displacement and so other techniques will be required to confirm their
binding which will inform if a negative displacement of <-15% will be
regarded as a hit in the future in the Waller lab. The identification of
specific compounds for ¢c-MycC27 and none for c-MycC52 is surprising as
in theory it would be more likely to find specific compounds for ¢-MycC52
as this i-motif structure has a greater number of longer loop regions in

comparison to ¢-MycC27 (figure 2.12). Longer loop regions provide more
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bases and so the sequence to which the compound binds could be longer
and is less likely to appear at random as you have a greater number of
bases in a sequence for recognition and binding. One could hypothesise
that the loop regions are where specificity could arise between i-motif
sequences as the centre of the structures are runs of three or more
intercalated hemi-protonated cytosine bases and so a compound binding in
that region is likely to bind to all i-motif sequences and if not other DNA
structures especially if it intercalates. However, bromine footprinting
carried out by Hurley and team in 2016 demonstrated that although
c-MycC52 has an additional 25 bases it doesn’t have the longest loop
region. The central loop of ¢-MycC27 is the longest if the morphology
depicted in figure 2.10 if it is in fact the one forming in solution. Yet
c-MycC52’s first and final loop are longer than the first and last loop of
c-MycC27. Notably, c-MycC52 has a long tail on the 5’ prime end and is 16
bases long and so one could have suggested this tail would have potentially
allowed for more specificity than any other region of both structures (figure
2.12). However, that is not what has been observed with the screen ran
using the FID assay and NCI IV library, although that may not be the case

with all investigations into ligands.
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Figure 2.12: Illustrations of c-MycC27 (Left) and c-MycC52 (Right) likely i-motif
morphologies formed. The morphology depicted for c-MycC52 is based on bromide
footprinting by Hurley and team in 2016.47 The circles demonstrate DNA bases and are

colour coded as follows: Yellow-Cytosine, Red-Guanine, Blue-Thymine, Green-Adenine.

The FID experiments demonstrate that the aim to identify ¢-MycC small
compounds that can be developed into ¢c-MycC specific probes has been
achieved. In addition, the FID experiments may have identified a potential
dual specific probe for ¢c-MycC52 and c-MycG, 354844, a probe that may
only bind to i-motif and G-quadruplex structures, 317605, and potentially
multiple ¢-MycC27 specific probes. The c-MycC52 probes are of particular
interest as this is the biologically relevant c-MycC sequence and it has been
1dentified that these 52 bases are needed for transcriptional activation in

the cell.47 According to the model proposed by Hurley and colleagues the
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MYC promoters transcription is regulated by DNA structural changes and
that i-motif or G-quadruplex formation both turn off transcription.170.17t
Therefore, exploring 354844 as a dual MYC i-motif and G-quadruplex
specific probe is of particular interest in an aim to understand how this
promoter region is functioning and the prospect of cancer therapeutics
where MYC transcriptional activity is dysregulated. It was decided to
progress all eight compounds for further biophysical testing: 63680, 73735,
105781, 288387, 309401, 317605, 345647, and 354844.

2.2.6 Determining DCso Values using Fluorescent

Indicator Displacement Titrations

The compounds identified as c-MycC hits were further characterised using
FID titrations. The parameters and protocol are identical to those of the
FID assay except for the addition of ligand step, where 1 uM of ligand is
titrated per 0.9 uL. For each compound the concentration range was 1-10
uM to obtain the DCso, the concentration at which 50% of TO is displaced,
10 uM was not exceeded as this was 10 equivalents of the DNA

concentration and to avoid precipitation of the compounds.

The eight compounds progressing forward from Section 2.2.5 were 63680,
73735, 105781, 288387, 309401, 317605, 345647, and 354844 (figure
2.13). The compounds were only titrated against the c-MycC sequence they
were shown to bind previously as determined in section 2.2.4 shown in
table 2.5. For c-MycC52 there were two compounds of interest: 317605 and
354844. c-MycC27 had seven compounds of interest: 63680, 73735,
105781, 288387, 309401, 317605, and 345647. The FID titration data is
shown in figure 2.14. The graphs show that for each compound ran there
1s an increase of binding as the compound concentration is increased
demonstrating concentration dependent binding. Furthermore, the curve

shapes are all similar and appear to be asymptotic, where a plateau is not
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reached. The asymptotic graph shape indicates non—specific binding is

occurring between the compounds and ¢-MycC structures.

(\NH N /j
N7 o N ] O<__OH
U H N N
N~ N | H
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Figure 2.13: Structure of eight compounds of interest as c¢c-MycC27 and/or c-MycC52
binders, NSC 63680, 73735, 105781, 288387, 309401, 317605, 345647, and 354844.

117 |Page



e 105781 e 317605
s 288387 ® 354844
® 309401 1004
e 345647
s 317605
® 63680
e 73735

B (2] =]
o o o
N 1 1
.

L]
[=]
L

TO Displacement (%)
TO Displacement (%)

o

0 2 4 <] 8 10

Concentration (uM) Concentration (pM)

Figure 2.14: Fluorescence intercalator displacement assay titration of compounds from 1
equivalence to 10 equivalences to analyse binding to c-MycC27 (left) and c-MycC52 (right)
in the buffering conditions 10 mM NaCaco pH 6.6. 1 uM DNA, 2 uM TO, and 1 to 10 uM
of compound added in 1 uM additions.

The titration studies, figure 2.14, were used to obtain DCso values (table
2.7). The lower the DCso value the lower concentration of the compound
required to displace 50% TO from binding to the DNA structure, and
therefore a better binder. The DCso was determined as >10 uM for 288387,
309401, and 317605 against c-MycC27 (table 2.7). Thus, these are weak
binders. Ranking the compounds from best to worst binder according to
DCso for c-MycC27: 345647 (2 uM), 73735 (4 uM), 105781 (7 uM), 63680 (9
uM), and then the ligands with a DCso of >10 pM which one cannot
discriminate between. Notably, this ranking is a mix of compounds that
gave positive and negative percentage displacements, if one was to rank
the positive results best to worst it would be the following: 345647, 73735,
and 105781. The negative percentage displacements would rank as so:
63680, and then 288387 and 309401. The best method of ranking these
compounds is uncertain due to the lack of clarity around what is happening
at a molecular level with the negative percentage displacement results.
Whereas the ranking for ¢c-MycC52 is more straight forward as there is not
a mix of positive and negative displacement values. The ranking for

c-MycC52 best to worst binders are: 317605 (4 uM) and 354844 (5 uM).
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Table 2.7: DCso values, the concentration at which a compound displaces 50% of TO bound
to the DNA sequence, were calculated using FID titration assay from 0 uM to 10 uM. Assay
was performed in 10 mM NaCaco pH 6.6. N/D shows any compound where a DCso was
not determined as it wasn'’t tested and >10 uM demonstrates that the DCso value was not

reached and so a higher concentration is required.

NSC Structure DC50 (uMm)
Number c-MycC27 c-MycC52

NH N
_ |
63680 N j\ H 89+05 N/D
N~ N
H H
O~__OH
H
N
D 75
73735 EP\O O 0 4304 N/D
I
N
H
0~ o

H

105781 6.9+0.5 N/D

288387 @N _N. O >10 N/D

NH, —
N
N7 |
309401 >10 N/D
HZNJ\\N /
NH,
N/\ H 0 Cl
317605 - >10 3.4+0.1
N /
N
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O OH OH

345647 24+0.2 N/D

354844 N/D 49+0.8

c-MycC52 rankings from the FID hits validation assay discussed in Section
2.2.4 were 354844 (32% +/-1) and the 317605 (26 +/-2) (table 2.5) whereas
using the titration data presented in table 2.6 the ranking positions have
swapped over with 317605 and 354844 using DCso values, of 3 uM and 5
uM respectively.

Ranking of c¢-MycC27 compounds showing positive percentage
displacement were 345647 (27 +/-11) and 73735 (20 +/-8) from the FID
validation assay (table 2.5). Whereas analysis of the FID titration data
shows that not only are these two compounds displaying positive
percentage displacement values but so are 105781 and 317605. Ranking
these compounds using the DCso values the best to worst binders were as
follows: 345647 (2 uM), 73735 (4 uM), 105781 (7 uM), 317605 (>10 pM).
Therefore, 345647 and 73735 ranked respectively 1st and 2»d best binders
in both experimental approaches showing consistency of the FID method.
To investigate the discrepancies between the two approaches for 105781
and 317605 the line fitting for the FID titration study, (figure 2.11), was
used to get a percentage displacement value at 2.5 uM of compound which
is the concentration the ligand was ran at in the FID validation assay,
(table 2.5), to allow some form of a comparison. Previously 105781 showed

low negative percentage displacement (-17% +/-8) and now is showing
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positive percentage displacement (29% at 2.5 uM), and 317605 showed a
large negative percentage displacement (-91 +/-14) and is now showing a
low positive percentage displacement (15 at 2.5 uM). The biggest change
in percentage displacement is from 317605. These discrepancies suggest
the compound is affecting the fluorescence reading at 450 nm, which is a
limitation of this assay. It was decided not to repeat this data but to
progress these compounds into further biophysical testing where
fluorescence properties won’t affect the results of binding data. Ranking of
c-MycC27 compounds showing negative percentage displacement were:
288387 (-101 +/-1), 317605 (-91 +/-14), 309401 (-73 +/-9), 63680 (-71 +/-22),
and 105781 (-16.5 +/-8) for the FID validation assay (table 2.5). The FID
titration data demonstrated that the ranking using DCso values was:
63680 (9 uM) and then 288387 and 309401 cannot be discriminated
between as they were both >10 uM and 317605 and 105781 were discussed
above (table 2.7).

Overall, the FID assay was a useful tool for high throughput testing and
screening large libraries against different DNA structures. However, it has
been shown that it is not suitable for compounds that affect the
fluorescence reading of TO at 450 nm as the analysis becomes complicated
and like with most procedures needs other procedures to corroborate
findings with. To investigate the binding of these compounds against

different DNA structures further biophysical techniques were employed.

2.3 Biophysical Testing of Compounds of Interest

2.3.1 Ligand Binding Studied by Circular Dichroism

Circular polarised light can be utilised to observe characteristic spectrums
of different DNA structures to determine what structure a sequence has

formed. CD 1s able to differentiate between different structural
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polymorphisms of DNA including B-DNA (positive strong band at 260-280
nm and a negative band at 245 nm) G-quadruplexes (parallel
G-quadruplexes have a dominant positive peak at 260 nm and anti-parallel
G-quadruplexes have a negative band at 260 nm and a positive band at
295 nm), and i-motifs (dominant positive peak at 288 nm and a negative
band at 267 nm).115231 Ag CD determines DNA structure it can be used to
monitor structural changes under the effects of changing conditions for
example different cations or pH, and the addition of ligands. Therefore, it
is possible to use CD to determine if a compound affects the stabilisation

of a particular DNA structure or changes the equilibrium.

CD spectroscopy was used to further analyse the effects of the compounds
of interests on different DNA structures. To do this, compounds were
titrated into 10 uM of ¢-MycC52 in 1 uLL additions of 10 uM up to 50 uM to
see any changes to the CD spectrum up to five equivalents. After addition
of 50 uM the sample was melted from 5 °C to 95 °C to identify the melting
temperature, Tm, which is where the sample is 50% folded into i-motif and
50% random coil (figure 2.15). To analyse the effects of compounds on the
DNA structure the Twm in the absence of ligand is compared to the Tw with
50 uM of the compound added, if the T is shifted to the lower temperature
side the compound has destabilised the structure and if it has shifted to
the higher temperature side it has stabilised.
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Figure 2.15: Schematic of CD normalised ellipticity showing fraction folded from 5 °C to
95 oC to determine the Tm, which is the temperature at which the structure is 50% folded
and 50% unfolded show by the yellow lines on the graph. Data used for the CD graph was
10 uM i-motif, 52 base i-motif that forms in the MYC promoter region, in 10 mM NaCaco
pH 6.6.

In the hunt for i-motif probes it is ideal to have a mixture of probes that
cause different effects on stability. For example, a probe that stabilises the
i-motif can be used to increase i-motif formation in cells and observe the
effects of that in cellular conditions from reporter gene assays.9” In
addition, 1i-motifs are dynamic structures with several different
conformations, making it difficult to get crystals composed of one
conformation to allow the structure to be solved. Ligands can shift the
equilibrium to one formation so that the structure can be solved. This could
further our understandings of the mechanisms of action of i-motif
structures. Probes that destabilise while not useful for crystallisation can
be used to determine the effects of the i-motif in cells by observing the
effects on transcription of decreasing i-Motif formation. Pairing that

information with observations on the effects of a stabiliser will increase the
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understanding of the function of the particular i-motif. Compounds that
don’t stabilise or destabilise 1-motif structures will make ideal probes for
investigating when they form, they may need fluorescent probes linked to
them to do so, for example like the i-motif specific antibody iMab%¢ and go
further to compare how this differs in normal and diseased cells for i-motif
structures in general and also for specific 1-motif sequences like ¢-MycC

which 1s the aim of this study.

To investigate the specificity of these compounds the melting temperatures
were assessed against multiple DNA structures in the absence and
presence of ligands using CD. The buffering conditions are kept identical
for all DNA structures, 10 mM NaCaco pH 6.6, except for when using
c-MycG as this is a G-quadruplex it needs cations to stabilise the structure.
In the case of c-MycG it would be optimal to add 100 mM KCI to the buffer
conditions, however this makes c-MycG so stable it doesn’t melt by 95 °C,
see appendix Al. It was demonstrated that the addition of 10 mM KCIl the
structure melts at ~60 °C, see appendix A2. Thus, for all CD experiments
investigating the melting temperature of c-MycG the buffering conditions
are 10 mM NaCaco 10 mM KCl1 at pH 6.6. This complicates the comparison
of compounds effects on different DNA structures as buffer composition can
play a role in this, and 10 mM KCI was not used to investigate i-motif
sequences as it destabilises them and so a more acidic pH would be
required to counteract this.26! A more acidic pH is then even further from
the pH in cellular conditions and could then affect the charges on the
compounds which could affect binding. In this instance it was decided to
only add KCl to the G-quadruplex experiments and be aware that the KCI

could be having an involvement in the results.

The two compounds identified as ¢c-MycC52 binders, 317605 and 345844,
demonstrate stabilisation of ¢-MycC52 in CD melting experiments by a
small degree (figure 2.16). The data is fitted with a bi-dose response as
although there is only one transition seen the bi-rose response fitted the

data set better and c-MycC is known to have two transitions which can
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clearly be seen in some environments due to different i-motif populations.
The recently published paper by Smith et al. also analysed all c-MycC CD
data with bi-dose response fittings even though the second transition was

only seen in the presence of particular ligands.97

If ranking the two compounds by largest stabilisation value, compound
317605 would be first with a stabilisation of +2°C and 345844 as second
with a stabilisation of +1°C and (table 2.8).
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Figure 2.16: Circular Dichroism of normalised ellipiticity at 285 nm, the maximum
positive characteristic i-motif peak for c-MycC, of 10 uM c-MycC52 in 10 mM NaCaco pH
6.6 with addition of 50 uM of a given compound. The control (black) is addition of 5 uL of
100% DMSO, this the vehicle control. Line fitting is bi-dose response.
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Table 2.8: Change in T for c-MycC52 compounds of interest. Change in Tmis determined by the difference in the Tm with no compounds present compared

to that with 50 uM of compound present against 10 uM DNA determined from circular dichroism melts from 5 °C to 95 °C in buffer conditions 10 mM

NaCaco pH 6.6.

NSC
Number
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There were seven compounds identified as ¢-MycC27 binders of interest
from FID experiments, 63680, 73735, 105781, 288387, 309401, 317605,
and 345647. CD melting experiments were used to determine if the
compounds affected the stability of ¢c-MycC27 (figure 2.17). The line fittings
used were bi-dose response for all even though some did not show two
transitions, such as 63680 (figure 2.17), as this fitting fitted better than
the dose response as discussed for the c-MycC52 CD melts in figure 2.16.

The CD c¢-MycC27 melting experiments determined that most of the
compounds did not affect the stability of ¢c-MycC27 as one can see in figure
2.17 and supported by the determination of the change in melting
temperature of ¢c-MycC27 in table 2.8. Compounds, 105781, 288387, and
309401 all have no effect on c-MycC27 structure stability (table 2.8).
Whereas compound 63680 had a ATm value of -1 °C and thus is a weak
destabiliser of c-MycC27, if rounding to one significant figure 345647 also
has a ATm value of -1 °C however at two significant figures this value is -0.5
°C and so could be weakly destabilising ¢c-MycC27 but is not destabilising
c-MycC27 in these conditions (table 2.8). Interestingly, compounds 73735,
317605, and 345647 had an additional transition compared to the control
as shown in figure 2.17. A second transition is possible because the
sequence can form more than one i-motif structure, therefore these three
compounds shifted the equilibrium between 40 °C and 60 °C more towards
the i-motif structure that causes the second transition seen in the CD
compared to that of the control. There are examples of this in the
literature, such as Smith et al. who demonstrated that ellipticine
derivatives caused a second transition in c¢c-MycC CD melts and that the
higher concentration of the ligand was added the greater this stabilisation
was providing evidence that this transition is real.9” Thus, these
compounds are stabilising the particular i-motif population that is
represented by the second transition. Furthermore, none of those three
compounds affected the stability of the i-motif that causes the first
transition, but all stabilised the i1-motif structure that causes the second

transition. The biggest stabilisation was seen with 345647 and the
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smallest with 317605. Arguably, compounds 288387 and 309401 may
demonstrate a second transition at a higher concentration as at 50 uM
there 1s a small change where the second transition occurred for other

compounds, such as 345647, however it is not a transition at 50 uM.
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Figure 2.17: Circular Dichroism of normalised ellipiticity at 285 nm, the maximum

positive characteristic i-motif peak for c-MycC, of 10 uM c-MycC27 in 10 mM NaCaco pH
6.6 with addition of 50 uM of a given compound. The control (black) is addition of 5 uL of
100% DMSQO, this the vehicle control. Line fitting bi-dose response.
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The effect of the eight compounds of interest on B-DNA stability was
investigated using CD (figure 2.18). All eight compounds in 10 mM NaCaco
pH 6.6 showed that they destabilised B-DNA and thus have a binding
interaction with B-DNA. The majority of the compounds, all except 63680,
destabilised B-DNA by <10 °C and 63680 destabilised it by >10 °C (table
2.8). The FID experiments determined that these eight compounds did not
bind B-DNA, yet the CD data disagrees and suggests the eight compounds
are non-specific DNA binders. One could reason that the FID and CD came
to different conclusions because they are testing different objectives. FID
is testing for binding that displaces the binding of TO whereas CD
determines changes in stability to the DNA structure via melting
temperature and thus can be used to show binding if stability is affected.
Furthermore, different variables were measured using FID and CD.
Including, the compound concentration relative to B-DNA concentration
was 2.5 equivalences in FID and 5 in the CD, the equivalence used in the
FID may not have been sufficient to see >15% and be determined as
binding, the compounds were binding to B-DNA without displacing TO and
so were not detected as binding in the FID experiments, or a higher
concentration of B-DNA was needed to displace TO in the TO-B-DNA
complex. Thus, highlighting the importance of having the same variables
across different methods to make comparisons between techniques more
appropriate. Overall, CD confirmed that all eight compounds destabilise
and thus bind B-DNA in the conditions the CD was ran under (table 2.58),
and that the FID experiments should be designed using the same
equivalences of DNA to compound as is used routinely in the CD to keep
as many variables identical as possible. Colleagues following up on the
work presented in this chapter are advised to repeat the FID experiments
using 5 equivalences of DNA to compound against all DNA structures and

then carry out comparisons to the data presented in this work.
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Figure 2.18: Circular Dichroism of normalised ellipiticity at 250 nm, the maximum
positive characteristic B-DNA peak, of B-DNA in 10 mM NaCaco pH 6.6 with addition of
50 uM of a given compound. The control (black) is addition of 5 uL of 100% DMSO, this

the vehicle control. Line fitting is dose response.
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CD was used to assess the binding of the eight compounds of interest
against c-MycG to test for specificity (figure 2.19). Notably, the change in
melting temperature reported for the i-motif sequences appear small in
comparison compared to those reported for G-quadruplex DNA, this is
typical of results reported for the i-motif field.”> All of the eight compounds
stabilised the G-quadruplex. Compounds 105781 (+2 °C), 288387 (+2 °C),
73735 (+3 °C), and 309401 (+6.5 °C) all have a ATm value of less than +10
°C (table 2.8). Whereas 354844 (+ 10 °C), 345647 (+14 °C), 63680 (+ 17 °C),
and 317605 (+ 21 °C) all have a ATm value of greater than +10 °C (table
2.8). This data suggests that all eight compounds bind to ¢c-MycG and thus
are not specific c-MycC ligands. The data for CD may appear contradictory
to the FID data which determined three compounds as binding to ¢c-MycG,
317605, 345647, and 354844 (table 2.6). However, there were different
variables being measured by the two methods as discussed above for
B-DNA, as well as the use of different buffers used in FID and CD when
exploring binding and effects on stability to ¢c-MycG. For the FID screen for
c-MycG experiments 10 mM NaCaco 100 mM KCI pH 6.6 was used and CD
screen used 10 mM NaCaco 10 mM KCI pH 6.6. Therefore, the experiments
in the CD had 10-fold less KCl, this was due to the c-MycG being too stable
with 100 mM KCL to melt within the temperature range of the CD
experiments, thus ¢-MycG is less stable in the CD experiments compared
to the FID experiments is an added changed variable between the two
methods. Based on this knowledge it is suggested that the FID is repeated
as discussed above for B-DNA and also using the buffering conditions
required for CD as the FID buffering conditions were not applicable for the
CD method to keep as many variables the same between the different
experimental methods. Overall CD has determined that all eight of the
compounds caused increased stability and thus interact with c-MycG

under the CD conditions (table 2.8).
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Figure 2.19: Circular Dichroism of normalised ellipiticity at 263 nm, the maximum
positive characteristic G-quadruplex peak for c-MycG, of c-MycG in 10 mM NaCaco 10 mM
KClI pH 6.6 with addition of 50 uM of a given compound. The control (black) is addition of
5 uL of 100% DMSO, this the vehicle control. Line fitting is dose response.
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Overall, CD analysis confirmed that 317605 and 354844 bind to c-Myc52
and determined that they weakly stabilise the structure. Interestingly,
these two structures also stabilised c¢c-MycG and destabilised B-DNA,
showing that these compounds lack specificity. Therefore, these two
compounds could be interesting to explore as although they show
non-specific binding, they destabilise B-DNA and stabilise the MYC
promoter region i-motif and G-quadruplex and thus how these two
compounds affect transcription of the MYC promoter, and so could be
worth investigating. Although, in cells there’s a higher percentage of
B-DNA and so the destabilisation effects of these compounds on B-DNA
are likely to cause multiple consequences if their effects are not isolated to
the MYC promoter. Yet, these compounds could be used for investigations
aiming to understand the role of these two secondary DNA structures on
MYC transcription if experimental design was considered carefully.
Interestingly, 63680 was the best B-DNA destabiliser and the best c-MycG
stabiliser, it did slightly destabilise ¢-MycC27, and wasn’t ran against
c-MycC52 due to showing no binding in FID. This compound could be of
interest as a ¢-MycG probe. The other compound of interest following the
CD results was 345627, which stabilised c-MycG by >10 °C, destabilised
B-DNA and destabilised the first melting point of c-MycC27 but stabilised
the second melting point by >25 °C and was not tested against ¢c-MycC52
as FID showed it did not bind. Therefore, this compound may be of interest
as a ¢-MycC or ¢c-MycG probe. All eight compounds were progressed into

further studies due to varying results from FID and CD experimental data.

2.3.2 Ligand Binding Studied by Surface Plasmon

Resonance

Surface plasmon resonance (SPR), introduced in Section 1.5.5, is a
technique used to determine binding affinity and kinetics data between

targets and ligands. SPR can also be used in a high throughput manner to
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detect binding, which is how it was employed for this study. Binding events
were determined between the eight hit compounds and eight different
5'-biotinylated DNA structures immobilised on a streptavidin coated chip:
B-DNA, ¢c-MycC27, c-MycC52, c-MycG, DAP (i-motif), ATXN2L (i-motif),
ILPR (i-motif), and hTeloC (i-motif), refer to table 5.2 for sequences. All
SPR work was performed collaboratively with Dr Clare Stevenson from the
John Innes Centre. In SPR, the targets are immobilised onto the chips
surface, which is, in this case it is biotinylated DNA, and the ligands are
passed over the chip, in this case the hit compounds. SPR determines the
amount of analyte bound to the ligand by monitoring the reflected light
intensity or tracking resonance angle shifts, allowing for real-time
analysis. Light is shone through a prism and glass slide until it reaches
the gold sensor which has the ligand immobilised on the surface. This light
is reflected into a detector and the intensity and angle are recorded. This
initial recording is the baseline in the absence of ligands. The ligands are
passed over the chip in buffer and if they bind to the immobilised DNA
they cause a molecular weight change, causing a change in intensity and/or
angle causing a change in response units (RU) (figure 1.32). The SPR
experiments used an SA (streptavidin coated) chip with sixteen different
flow cells. Eight flow cells contain immobilised DNA and eight are
reference cells with nothing immobilised onto the streptavidin coat.
Reference cells are the controls which identify how much background
binding occurs to the chip itself. This background binding is removed from

the binding to the immobilised ligand to ensure the binding read is real.

SPR experiments were performed with each of the eight compounds of
interest at a low (10 uM) and high (100 uM) concentration, in the buffering
conditions 10 mM NaCaco 10 mM KCl1 0.05% Tween20 pH 6.6 1% DMSO.
The KCI was added to fold ¢-MycG into the G-quadruplex structure. This
made it increasingly difficult to make direct comparisons to the FID and
CD data for the i-motif and B-DNA experiments as the variable of buffering
conditions are different. DMSO was required in the buffer as DMSO has a

large reflective index and so needs to be in the buffer at the same
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percentage it is in the samples to account for this as well as using DMSO
correction curves. The results should show a relationship between the
compound concentration injected and the size of the relative response

observed for those that bind.

SPR determined that compounds 73735, 288387 and 345647 do not bind
c-MycC27 where all other compounds showed binding (figure 2.20).
Compounds 105781 and 345844 are weak binders with <560 RU at the high
concentration (100 uM) and 63680, 309401, and 317605 are strong binders
with >50 RU at the low concentration (10 pM). The ranking of the
c-MycC27 binders from highest relative response units to lowest at 100 uM
was 309401, 317605, 63680, 107581 and 354844 (figure 2.20).
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Figure 2.20: Surface plasmon resonance response units vs ligand concentrations at 10 uM
and 100 uM of ligands against eight different DNA structures: c¢-MycC27, c-MycC52,
B-DNA, c-MycG, DAP, ATXN2L, ILPR, and hTeloC. DNA immobilised on the chip was
~500-600 RU, compounds 100 uM, in 10 mM NaCaco 10 mM KCI 0.05% Tween20 1%
DMSO pH 6.6. Where c-MycC27, c-MycC52, DAP, ATXN2L, ILPR, and hTeloC are i-motif

sequences and c-MycG is a G-quadruplex.
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Analysing the SPR data for the target, c-MycC52, seven out of eight
compounds bound (figure 2.20). 288387 did not bind ¢c-MycC52 in the SPR
experiment. Compounds 73735 and 354844 were weak binders (<50 RU at
100 uM), 309401 and 317605 were strong binders (>50 RU at 10 uM), and
63680, 105781, 345647, and 354647 showed medium binding (>50 RU at
100 uM). Ranking the compounds from highest relative response units to
lowest at 100 uM was 309401, 317605, 63680, 105781, 345647, 354647,
73735, and 354844.

Investigating B-DNA as the target by SPR identified that all compounds
except 288387 bound to the double stranded structure in the conditions
ran, suggesting that these compounds do not show selectivity over B-DNA.
There was one weak binder, 73735 (<50 RU at 100 uM). There were four
compounds that showed medium binding, 63680, 105781, 309401, 345647,
and 354844 (>50 RU at 100 uM) and only 317605 demonstrated strong
binding (>50 RU at 10 uM). Ranking from highest relative response units
to lowest at 100 uM for binding to B-DNA was determined as: 309401,
317605, 63680, 105781, 345647, 354844, 73735.

SPR experiments identified, similarly to ¢c-MycC52 and B-DNA, that all
compounds except 288387 bound to c-MycG under these conditions. Two
weak binders (<50 RU at 100 uM), 354844 and 73735 were identified, four
medium binders (>50 RU at 100 uM), 63680, 105781, 309401, and 345647,
and one strong binder (>50 RU at 10 uM), 317605. The ranking from
highest relative response units to lowest at 100 uM against B-DNA was
determined as, 309401, 317605, 63680, 105781, 345647, 73735, and
354844.

The SPR data demonstrated that for the target sequences DAP, ATXN2L,
and hTeloC there were three compounds out of eight identified as binding:
63680, 309401, and 317605. ILPR was similar and had four out of eight

compounds identified as binding in the SPR experiments which were:

63680, 309401, 317605, and 345647. For DAP and ATXN2L 63680 is a
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medium binder (>50 RU at 100 uM). and 309401 and 317605 are strong
binders (>50 RU at 10 uM). For hTeloC 63680, 309401, and 317605 were
all medium binders (>50 RU at 100 uM). Analysis of ILPR data identified
354844 as a medium binder (>50 RU at 100 uM) and 63680, 309401, and
317605 were all strong binders (>50 RU at 10 uM). The ranking from
highest relative response units to lowest at 100 uM against DAP, ATXN2L,
ILPR, and hTeloC was determined as 309401, 317605, 63680 and then
354844 for ILPR.

To summarise the SPR experiment determined that 63680, 309401, and
317605 bound all DNA structures and 288387 bound no structures tested
under these conditions (table 2.9). Compounds 73735 and 345647 only
bound c¢-MycC52, ¢-MycG, and B-DNA (table 2.9). Whereas compound
105781 bound c-MycC27, c¢-MycC52, c¢-MycG, and B-DNA (table 2.9).
Finally, compound 354844 bound c-MycC27, ¢c-MycC52, c-MycG, B-DNA,
and ILPR (table 2.9). Compound 73735 bound only to c-MycC52, c-MycG,
and B-DNA all with low response and so this ligand is not a good choice for
developing into a more specific ligand as it has no preference between those
three structures. Furthermore, 354844 had the greatest RU for B-DNA,
suggesting a preference for B-DNA and thus this ligand would not be ideal
to be take further. Compounds 63680, 309401, and 317605 showed the
greatest RU for ¢-MycC27, ¢-MycC52, and c¢-MycG and the lowest for
B-DNA, suggesting that the weakest binding is with B-DNA and the
strongest with the i-motif and G-quadruplex forming structures in the
MYC promoter region. This suggests they show selectivity over B-DNA for
the MYC G-quadruplex and i-motif. Furthermore, compounds 105781 and
345647 show the highest RU for ¢-MycC52 and c-MycG and the lowest for
B-DNA. Suggesting stronger binding to the i-motif sequence that Hurley
et al. determined is required for full transcriptional activation of the MYC
promoter and the G-quadruplex that forms in this region.4 Therefore,
63680, 105781, 309401, 317605, and 345647 are of interest as dual
binders to the i-motif and G-quadruplex forming in the MYC promoter

region with a preference over other DNA structures.
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This SPR data should be discussed with the data reported from the CD
melting experiments. Notably, the CD melting experiments determined if
a ligand caused stabilisation or destabilisation of a DNA structure, not
binding, although if stabilisation or destabilisation was observed then one
can conclude binding occurred however no effect on stability does not
conclude no binding occurred. Whereas SPR determines if binding occurs.
Another point to remember is that the buffers differed for CD and SPR.
The buffer used in CD melting experiments were buffer 10 mM NaCaco at
pH 6.6 for ¢c-MycC27, ¢c-MycC52, and B-DNA, and with the addition of 10
mM KCL for ¢c-MycG. The buffer used for SPR was 10 mM NaCaco 10 mM
KCL 0.05% Tween20 1% DMSO at pH 6.6. Therefore, the c-MycC DNA
strands are less than 50% folded into the i-motif structures in the SPR
conditions due to destabilisation by KCL, compared to there being 50%
folded 1-motif structures for the c-MycC sequences in the CD conditions.
Thus, these add differing variables between the experiments to be

considered when comparing.

The CD melting experiments identified that 317605 and 354844 caused a
change in stability of ¢c-MycC52, ¢c-MycG, and B-DNA and thus bind. This
collaborates with the SPR data. Furthermore, compounds 33680, 73735,
and 345647 were shown to effect stability and thus bind to ¢-MycC27,
B-DNA, and c¢-MycG, which is supported by the SPR data. Compounds
105781 and 309401 were shown to affect stability and thus bind to B-DNA
and c-MycG according to CD data. No change in stability was observed
against ¢c-MycC27 and thus it could not be determined if binding occurred.
This collaborates with the SPR data which showed both bound to B-DNA
and c¢-MycG and provided further information that they both bound
c-MycC27. There was one compound where the CD and SPR data differed.
This was for 288387, where the CD data showed it had an effect on
stability and thus bound to B-DNA and c-MycG, but no effect on ¢-MycC27
stability and thus it could not be determined if binding occurred or not.
However, SPR data showed that 288387 bound to no DNA structures

tested. This could be due to different variables including buffer differences
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or that 288387 precipitated in the SPR experiment and thus showed no
binding, or that the changes of stability seen in the CD were not real or
within error. A repeat of the experiments would be required to explore the

differences seen.

Overall, the SPR data determined that 63680, 105781, 309401, and
317605 are probes that could be developed further with the aim of
achieving dual MYC i-motif and G-quadruplex specific ligands or

specificity to one of those secondary structures.
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Table 2.9: Table summarising which DNA structures different compounds bind to, determined from surface plasmon resonance, a tick indicates binding

and a cross indicates no binding.

NSC Struct DNA
ructure
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2.4 Cellular Studies

2.4.1 Cytotoxicity Studies

Following biophysical techniques which showed varying results but did
identify compounds that bound ¢-MycC and c-MycG, with the potential to
be further developed into c-MycC and/or c-MycG specific probes. Some
compounds appeared to show a preference for binding to ¢-MycC and/or
c-MycG and so an investigation into their effects in a cellular environment
could be interest, such as a luciferase reporter assay. Before exploring
cellular studies, a concentration range where cell death dose not occur is
required, and thus cytotoxicity of the compounds was investigated. The
colourimetric MTT assay was used. The model cell line of choice was
HEK293 cells which are immortalised human embryonic kidney cells.262
This cell line has multiple advantages including being low-maintenance,
rapid dividing doubling every 36 hours, easily transfected and are a well

characterised cell line.263

The cytotoxicity experiments were carried out on five different compounds,
three of interest from this project and two compounds from the literature
which are known to interact with i-motif or G-quadruplexes. Of the eight
compounds of interest there were three that stood out as most intriguing
following CD and SPR analysis. The CD analysis identified that 317605
and 354844 stabilise c-MycC, stabilise c-MycG, and destabilise B-DNA and
thus could be interesting to explore their effects on transcription in cellular
assays. SPR identified that compounds 317605 and 345647 were of
interest as dual MYC i-motif and G-quadruplex binding compounds as they
had the highest RU for ¢c-MycC52 and ¢c-MycG and the lowest for B-DNA.
The other two compounds selected were Pyridostatin and Ellipticine as
they will likely be used as controls in future cellular experiments. This is

because Pyridostatin is a gold standard G-quadruplex ligand that
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stabilises G-quadruplex and destabilises 1-motif, and Ellipticine is known

to stabilise 1-motif without causing a direct effect on the G-quadruplex.97.264

J/NHZ HzN\L
0 o} X
IS NeclNoe
= N \| Nx O
NT N7 Y N~ N

H | H
A
O\L Ellipticine
Pyridostatin NH,

Figure 2.21: Structure of Pyridostatin and Ellipticine.

The cytotoxicity experiments were performed in the presence of 1% DMSO
as the vehicle control which was shown to have a minimal effect on cell
viability (see appendix A3). Cell viability was assessed after 24 hours,
which is a typical timescale for luciferase reporter assays investigating
MYC transcription when assessing the effect of c¢-MycG binding
compounds, as this is the next planned experiment.17! The average of three
biological replicates were used for each concentration. The concentration
was logged to produce a sigmoidal shaped curve and was used to determine

the ICso value using fitted curves in OriginPro8 software.

Compounds 317605, 345647, and Ellipticine showed a typical sigmoidal
relationship between concentration and cell viability (figure 2.22).
Compound 354844 had a hyperbolic curve and demonstrated high
cytotoxicity levels. Compound 317605 has a more gradual cytotoxicity in
the concentration range used than 345647 or Ellipticine. Compound
345647 showed the steeper curve than 317605 demonstrating the greater
cytotoxicity. These observations were reflected by the ICso values in table
2.10, where compound 354844 had the greatest cytotoxicity (DCs0 0.2 uM),
then 345647 (DCso 2.4 uM), Ellipticine (DCso 11.5 pM), and 317605 the
least cytotoxicity (DCso 37.5 uM). Pyridostatin did not significantly
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reduce cell viability below 80% at any tested concentration, this is because
the Pyridostatin stock was a 10-fold lower concentration in DMSO than
all of the other compound stocks due to insoulublity of the particular form
of Pyridostatin, leading to a 10-fold lower max concentration being tested
in the assay (figure 2.22). Using higher concentrations in the assay from
that stock would have a higher percentage of DMSO than 1% and thus
causing cell death, therefore this positive control requires repeating at an
identical concentration range to the other compounds in 1% DMSO where
one would then expect to see cell death caused my Pyridostatin in line
with the literature.265 Therefore, Pyridostatin could not be ranked as

further concentrations were required to do so.
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Figure 2.22: Average percentage cell viability of HEK293 cells after 24 h treatment with
indicated compounds. Viability is normalised to 1% DMSO vehicle control. Error bars are
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plotted in OriginPro8.
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Table 2.10: Summary of the ICso values determined from MTT cytotoxicity experiments in
HEKZ293 cells after 24 h treatment with indicated compounds.

Compound ICso (uM) Fitting
Structure Error
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2.5 Discussion and Further Work

Chapter 2 explored identifying lead small compounds that interacted with
c-MycC that could be later developed into c-MycC specific probes. To
achieve this aim, this project tested the compounds from the National
Cancer Institute Diversity set IV library which is comprised of
pharmacophores against two variations of the i-motif sequence that forms
in the MYC promoter region. c-MycC27 which was commonly used in the
i-motif field and ¢c-MycC52 which was determined to be required for full
transcriptional activation of c-Myc.47 To screen this library the high
throughput method FID assay was used to identify compounds that bound
to either of the targets, c-MycC27 or c-MycC52. This was followed up by
further FID assays to investigate specificity, FID validation assays, FID
titrations to determine DCso values, CD melting studies, SPR binding
studies, and MTT assays to investigate cytotoxicity of compounds of

interest (figure 2.23)
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Figure 2.23: Flow chart detailing the process of screening compounds that bound to the

i-motif forming region in the MYC promoter.

The high throughput FID screen of >1500 compounds identified that 34
compounds bound to either/both c-MycC sequences investigated. These
compounds of interest, 63680, 73735, 105781, 288387, 309401, 317605,
345647, and 354844 (figure 2.24). The binding of these compounds was
confirmed using CD and SPR techniques where all eight showed binding

to either c-MycC sequence in either or both techniques. Therefore, this
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project achieved identifying c-MycC interacting ligands and explored the

specificity of these compounds identifying novel compounds.

63680 73735

T g)‘%

NH2 — N cl
[:Ij/\’(\f N
317605
288387 309401

Figure 2.24: Schematic of compounds with the following NSC numbers 63680, 73735,
105781, 288387, 309401, 317605, 345647, and 354844.

The i-motif field has a limited number of known i-motif interacting
compounds, many of which have been inspired by compounds that interact
with its sister structure, the G-quadruplex.48252 For example, the first
known i-motif interacting compound, reported in 2000 by Hurley and
colleagues, was TMPyP4, a known G-quadruplex binding compound.266
Naturally, the i-motif field has continued the search for i-motif interacting
compounds using G-quadruplex ligands characteristic cores as a starting
point, such as acridine cores.213 This is proving to be successful in finding
1-motif binding ligands, such as B19 (figure 2.2),%2 which was shown not to
interact with c-MycG or B-DNA but did stabilise ¢-MycC and had a
repressive effect on the MYC promoter. Interestingly, the biophysical data
for B19 used c-MycC27, not c-MycC52 which Hurley’s team identified as
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being required for full biological activity yet it has an effect on MYC
transcription.+? From the work carried out in this project it is clear that
compounds are likely capable of binding to all i-motif sequences, such as
63680 (table 2,9), and other compounds show a preference to certain i-motif
structures, such as 354844 (table 2.9). Therefore, it would be interesting to
see if B19 also binds to ¢c-MycC52 sequence, and other i-motif sequences.
Consequently, B19 could be an i-motif specific sequence rather than
c-MycC specific which could account for the biophysical data and biological

data seen.

Additionally, there have been multiple i-motif binding ligands identified
that were not inspired by G-quadruplex interacting compounds. Including
mitoxantrone by the Waller group from screening a compound library.235
Similarly, the Bcl2 i-motif binding ligand IMC-48 was also identified
through screening of a chemical library.86 Highlighting, that using
compound libraries that contain varied chemical compounds is an excellent
method used to increase the number of i-motif binding compounds and also
in identifying characteristic cores of i-motif binders that may differ from
those of known G-quadruplex binders. This project used a diverse
compound library and identified new leads to be developed as c¢-MycC
specific probes, 63680, 73735, 105781, 288387, 309401, 317605, 345647,
354844 (figure 2.24).

This project has identified three novel probes of particular interest for
further development, 317605, 345647, and 354844 (figure 2.24). Overall,
the biggest challenge was getting selectivity over B-DNA for ¢c-MycC, this
is unsurprising as this is the currently challenge of the i-motif field. There
are multiple reasons that could account for the lack of selectivity such as,
B-DNA and i-motif being composed of the four nucleic acid bases, both
having a major and minor groove, and both being able to bind to
intercalators. Its not uncommon for compounds binding i-motif DNA to

promiscuous and bind other DNA structures, in particular B-DNA.
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Compound 317605 was identified by FID as biding to ¢c-MycC52 and not to
B-DNA (tables 2.3 and 2.4). Further studies identified that 317605
stabilises c-MycC52, stabilises c-MycG and destabilises B-DNA as shown
by CD melting studies (table 2.8). Suggesting a lack of specificity over
B-DNA. SPR identified that this compound, 317605, demonstrated binding
to all target sequences, which is not unsurprising as this compound is an
indoloquinoline, which are known to interact with different DNA
structures including B-DNA and G-quadruplexes.267 Interestingly, 317605
had the highest response for ¢c-MycC and ¢c-MycG and the lowest for B-DNA
(table 2.9 and figure 2.20). Suggesting, that 317605 has a binding
preference for c-MycC52 and c-MycG over other B-DNA and even other
1-motifs. It has been found that indoloquinoline derivatives have high
affinity for G-quadruplexes and so it is likely that this compound has a
preference for i-motif and G-quadruplex over B-DNA. This is of particular
interest as this unique property that could be further developed to make
this compound a dual specific MYC i-motif and G-quadruplex probe. In the
literature there is one example of a compound that selectively binds to
c-MycC and c¢-MycG and stabilises both structures, a9 (figure 2.2),
similarly to the results identified in this project for 317605.87 However, the
stabilising was determined from FRET and CD titrations which monitored
the intensity of characteristic peaks with and without compound present
but the gold standard CD melts were not ran and the effect of a9, which
was shown by SPR to bind B-DNA, on B-DNA’s stability was also not
determined. As a9 is a bisacridine derivative and bisacridines are known
bisintercalators that interact with multiple DNA structures such as
B-DNA and holiday junctions, thus further experiments testing binding
against holiday junctions would be of interest.268-270 Therefore, 317605 is
novel as the data suggest it preferentially binds c-MycC and c-MycG,
stabilises ¢c-MycC, stabilises c-MycG and destabilises B-DNA. Therefore,
this is an excellent starting point for developing a specific dual ¢-MycC,

c-MycG probe.
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Compound 345647 is another novel compound identified that has potential
to be further developed into a dual MYC i-motif and G-quadruplex probe
(figure 2.24). 345647 was highlighted as of particular interest as SPR
experiments determined that it only bound to c¢c-MycC, ¢-MycG, and the
response for B-DNA was ~1/2 of that seen for ¢c-MycC and c¢-MycG (figure
2.20). This was further supported by CD experiments which determined
345647 destabilises B-DNA, stabilises ¢c-MycG, no effect on ¢-MycC27, and
wasn’t tested against ¢-MycC52. The third novel compound of particular
interest was 354844 (figure 2.24). CD determined it stabilised ¢-MycC52
and was the best c-MycC52 stabiliser of the compounds investigated in this
project, stabilised ¢c-MycG by >10 °C (ranked in the high stabiliser group),
and destabilised B-DNA (table 2.8). Thus, this is of interest to be further
developed to explore as a therapeutic that could regulate transcription of

MYC.

To further progress this work the two compounds that appeared to have a
binding preference for ¢-MycC and c¢c-MycG, 317605 and 345647, need to
have their binding constant, Kp, determined. To do this SPR should be
used at a range of concentrations form 0 uM to 100 uM with at least 10
concentration points. If that data showed preferential binding SPR could
be used to explore a wider number of DNA structures, such as more
G-quadruplexes, and triplexes especially as 317605 is a indoloquinoline
derivatives which are known to have a high affinity for triplexes.267
Additionally, the broader context of this project is to produce probes that
can be further developed and explored as therapeutics and thus cellular
studies must be carried out. Compounds 317605, 345647, and 354844
were identified of particular interest and their cytotoxicity after a 24 h
incubation in HEK293 cells was determined. Using those results
concentrations where the compounds are not cytotoxic can be selected for
essential cellular assays to study the compounds effects on transcription.
One cellular assay which has been used to study the effect of G-quadruplex

binding ligands on MYC transcription is a luciferase assay and so this
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could be carried out to explore the effects of these compounds on MYC

transcription.

In addition, there is future work that can be explored using all eight of
compounds identified as c¢-MycC hits that would benefit the fields
understanding of i-motif binding ligands. One is what epitopes of different
compounds bind to the i-motif to develop the field understanding of what
i-motif ligands look like and important chemical properties. Saturation
transfer difference (STD) NMR would be used to determine the binding
epitope of the ligand when bound to c-MycC. The second would be
exploration of the effects of buffer conditions on binding to different DNA
structures could be an interesting avenue, especially as in the SPR
conditions (10 mM NaCaco 10 mM KC1 0.05% Tween20 1% DMSO pH 6.6)
288387 showed no binding to any DNA structures, yet in the CD under
similar conditions (10 mM NaCaco pH 6.6 or 10 mM NaCaco 10 mM KCl
pH 6.6) it showed destabilisation of B-DNA and stabilisation of ¢c-MycG,
and thus must interact with these structures to change their stability.
Furthermore, another binding technique that can also use varying
conditions whilst investigating binding may need to be used such as

1sothermal titration calorimetry (ITC).

Furthermore, synthesis of analogues of these eight compounds or the three
of particular interest aiming to improve affinity and specificity to ¢c-MycC
for c-MycC probes or ¢c-MycC and c-MycG if working to obtain a dual probe.
Followed by biophysical techniques used throughout this chapter to
determine if the aims were achieved. The compound with increased affinity
or specificity for the desired DNA targets would be progressed into cellular
experiments to determine effects on MYC transcription aiming to gain a
better understanding of the mechanism by which the MYC promoter is
regulated by the i-motif and to be a starting point for developing powerful

cancer treatments that target MYC regulation.
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Chapter 3: Searching for Peptides to Target
the i-Motif forming sequences in the

Promoter Region of c-Myc

3.1 Introduction

The ‘master regulator’, MYC, is known to control many aspects of cellular
growth and cellular metabolism, making MYC regulation essential for
normal cell functioning.121.271 ¢-Myc takes a central role in sustaining
higher levels of metabolism such as that seen in cancer cells.
Unfortunately, despite efforts to target the c-Myc protein directly, it has

proven challenging and largely unsuccessful.272.273

A possibility being explored is targeting the promoter region itself,
particularly the NHE III; region as it is capable of forming alternative
DNA structures, the G-quadruplex and i-motif, which are gaining more
and more evidence showcasing their ability to regulate transcription!?. In
fact, stabilising these structures has been demonstrated to reduce MYC
expression.87.274 Thus, they could be targets for powerful therapeutics. The
current published studies that have identified probes that preferentially
bind ¢c-MycC were small molecules, 8287 similarly to the approach used in
Chapter 2. One rationale for this may be that small compounds are more
likely to be able to pass through the nuclear pore as well as being a classic
route for drug discovery. Although, an increasingly popular route is
therapeutic peptides.27> In general, this is advantageous due to high target
specific and selectivity, fewer side effects, high potency of action, and low
toxicity to name a few. However, they do have some disadvantages which
include metabolic instability, poor membrane permeability, poor solubility
and higher manufacturing costs.273 Although, peptides, <~50 kDa, may be

able to pass through the nuclear envelope freely.
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Broadly speaking, it is ideal for the i-motif field to have a library of
different 1-motif specific binders made up of small molecules, peptides, and
proteins which have the capacity to stabilise, destabilise, and have no
effect on stability. This would allow the field to investigate the
understanding and function of i-motifs using multiple different techniques
and manipulate them in a multitude of ways. The same will be required
for the MYC i-motif found in the MYC promoter region (c-MycC). Specific
probes would enable a fuller understanding of 1-motif biology and hopefully
pave the way for some new therapeutics that could revolutionise cancer

treatments.276

To date, the only i-motif specific protein identified is the antibody fragment
iMab.94 This discovery was one of the most significant for providing
evidence that i-motifs formed in cells and are physiologically relevant
structures. Christ’s team utilised antibody phage display to identify
1Mab.94 Phage display i1s a molecular biology technique used to study
protein-protein, protein-peptide, protein-DNA, and peptide-DNA
Interactions, in this case peptide-DNA interactions. Its discovery by
George Smith and adaptation to the antibody display format by Greg
Winter was recognised in the 2018 Nobel Prize in Chemistry.277 The direct
link between phage genotype and phenotype and the ease of using phage

vectors are two key reasons why this is an excellent screening technique.278

This chapter questioned whether phage display could be used to find a
peptide that was ¢c-MycC specific.94 A peptide was chosen over a protein in
this instance as the aim of this project was to identify a probe that could
be used to analyse the effects of ¢c-MycC on expression and therefore a
smaller molecule is more optimal as entry into the nucleus may be
achievable freely using a small peptide, whereas a protein must use active

transport.273
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3.2 Phage Display Screening of Ph.D.12 and
Ph.D.-C7C Libraries

To address the aim of identifying peptides that bind ¢-MycC this chapter
used two different length variations of c-MycC. These two oligonucleotides
were 27 and 52 base pairs long, referred to, respectively, as c-MycC27 and
c-MycC52. It was decided that two commercially available libraries would
be tested: Ph.D.™12 a linear randomised 12-mer library, and Ph.D.T™.
C7C, a cyclic 7-mer library where the 7-mer randomised sequence is
flanked by a pair of cysteine residues. Both libraries consist of circa 109
randomised peptide sequences with approximately 100 copies of each
present in the library stock. It was hypothesised that the cyclic library had
a lower entropic penalty for binding due to the structural constraint by the
disulfide compared to the linear library. There was concern that a 7-mer
sequence may be too short to provide specific binding and so a 12-mer

library was also used (figure 3.1).

Ph.D.-12 XGGGS Cq—

Ph.D.-C7C ACX;CGGGS
SS

Figure 3.1: Peptide libraries used from New England BioLabs. The peptide sequence is
displayed on the pIIl minor coat protein on the distal tip of the M13 phage and contains a
linker sequence GGGS shown in black. In the cyclic library, the flanking cytosine residues
are shown in blue, the X demonstrates randomised amino acids, and the subscript details

the number of randomised amino acids in each sequence. Created in BioRender.com.
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3.2.1 Phage Display Screening Method Development and
Results Targeting the 27bp i-Motif Forming Sequence in
the Promoter Region of MYC

3.2.1.1 Phage Display Screening Method 1 and Results Targeting

the 27 bp i-Motif Forming Sequence in the Promoter Region of
MYC

The method was developed from the Ph.D.™ Phage Display Libraries
instruction manual from New England BioLabs (NEB), see Surface
Panning Procedure, for further details see section 5.1.2.197 The buffer
suggested in this section is 0.1 M NaHCOs pH 8.6, however this is not
appropriate for studies i-motif interactions as acidic pH is required to
stabilise the i-motif structure,3¢ and the buffering range of bicarbonate is
pH 8.9-10.8279 making this buffer unsuitable. NEB suggests using a buffer
to stabilise the target containing metal ions and of a similar ionic strength.
Therefore, PBS was chosen as it has a buffering range of pH 5.8-8.0, which
spans the pH range typically used for testing i-motif folding.280 The
blocking buffer suggested was 0.1 M NaHCOs pH 6.8 with 5 mg/ml BSA,
this was changed to PBS at acidic pH 5 mg/ml BSA and will be referred to
PBSB. The wash buffer suggested in the manual was TBST (TBS +
Tween20), again this buffer was unsuitable as it’s good buffering range is
pH 7-9.2 and therefore PBS was used with an addition of Tween 20, and
will be referred to as PBST.281 The Tween 20 percentage was adjusted
throughout the method development process to find the optimal percentage
to reduce background interactions. The final buffer adjusted was the
elution buffer, this is used to elute bound phage from the target and so this
buffer needs to disrupt the interaction between the target and phage. In
this case the best approach to this was to continue using PBS and to
increase the pH to 7.4.280 As shown in figure 3.2 pH 7.4 causes both 1-motif

sequences to unfold and therefore the peptide binding sites will be

160 |Page



deformed and the phage will unbind. Further support for using PBS comes
from the phage display conditions used by Christ’s group when identifying
iMab as they also used PBST and PBSB.%
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Figure 3.2: CD characterisation of c-MycC27 (left) and c-MycC52 (right) in PBS from pH
7.4 to 6.0 to determine the transitional pH, the pH at which the sequence is 50% folded
(i-motif) and 50% unfolded (random coil). The graph was fitted with a dose response curve,
the error of this fitting is shown in brackets on the graph, which was used to determine

transitional pH in Origin software.

To determine the optimal pH to use for the phage display selection, the 27
base pair variant of the i-motif that forms in the promoter region,
c-MycC27, was characterised in PBS using CD. Which determined the
transitional pH as pH 6.69 (figure 3.2), therefore pH 6.6 was decided as the
pH for PBS buffers.

Phage display method 1, shown in detail in table 5.4 and summarised in
table 3.1, aimed to find any peptides within the New England Biolabs
(NEB) Ph.D.-C7C library that bound to c-MycC27. Round 1 used ¢c-MycC27
as target DNA to identify any peptides in the library that bound ¢-MycC27,
for details see table 5.4. For round 2 the selection pressure was increased
by adding competitive non-biotinylated DNA/RNA into the mix at 100-fold
higher concentration than c-MycC27, refer to table 5.4. These DNA
structures included multiple different possible secondary structures other

than an 1-motif structure and were used to increase the selection pressure.

161 |Page



The competitive DNA was added at a higher concentration with the aim of
removing any peptides that bind ¢-MycC27 but also other DNA structures.
Even if the peptides had a slightly stronger affinity to ¢c-MycC27 than the
other structures, the higher concentration of the competitive sequences
should mean they are still removed. The selection pressure was increased
again during round 3 using other 1-motif sequences as competitors, refer to

table 3.1 for conditions and table 5.1 for DNA sequences.

Table 3.1: Phage display method 1 for panning against the target DNA sequence c-MycC27.

Round Plate or Phage Phage Target Blocking Wash Competitors
Beads Library DNA Buffer Buffer added to
Phage
Mixture
1st Beads Ph.D.-C7C  1x10711 10 pmol PBS pH PBS pH None
Phage c-MycC27 6.6, 5% 6.6, 0.1%
Library, BSA Tween 20
Ph.D.-
C7C, in
500 pL
PBS pH
6.6
2nd Beads Ph.D.-C7C  1x10711 1 pmol PBS pH PBS pH 100 pmol of
Amplified  c¢-MycC27 6.6, 5% 6.6, 01% each competitor
Phage BSA Tween 20 NasT
Selection NasC
1 Elution hTeloG
3 in 500 c-Hairpin
uL PBS Holiday
pH 6.6 Junction
B-DNA
Calf Thymus
RNA C1UUU
3rd Beads Ph.D.-C7C  1x10711 1 pmol PBS pH PBS pH 100 pmol of
Amplified  c¢-MycC27 6.6, 5% 6.6,0.1%  each competitor
Phage BSA Tween 20 hTeloC
Selection ILPR
2 Elution ATXN2L
3 in 500 DAP
uL PBS
pH 6.6

Sequencing of 10 samples obtained from round 3 determined two
instertless sequences (table 3.2). Indicating that there was a lack of strong
selection pressure for c-MycC27 binders. Insertless phage should have
been removed in selection round one. If insertless phage are present during
the amplification round it is possible they will amplify at a faster rate than
the recombinant phage due to the absence of the displayed peptides that
might interfere with the interaction of pIII minor coat proteins and the
F-pilus during E. coli infection.282 Overall, the presence of insertless phage

suggests that the method needed further development.
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Table 3.2: Sequencing of peptides using one letter code identified as binding to c-MycC27.
Identified from phage display method 1, round 3, selecting against other DNA structures.

Sample Peptide Sequence
MAPDSRV
VQOMPAHS
EFSKFRS

Insertless
TQRSHSS
DLLHRGA
LAQSHPL
DGHDQSL
DTSTKYL

Insertless
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3.2.1.2 Phage Display Screening Method 2 and Results Targeting
the 27 bp i-Motif Forming Sequence in the Promoter Region of
MYC

One way to optimise phage display selection is by increasing the selection
pressure in each round and by performing negative selection round in
which the library is depleted of peptides that bind to an undesirable
structure related to the target. Method 2, shown in detail in table 5.4 and
summarised in table 3.3, was performed similarly to method 1, table 3.1.
The main difference was that round 2 was a negative selection procedure
against single stranded c-MycC27, table 3.3, the selection round was
performed in PBS at pH 7.4 so that c-MycC27 was unfolded. Therefore, the
washes from round 2 should have contained peptides that did not bind the
unfolded ¢c-MycC27 but bound the folded c-MycC27 i-motif structure. The

peptides in round 2 washes were progressed into round 3. Round 3 was
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performed identically to round 1 using less washes, table 5.4. Method 2

round 4 was performed identically to method 1 round 3, tables 3.1 and 3.3.

Following the final selection round 14 different sequences were sequenced

shown in table 3.4. Unfortunately, 11 of these sequences were determined

insertless and the five sequences identified had no consensus between the

sequences and all differed from those identified from method 1. This

suggested further method development was required as the phage display

system appeared not to be able to identify strong ¢c-MycC27 binders using

the methods so far discussed.

Table 3.3: Phage display method 2 for panning against the target DNA sequence c-MycC27.

Round Plate or

Beads
1st Beads
2nd Beads
3rd Beads
4th Beads

164 |Page

Phage
Library

Ph.D.-C7C

Ph.D.-C7C

Ph.D.-C7C

Ph.D.-C7C

Phage

1x10711
Phage
Library,
Ph.D.-
C7C, in
500 pL
PBS pH
6.6
1x10711
Amplified
Phage
Selection
1 Elution
3 1in 500
wL PBS
pH 7.4
1x10711
Amplified
Phage
Selection
2 Wash in
500 pLL
PBS pH
6.6
1x10711
Amplified
Phage
Selection
3 Elution
3 in 500
pL PBS
pH 6.6

Target
DNA

10 pmol
c-MycC27

10 pmol
c-MycC27

10 pmol
c-MycC27

1 pmol
c-MycC27

Blocking
Buffer

PBS pH
6.6, 5%
BSA

PBS pH
7.4, 5%
BSA

PBS pH
6.6, 5%
BSA

PBS pH
6.6, 5%
BSA

Wash
Buffer

PBS pH
6.6, 0.1%
Tween 20

PBS pH
7.4,0.1.%
Tween 20

PBS pH
6.6, 0.1%
Tween 20

PBS pH
6.6, 0.1%
Tween 20

Competitors
added to
Phage
Mixture
None

None

None

100 pmol of
each competitor
NasT

NasC

hTeloG
c-Hairpin
Holiday
Junction
B-DNA

Calf Thymus
RNA C1UUU



Table 3.4: Sequencing of peptides using one letter code identified as binding to c-MycC27.
Identified from phage display method 2, round 4, selecting against other DNA structures.

Sample Peptide Sequence
WKHGNFEN
Insertless
FPNSMYQ
Insertless
Insertless
Insertless
Insertless
Insertless
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Insertless

Insertless
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Insertless
TNLSPRA
HTEALHA
QPDLPGV

Insertless
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3.2.1.3 Phage Display Screening Method 3 and Results Targeting
the 27 bp i-Motif Forming Sequence in the Promoter Region of
MYC

Following the disappointing results from method 1 and 2 it was decided to
investigate pH as one of the most important factors related to i-motif
formation.36 The pH was decided using the data presented in figure 3.2,
which determined the transitional pH as 6.69 for ¢-MycC27 in PBS. The
Waller lab usually works with ¢-MycC27 in 10 mM NaCaco at the
transitional pH 6.6.250 To compare the CD spectrum of ¢-MycC27 in these
two buffers were overlayed (figure 3.3). It can clearly be seen that PBS at
pH 6.6 gave a lower ellipicity than in 10 mM NaCaco at pH 6.6 and so PBS
pH 6.0 was also overlayed (figure 3.3). Figure 3.3 demonstrates that the
amount of ¢-MycC27 formed in 10 mM NaCaco pH 6.6 is more similar to
PBS pH 6.0 (figure 3.3). Therefore, the initial phage display screens may
have contained less than 50% folded c¢-MycC27 target, which would have

reduced the selection pressure for i-motif binders. This could explain why
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there was an increase in insertless sequences identified when unfolded
c-MycC27 was negatively selected against in method 2, compared to
method 1. Furthermore, it must be considered that the PBS buffer would
be autoclaved before use in phage display and that autoclaving is known
to adjust pH for multiple different reasons, one is due to the expulsion of
COgz during the sterilisation process making the buffer more alkaline. This
is because the solubility of gases, CO2 in this case, decreases as the
temperature increases, this is based on Henry’s law.283 Usually this 1s not
a significant change for most biological studies, however when working
with a highly pH-sensitive i-motif this can affect the percentage of the
sequence that is folded. This feature has been exploited by researchers
aiming to use i1-motif structures to monitor pH changes.28¢ Unfortunately,
the buffer cannot be pH corrected after autoclaving as the pH facilities are
unsterile. Therefore, to account for this and the based on the data
presented in figure 3.3 the slightly more acidic pH, pH 6.0, was used for
the next method.

209 10 mM NaCaco pH 6.6
{ ——PBSpH 6.0
151 ——PBSpH®66
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Figure 3.3: CD comparison of 10 uM c-MycC27 in buffers 10 mM NaCaco pH 6.6, PBS pH
6.0, and PBS pH 6.6.
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The other factor changed for method 3 was the library being used, (table
3.5). New England BioLabs are unable to predict which library will be the
most suited to your target without knowledge of the target-ligand
interaction. The Ph.D.-C7C library was originally chosen as the starting
point as it was structurally constrained which may be more optimal for
binding to surface loops in proteins and therefore could be better at binding
the loops in 1-motif structures. However, after three of four rounds of
selections with no consensus sequence identified it could suggest that the
library does not bind with sufficient affinity to be selected and so another
library may be a better option. Therefore, the Ph.D.-12 library has an
advantage over the Ph.D.-C7C library as it could be used for targets that
required 7 or fewer residues for binding that could not be contained within
the 7-residue library.285 As an example, if the amino acids ASEGP were a
consensus sequence but they needed to be separated by four different
amino acid residues, ASEXXXXGP, this would have required nine amino
acids and so cannot be found in the 7-mer library but can be in the 12-mer
library. Furthermore, the Ph.D.-12 library peptides are long enough that
they can begin to present structural elements which could be useful

assuming structural elements are needed when biding to ¢c-MycC27.
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Table 3.5: Phage display method 3 for panning against the target DNA sequence c-MycC27.

Round Plate or Phage Phage Target Blocking Wash Competitors
Beads Library DNA Buffer Buffer added to
Phage
Mixture
1st Beads Ph.D.-12 1x10711 10 pmol PBS pH PBS pH None
Phage c¢-MycC27 6.6, 5% 6.0, 0.1%
Library, BSA Tween 20
Ph.D.-12,
in 500 pL
PBS pH
6.0
2nd Beads Ph.D.-12 1x10711 1 pmol PBS pH PBS pH 100 pmol of
Amplified ¢-MycC27 6.6, 5% 6.0, 0.1%  each competitor
Phage BSA Tween 20 NasT
Selection NasC
1 Elution hTeloG
31in 500 c-Hairpin
uL PBS Holiday
pH 6.0 Junction
B-DNA
Calf Thymus
RNA C1UUU
3rd Beads Ph.D.-12 1x10711 1 pmol PBS pH PBS pH 100 pmol of
Amplified c¢-MycC27 6.6, 5% 6.0, 0.1%  each competitor
Phage BSA Tween 20 hTeloC
Selection ILPR
2 Elution ATXN2L
3 1in 500 DAP
uL PBS Hifla
pH 6.0

Following these discussions on pH and library selection for method 3 the
pH used for buffers was pH 6.0, other than the elution PBS buffer which
was kept that pH 7.4 and the library being screened was Ph.D.-12 (table
3.5). Everything else about method 3 was kept identical to method 1.
Sequencing of 10 different sequences revealed that 40% insertless
sequences, 20% Pep-SQD (sample 2 and 10), 30% Pep-MHP (sample 3, 7
and 9), and 10% Pep-SGV (sample 6) (table 3.6). The sequences were
analysed for a consensus using multiple sequence alignment Clustal
Omega.286.287 The is a similarity between Pep-SQD and Pep-SGV which is
XIXXXXWX! where X is any amino acid and X! is an amino with a property
of basic/amine, refer to figure 3.4. There is also a similarity between
Pep-SGV and Pep-MHP X1X1X2XX3 where X2 1s an amino acid that is small
and X3 is basic (figure 3.4). A consensus 1s also found between Pep-SQD
and Pep-MHP which is X2ZX3XXXGXXS, refer to figure 3.4. There is not a
clear consensus that occurs in all three peptides, but there are clearly some

consensus’ that are shared between two of the peptides at a time.
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Furthermore, using PepCalc it was determined that Pep-SQD, Pep-MHP,
and Pep-SGV all have a positive charge at pH 6.0 which was the pH

conditions for the panning experiments (table 3.7).288

Table 3.6: Sequencing of peptides using one letter code identified as binding to c-MycC27.
Identified from phage display method 3, round 3, selecting against other DNA structures.

Sample Peptide Sequence
Insertless

SODIRTWNGTRS
MHPNAGHGSILMR
Insertless
Insertless
SGVYKVAYDWQH
MHPNAGHGSLMR
Insertless
MHPNAGHGSLMR
SODIRTWNGTRS
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Pep-5QD - - -SQDIRTWNGTRS
Pep-SGV SGVYKVAYDWQH- - -

a) : *
Pep-SGv =~ ------- SGVYKVAYDWQH
Pep-MHP MHPNAGHGSLMR-------

b) colo
Pep-SQD SQDIRTWNGTRS- - -
Pep-MHP - - -MHPNAGHGSLMR

c) - * X

Figure 3.4: Multiple sequence alignment using Clustal Omega for a) Pep-SQD and
Pep-SGV b) Pep-SQD and Pep-MHP c) Pep-SQD and Pep-MHP. Where the symbols “*”

€,

indicates perfect alignment, “” indicates a site belonging to a group exhibiting strong
similarity, and “.” indicates a site belonging to a group exhibiting weak similarity. Where
the colours are used to group properties: red-small, blue-acidic, pink-basic, green-

hydroxyl/sulfhydryl/amine/G grey-unusual amino/imino acids.
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Table 3.7: Peptides, Pep-SQD, Pep-MHP, and Pep-SGV, charge at pH 6.0 as determined
using PepCalc.

Peptide Charge at pH 6.0
Pep-SQD +1

Pep-MHP +1.2

Pep-SGV  +0.3

3.2.1.4 Phage Display Screening Methods 4-5 and Results
Targeting the 27 bp i-Motif Forming Sequence in the Promoter
Region of MYC

Although method 3 showed some peptides that bind ¢c-MycC27, due to the
large percentage of insertless phage being sequenced it highlighted either
there are not strong binders within the libraries, or the method needed
refinement. This was the same problem faced in methods 1 and 2, therefore
using a 12-mer library did not eliminate this problem. Therefore, methods
4 and 5 used streptavidin coated plates rather than beads to see if this
reduced non-specific binding, refer to table 5.4 for the full method and the
summarised method is shown in table 3.8. Method 4 used the Ph.D.-C7C
library and method 5 used the Ph.D.-12 library, these were screened at the
same time to increase productivity. Round 1 was sent for sequencing to
analyse if the changed variables removed insertless sequences. Tables 3.9
and 3.10 demonstrate that insertless sequences were still being identified

and so these methods were not progressed past selection 1.
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Table 3.8: Phage display methods 4 and 5 for panning against the target DNA sequence

c-MycC27.
Phage Round Plate or
Display Beads
Method
Method 4 1st Plate
Method 5 1st Plate

Phage
Library

Ph.D.-
Ci7C

Ph.D.-12

Phage

1x10711
Phage
Library,
Ph.D.-
C7C, in
500 uL
PBS pH
6.0
1x10711
Phage
Library,
Ph.D.-12,
in 500 pLL
PBS pH
6.0

Target
DNA

10 pmol
c-MycC27

10 pmol
¢c-MycC27

Blocking
Buffer

PBS pH
6.0, 5%
BSA

PBS pH
6.0, 5%
BSA

Wash
Buffer

PBS pH
6.0, 0.1%
Tween
20

PBS pH
6.0, 0.1%
Tween
20

Competitors
added to
Phage
Mixture
None

None

Table 3.9: Sequencing of peptides using one letter code identified as binding to c-MycC27.

Identified from phage display method 4, round 1. N/D shows the sequence was not

determined. A — means that amino acid was not determined.
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Peptide Sequence

Insertless
TSYTGPH
QOPEYQGH

KPYTVSN
HVARLD-
TPHAVTQ
Insertless
ETKTSKT
Insertless

N/D



Table 3.10: Sequencing of peptides using one letter code identified as binding to c-MycC27.
Identified from phage display method 5, round 1.

Sample Peptide Sequence
HLAKELSFMARP

Insertless
NLPHQLNYDYRT
VISTTLPPQTPA

Insertless
THWQGMSSLREF'S
VTSRAPDPNSAR
GTFIAIATDTWG
NVSLNVLHKTVD
TYPPPLQSRMHA
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3.2.1.5 Phage Display Screening Method 6 and Results Targeting
the 27 bp i-Motif Forming Sequence in the Promoter Region of
MYC

Methods 1-5 had an abundance of insertless phage. The optimisation
carried out for methods 1-5 included 12-mer linear peptides vs 7-mer cyclic
libraries and using streptavidin coated beads compared to streptavidin
coated plates. Suggesting that non-specific binding was occurring,
therefore the Tween 20 percentage was increased to reduce non-specific
binding. Furthermore, reviewing the method using the beads it was
decided to carry out further optimisation. When pulling the magnetic
beads out of solution for methods 1-3 they were pulled to the bottom of the
tube and the supernatant is removed (figure 3.5). This is similar to how the
streptavidin plate works in that the supernatant during washes is removed
from the bottom of the well, but in the case of a plate the streptavidin is
attached to the plate. However, with beads when removing washes
supernatant it is likely that some beads will be sucked into the pipette and
lost. Meaning some binders end up in the washes, or that some of the wash
1s left in the tube when trying to avoid sucking up beads. Leftover wash in
the tube could be the source of insertless phage. Therefore, the design of

pulling the magnetic beads was changed so that they are pulled to the side
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of the tube (figure 3.5). This allows for all of the supernatant during washes
to be removed. These two adjustments were used for method 6 using the
Ph.D.-12 library, refer to table 5.4 for full details and table 3.11 for the
summarised version. Only the Ph.D.-12 library was explored as the

Ph.D.-C7C stock was empty.

Key:
® Streptavidin coated
magnetic beads

HD - Magnet
@ Cluster of

streptavidin coated Beads pulled to .
magnetic beads the bottom

Beads pulled to
the side

= e—]

Figure 3.5: Schematic demonstrating two different methods, pulled to the bottom, and
pulled to the side, on how streptavidin coated magnetic beads can be pulled out of solution

in a tube using a magnet. Created with BioRender.com.
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Table 3.11: Phage display method 6 for panning against the target DNA sequence
c-MycC27.

Round Plate or Phage Phage Target Blocking Wash Competitors
Beads Library DNA Buffer Buffer added to
Phage
Mixture
1st Plate Ph.D.-12 1x10711 10 pmol PBS pH PBS pH None
Phage c¢-MycC27 6.0, 5% 6.0, 0.1%
Library, BSA Tween 20
Ph.D.-12,
in 500 pL
PBS pH
6.0
2nd Plate Ph.D.-12 1x10711 1 pmol PBS pH PBS pH 100 pmol of
Amplified ¢-MycC27 6.0, 5% 6.0, 0.5%  each competitor
Phage BSA Tween 20 NasT
Selection NasC
1 Elution hTeloG
3 in 500 c-Hairpin
uL PBS Holiday
pH 6.0 Junction
B-DNA
Calf Thymus
RNA C1UUU
3rd Plate Ph.D.-12 1x10711 1 pmol c- PBS pH PBS pH 100 pmol of
Amplified MycC27 6.0, 5% 6.0, 0.5%  each competitor
Phage BSA Tween 20 hTeloC
Selection ILPR
2 Elution ATXN2L
3 in 500 DAP
uL PBS Hifla
pH 6.0

The sequencing results for method 6 round 3, shown in table 3.12,
1dentified 40% insertless sequences and six different sequences. Sequences
were analysed using multiple sequence alignment Clustal Omega
identified that Pep-TWP and Pep-TMA show a similarity
XIXXXXIX2XXXXXX2,286,287 There 1s also a similarity between Pep-SAN
and Pep-SLD which is X1X2XXX2WT. Where X is any amino acid, X! is an
amino with a property of basic/amine, and X2 is an amino acid that is small.
Although, there is no clear consensus between more than two peptides
PepCalc shows that at pH 6.0/6.6 the following peptides are all positively
charged: Pep-TWP, Pep-SAN, Pep-MFK, and Pep-DGS. Whereas, Pep-SLD
and Pep-CPG have no net charge and Pep-TMA has a negative charge.288
Overall the most of the seven peptides identified as binding to ¢-MycC27
using method 6 are positively charged at the pH the phage display was
performed at (pH 6.0).

174 |Page



Table 3.12: Sequencing of peptides using one letter code identified as binding to c-MycC27.
Identified from phage display method 6, round 3.

Sample Peptide Sequence
SLDWNWTTSAVK

TWPNNLKPRLMF
CPGTCSRSDIPP
SANYNVQAGWTH
TMAYNVNTDSNF
MEKNNQVGMAVV
DGSMLNRMRGEFE'S

Insertless

Insertless

O 0 N O U1l A W N BB

Insertless
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Pep-TWP TWPNNLKPRLMF
Pep-TMA TMAYNVNTDSNF

a) > S *:: > S
Pep-SAN SANYNVQAGWTH- - - -
Pep-SLD - - --SLDWNWTTSAVK

B) Sl

Figure 3.6: Multiple sequence alignment using Clustal Omega for a) Pep-TWP and
Pep-TMA b) Pep-SAN and Pep-SLD. Where the symbols “*”indicates perfect alignment, “”
indicates a site belonging to a group exhibiting strong similarity, and “.” indicates a site
belonging to a group exhibiting weak similarity. Where the colours are used to group
properties: red-small, blue-acidic, pink-basic, green-hydroxyl/sulfhydryl/amine/G grey-

unusual amino/imino acids.

Overall phage display was unsuccessful in the search for ¢c-MycC27 peptide
probes. Some peptides were identified from sequencing following multiple
phage display methods, however these were identified alongside insertless
sequences. Furthermore, all sequences identified from methods 1-6, 37

different sequences, were analysed for similarities by multiple sequence
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alignment (figure 3.7). The multiple sequence alignment did not identify
any clear alignment. Providing evidence that the libraries Ph.D.-C7C and
Ph.D.-12 did not contain any clones that bind tight enough to the target to
be selected.19” Therefore, none of the peptides were taken forward for
further analysis as the phage display was unsuccessful in identifying

peptides that bound c-MycC27.

Pep-QFD -————--—————————Q3DLPG‘.-'-———————— 7
Pep-QPE Q3EQGJI - 7
Pep-NLP rlLPl—q NYDYRT-- 12
Pep-ETK -ETKTSKT-- - 7
Pep-TSY TS‘rTG3H 7
Pep-HUA B R B
Pep-5GY 12
Pep-SAN 12
Pep-DTS 7
Pep-DGH 7
Pep-VQM ! —mmmmmem—- 7
Pep-VIS \ISTTLP3QTP ——————————— 12
Pep-LAQ -LAQSHPL-- 7
Pep-NVS mmmmms--m--—---—-——-NVSLNVLHETVD 12
Pep-DLL -DLLH 7
Pep-TYP T1P3F‘LQS1 ---- 12
Pep-HLA -HLAKELSFMARP-- 12
Pep-THL --TNLSPRA-------- 7
Pep-THP -~ THPNNLKPRLMF - 12
Pep-THA -===----TMAYNYNTDSNF - - - ----- 12
Pep-KPY -KPYTV-SN- —mmmmem—- 7
Pep-CPG - -CPGTC-SRSDIPP---------- 12
Pep-SQD 'JQDI'\ -TWNGTRS- mmmmmmmm-—- 12
Pep-TPH - TPI—H-'TQ e
Pep-SLD ----SL- -DRNUTTS AW ——emmme--- 12
Pep-EFS E‘SFFS 7
Pep-TQR --TQRSHSS---------um 7
Pep-THW T--HIQEMSSLRFS------mmmmmem 12
Pep-WKH I --- 7
Pep-HTE 7
Pep-MHP 12
Pep-Das 12
Pep-MFK 12
Pep-GTF 12
Pep-FPN 7
Pep-MAP ------- 7
Pep-\VTS B -WTSRAFDPN S—- --R---- 12

Figure 3.7: Multiple sequence alignment using Clustal Omega for peptides identified as

€, »

binding to c-MycC27. Where the symbols “*” indicates perfect alignment, “:” indicates a site
belonging to a group exhibiting strong similarity, and “.” indicates a site belonging to a
group exhibiting weak similarity. Where the colours are used to group properties: red-
small, blue-acidic, pink-basic, green-hydroxyl/sulfhydryl/amine/G grey-unusual

amino/imino acids.
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3.2.2 Phage Display Screening Method Development and
Results Targeting the 52bp i-Motif Forming Sequence in

the Promoter Region of

The method development of the phage display protocol used for ¢-MycC27
in Section 3.2.1 was used to inform the method development for ¢c-MycC52.
As ¢-MycC52 is longer there may be a greater chance of finding peptides
that bind with a stronger affinity and so no identification of insertless
phage. As carried out in ¢-MycC27 method 6 the beads were pulled to the
side of the tube for ¢c-MycC52 method 1. The pH for the buffers used was
pH 6.0, because the transitional pH for ¢-MycC52 was determined at pH
6.4, refer to figure 3.2, and autoclaving causing adjustments to pH required
greater acidity to ensure at least 50% folded i-motif, as discussed in Section
3.2.1.283 Thus, the buffers were kept identical to those used in method 6,
refer to table 3.11 and table 3.13. Using the same pH values as for
c-MycC27 also makes comparison between peptides identified as ¢c-MycC27

and c-MycC52 more easily comparable.
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Table 3.13: Phage display methods 1 and 2 for panning against the target DNA sequence
c-MycC52.

Phage Round Plate or Beads Phage Phage Blocking Wash Buffer Competitors
Display Library Buffer added to Phage
Method Mixture
Method 1
1st Plate Ph.D-12 1x10711 Phage PBSpH 6.0, PBSpH®6.0, None
Library, Ph.D.- 5% BSA 0.1% Tween
12, in 500 pL 20
PBS pH 6.0
2nd Plate Ph.D-12 1x10711 PBSpH 6.0, PBSpH 6.0, 100 pmol of each
Amplified 5% BSA 0.5% Tween competitor
Phage Selection 20 NasT
1 Elution 3in NasC
500 pL PBS pH hTeloG
6.0 c-hairpin
Holiday Junction
B-DNA
Calf Thymus
RNA C1UUU
3rd Plate Ph.D-12 1x10711 PBS pH 6.0, PBS pH 6.0, 100 pmol of each
Amplified 5% BSA 0.5% Tween competitor
Phage Selection 20 hTeloC
2 Elution 3 in ILPR
500 pL PBS pH ATXN2L
6.0 DAP
Hifla
Method 2
1st Plate Ph.D-C7C  1x10711 Phage PBSpH 6.0, PBSpH®6.0, None
Library, Ph.D.- 5% BSA 0.1% Tween
C7C, in 500 pL 20
PBS pH 6.0
2nd Plate Ph.D-C7C 1x10711 PBS pH 6.0, PBS pH 6.0, 100 pmol of each
Amplified 5% BSA 0.5% Tween competitor
Phage Selection 20 NasT
1 Elution 3 in NasC
500 pL PBS pH hTeloG
6.0 c-hairpin
Holiday Junction
B-DNA
Calf Thymus
RNA C1UUU
3rd Plate Ph.D-C7C  1x10711 PBSpH 6.0, PBSpH®6.0, 100 pmol of each
Amplified 5% BSA 0.5% Tween competitor
Phage Selection 20 hTeloC
2 Elution 3 in ILPR
500 plL PBS pH ATXN2L
6.0 DAP
Hifla

The sequencing results for method 1 are shown in table 3.14, originally 10
sequences were sequenced and as 9/10 were Pep-EIE a further 10
sequences were analysed. From 20 sequences it was identified that 16/20

were Pep-EIE and 1/20 for the following peptides: Pep-RVS, Pep-SLC,
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Pep-VSE, and Pep-PTN. Clustal Omega was used to determine any
consensus between the sequences multiple sequence alignment. When all
five peptides were put through at once there was no consensus determined
by Clustal Omega software (figure 3.7).286.287 However, if looking at the
sequences four of the five sequences show some similarities. Pep-PTN,
Pep-SLC, Pep-VSE, Pep-EIE, and Pep-RVS have a similarity of D/EXX2X3
(figure 3.7). Where X is any amino acid, X2 is small amino acids, and X3 are
basic. Clustal Omega is designed to align sequences to produce alignments
of divergent samples and usually for longer sequences, whereas for these
results similarities need to be identified.289 Therefore, the software didn’t
find the similarities identified above as meaningful but by looking at the
alignment you can determine them. Notably, there is a five amino acid
consensus between Pep-EIE and Pep-RVS, TDHMK, interestingly the
DHMEK is part of the similarity sequence D/EXX2X3 determined for four of
the peptides (figure 3.8). Using PepCalc it was determined that at pH 6.0
Pep-RVS, Pep-SLC, and Pep-PTN are all positively charged, Pep-EIE has
a negative charge, and Pep-VSE has no charge (table 3.15).288 This
determined that the peptides have different overall charges. Overall, this
method was successful at achieving the aim to identify peptides that bind

c-MycC52.

Table 3.14: Sequencing of peptides using one letter code identified as binding to c-MycC52.
Identified from phage display method 1, round 3.

Sample Peptide Sequence
1-7,9-15, ETEYTDHMKELG
18-19

8 RVSTDHMKGRGG
16 SLCDIIRIEKVR
17 VSEAWKEVKGFEFF
20 PTNVSGRNYLFC

179 |Page



Pep-PTN  —--omm- PTNVSGRNYLFC

Pep-SLC SLCDIIRIEKVR-------
Pep-VSE ~ ------ VSEAWKEVKGFF -
Pep-EIE -~ -EIEYTDHMKELG- - - -
Pep-RVS - - - -RVSTDHMKGRGG- - -

Figure 3.8: Multiple sequence alignment using Clustal Omega for Pep-PTN, Pep-SLC,
Pep-VSE, Pep-EIE, and Pep-RVS. Where the symbols “*” indicates perfect alignment, “”
indicates a site belonging to a group exhibiting strong similarity, and “.” indicates a site
belonging to a group exhibiting weak similarity. Where the colours are used to group
properties: red-small, blue-acidic, pink-basic, green-hydroxyl/sulfhydryl/amine/G grey-

unusual amino/imino acids.

Table 3.15: Peptides, Pep-PTN, Pep-SLC, Pep-VSE, Pep-RVS, and Pep-EIE, charge at pH
6.0 as determined using PepCalc.

Peptide Charge at pH 6.0

Pep-PTN +1
Pep-SLC +0.9
Pep-VSE 0

Pep-RVS +2.3
Pep-EIE -2.7

Sequencing results for method 2, refer to table 3.13, are shown in table
3.16, and 5/10 were identified as insertless and there were no clear
consensus or similarities identified using multiple sequence alignment
Clustal Omega (figure 3.9).286.287 Using the PepCalc tool it was identified
that at pH 6.0 Pep-SLK and Pep-TTV are positively charged, Pep-HLI and
Pep-IFP are neutral, and Pep-QLV is negatively charged (table 3.17).288
Showing the peptides had differing overall charges at pH 6.0.
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Table 3.16: Sequencing of peptides using one letter code identified as binding to c-MycC52
Identified from phage display method 2, round 3.

Sample Peptide Sequence

1 Insertless

2 Insertless

3 SLKYDRF

4 Insertless

5 HLIDSSH

6 Insertless

7 Insertless

8 IFPGMQP

9 QLVSLHD

10 TTVDKRS
Pep-TTV TTVD----KRS
Pep-HLI HLIDSSH----
Pep-SLK ----SLKYDRF
Pep-QLV ~QLVSLHD- - -
Pep-IFP -IFPGMQP- - -

Figure 3.9: Multiple sequence alignment using Clustal Omega for Pep-TTV, Pep-HLI,
Pep-SLK, Pep-QLV, and Pep-IFP. Where the symbols “*” indicates perfect alignment, “:”
indicates a site belonging to a group exhibiting strong similarity, and “.” indicates a site
belonging to a group exhibiting weak similarity. Where the colours are used to group
properties: red-small, blue-acidic, pink-basic, green-hydroxyl/sulfhydryl/amine/G grey-

unusual amino/imino acids.

Table 3.17: Peptides, Pep-TTV, Pep-HLI, Pep-SLK, Pep-QLV, and Pep-IFP, charge at pH
6.0 as determined using PepCalc.

Peptide Charge at pH 6.0

Pep-SLK +1
Pep-TTV +1
Pep-HLI O
Pep-IFP O
Pep-QLV -0.3
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Overall methods 1 using the Ph.D.-12 library was successful in identifying
peptides that bind to ¢-MycC52, whereas method 2 using the Ph.D.-C7C
library identified insertless phage similarly to the results seen for
c-MycC27 in Section 3.2.1. In comparison the library Ph.D.-12 had no
insertless sequences identified from double the amount of sequencing
compared to Ph.D.-C7C. Therefore, it appears that the Ph.D.-12 library has
stronger binders. Furthermore, this suggests that a 7-mer sequence may
not be long enough or due to structural constraints the confirmation
required for target binding was unachievable and thus there was not
enough confirmational diversity in the Ph.D.-C7C library.197 Nevertheless,
all the sequences identified as ¢-MycC52 binders, 10 different sequences,
were aligned in figure 3.10 to determine similarities. Analysis did not
determine a clear similarity between all the sequences or between the
Ph.D.-12 or Ph.D.-C7C libraries. Based on method 2 being determined as
unsuccessful in determining c¢-MycC52 peptide binders, due to insertless
sequences and a lack of consensus, the five peptides successfully identified
as ¢c-MycC52 binders in method 1 were taken forward for further testing

(figure 3.11).

Pep-IFP - IFPGMQP 7
Pep-EIE EIEYTDHMKELG- - - -~ 12
Pep-RVS -RVSTDHMKGRGG- - - - - - - 12
Pep-PTN - --PTNVSGRNYLFC-- - - 12
Pep-TTV. ~  -—-—-- TTVDKRS -~ ------ 7
Pep-HLI - HLIDSSH---- - 7
Pep-VSE -~ -VSEAWKEVKGFF - - - - - 12
Pep-SLC -~SLCDIIRIEKVR------ 12
Pep-QLV ~ --———- QLVSLHD- - - - - 7
Pep-SLK ~ ----—--- SLKYDRF - - - - - 7

Figure 3.10: Multiple sequence alignment using Clustal Omega for Omega for peptides
identified as binding to c-MycC52. Where the symbols “*” indicates perfect alignment, ”
indicates a site belonging to a group exhibiting strong similarity, and “.” indicates a site
belonging to a group exhibiting weak similarity. Where the colours are used to group
properties: red-small, blue-acidic, pink-basic, green-hydroxyl/sulfhydryl/amine/G grey-

unusual amino/imino acids.
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Figure 3.11: Structures of five different 12-mer peptides of interest: Pep-PTN, Pep-SLC,
Pep-VSE, Pep-RVS, and Pep-EIE.
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3.3 Biophysical Investigation of Binding

To determine further binding data multiple biophysical techniques were
chosen to assess the peptides, which are commonly used in the

non-canonical DNA structures field.

3.3.1 Fluorescent Indicator Displacement Assay

Originally, the Waller group developed the fluorescent indicator
displacement assay (FID) to determine if small molecules bound to 1-motif
DNA.8 This method uses an indicator molecule called thiazole orange
(TO) which does not have fluorescent properties in the absence of DNA and
upon binding to DNA it fluoresces, see Section 2.2.1. This is a useful
property as if a competitor compound is added into solution with the
DNA-TO complex and the competitor displaces the TO then the TO is free
in solution and not fluorescent. Thus, if a compound binds to the DNA in a
way that displaces TO the fluorescence’s decreases which can be measured

to determine if a compound binds to the DNA (figure 2.2).

This method was designed to assess the binding of small compounds and
so there was speculation to if this could be used to assess peptides binding
to the 1-motif. The FID method optimised for c-MycC52 in section 2.2.1 was
used, 1 uM:2 uM DNA:TO in 10 mM NaCaco pH 6.6. The peptides were
originally titrated as 0.5 uM increments from O uM to 5 uM and 1 uM
increments from 0 uM to 10 uM (appendix A4). However, none of the
peptides were identified as a hit (achieving over 15% TO displacement).
These ranges are the ranges the Waller lab would typically look at small
molecules, and this range is not necessarily applicable to peptides. If the
peptides have a low binding affinity for ¢c-MycC52 then this concentration
range may not be high enough to see binding using FID. Thus, the
concentration range titrating every 25 uM from 0 uM to 200 uM was used
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(figure 3.12). Which demonstrated that all the peptides except Pep-RVS
are hits, achieved over 15% TO displacement, within the range of O uM to
200 uM. This supports that the aim of the study to identify i-motif binding
peptides was accomplished. Pep-RVS had 14 % (+/-1) displacement at 200
uM and so a higher concentration may have been required to show binding
as an increase in percentage displacement is viewed which does appear
concentration dependent, it didn’t reach the usual criteria to be considered
binding to ¢-MycC52, although this criterion was set for small molecules
not peptides. Notably, Pep-SLC shows the greatest percentage of
displacement and the strongest binding by the shape of the curve.

e Pep-PTN

e Pep-SLC

100 1 e Pep-VSE

90-. e Pep-RVS
80 * Pep-EIE

Average Displacement (%)
o
o

M | v L] M 1 M ] M ] M ] v L] M
0 25 50 75 100 125 150 175 200
Peptide Concentration (uM)
Figure 3.12: Fluorescent indicator displacement assay in the following conditions: 1 uM:2
uM c-MycC52:To in 10 mM NaCaco pH 6.6 (where TO is thiazole orange). Five different

peptides of interest were titrated every 25 uM from 0 uM to 200 uM and fitted with a dose
response (Pep-SLC and Pep-PTN) or exponential curve (Pep-VSE, Pep-RVS, and Pep-EIE)

using OriginPro 8 software.
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For each peptide the DCs¢ value, the concentration at which 50% of TO is
displaced, was determined in table 3.18. Pep-VSE, Pep-RVS, and Pep-EIE
did not reach 50% TO displacement and so the DCso value is over 200 uM.
The DCso values for Pep-PTN and Pep-SLC were 100.5 uM and 51.4 uM
respectively. Pep-SLC has a lower DCso value and so a lower concentration
of Pep-SLC displaces 50% of TO compared to all the other peptides, this
suggests Pep-SLC may have greater binding affinity to ¢-MycC52 and
could be the most promising peptide to investigate. Further biophysical
data is required to provide information on the binding affinities and

specificity to determine which peptide(s) are most promising.
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Table 3.18: DCso values, the concentration at which a compound displaces 50% of thiazole
orange (TO) bound to the DNA sequence, were calculated using FID titration assay from 0
uM to 200 uM in the following conditions: 1 uM:2 uM c-MycC52:TO in 10 mM NaCaco pH
6.6 (where TO is thiazole orange). >200 uM demonstrates that the DCso value was not
reached and so a higher concentration is required, N/D stands for not determined. The
DCso value was determined from dose response (Pep-SLC and Pep-PTN) or exponential
curve (Pep-VSE, Pep-RVS, and Pep-EIE) line fittings of the titration data using OriginPro

8 software.

Peptide Structure DCso Fitting
() Error

OH
Pep-PTN ¢H“2 i ){(NQ& RS Hjl 100.5 N/D
(j}rj)k jﬁr T HHZ X u i é\SHOH

wn

1.4  N/D

Pep-SLC H¢ jTN%HH I i J{( ﬁ Eﬂ %I( %OH

HN™ "NH,

NH,
gy o " OH\/H/H 0 - - /$
Pep-VSE %H%N%H%N%H ONJKN\/';JNJKNTNQku OOH >200 N/D
ALE -
) o7 oH

HN—\
Pep-RVS ¢ ¢U¢ B (: ¢ >200 N/D
K/ 1or HHO
NH OE( [o] Ol o /qg\,}o J? o /'i(\ o
Pep-EIE wo ~ AN AR R G L R U RO LR >200 N/D
: m%{k”o%mo”o”o /
DGR SR R |
OH = [e] OH

3.3.2 Circular Dichroism DNA Melting Studies

Circular dichroism (CD) was used to investigate the effects of peptide
binding on the stability of ¢c-MycC52. CD provides an i-motif “fingerprint”
one can monitor structural changes under changing conditions using CD

melting, figure 2.15. CD melting experiments were used to explore if the
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peptides caused stabilisation or destabilisation of ¢-MycC52 (figure 3.13).
Melting experiments used relevant water or DMSO controls to account for

solvent dilution effects, as described in figure 3.13.

The fittings for the graphs fit better with a bi-dose sigmoidal curve fit
rather than dose response for all graphs except the water control and
Pep-EIE. This is due to there being different i-motif populations within the
sample and those different i-motif formations have differing stabilities
causing multiple melting points, and thus multiple transitions. Some
graphs, such as that for Pep-SLC and Pep-VSE had a clear second
transition after 60 °C (figure 3.13). Whereas, other graphs, such as the
water or DMSO control do not show a clear second transition.
Interestingly, although neither control showed a clear second transition
the bi-dose response fitting, which is used for data with two transitions,
fitted the DMSO control data much better than the dose-response. This
has been seen in the literature before for ¢c-MycC, most recently with the
Smith et al. paper investigating ellipticine derivatives effects on i-motif
sequences including c-MycC.97 In this case all ¢-MycC normalised
ellipticity CD melts were fitted with bi-dose response as this fitted the data
better than a dose response fitting, even if a clear second transition could
not be seen. The data in figure 3.13 in general found the same, for example
the DMSO control and Pep-RVS do not clearly show second transition but
the data was found to have a better fitting using a bi-dose response fit
rather than a dose-response fit. The bi-dose response fitting did fit the
water control better before 30 °C and from 60 °C onwards. But it had poor
fitting around the middle temperatures ran, especially at ~50 °C and did
not show a smooth sigmoidal curve (appendix A5). Therefore, it was
decided that the dose response fitting was more appropriate due to the
better sigmoidal shape which more appropriately represented the data

shown 1n this instance.
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Figure 3.13: Circular dichroism of normalised ellipiticity at 285 nm, the maximum positive
characteristic peak for c-MycC52, of 10 uM c-MycC52 in 10 mM NaCaco pH 6.6 in the
absence and presence of peptides at 10 equivalence. The control (black) is addition of 5 uL
of water for Pep-SLC, Pep-RVS, and Pep-EIE and 5 uL of 100% DMSO for Pep-PTN and
Pep-VSE as the appropriate vehicle conirols. The data analysis was carried out in
OriginPro 8 and all graphs were fitted with a bi-dose response fitting except the water

control which was fitted with dose response fitting.
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The fittings shown in figure 3.13 were used to determine the melting
temperature(s) (Tm) of the i-motif structure(s) in the presence of 100 uM of
peptide compared to the appropriate control. The change in T, is recorded
in table 3.19. Looking at figure 3.13 it was determined that ¢c-MycC52 has
one transition in the presence of either control, Pep-RVS, and Pep-EIE and
thus only one melting temperature was determined. Both Pep-RVS and

Pep-EIE were determined to stabilise c-MycC52 (table 3.19).

Interestingly, figure 3.13 demonstrated that in the presence of Pep-PTN,
Pep-SLC, and Pep-VSE there is a second transition between 60 °C to 80
°C. These three peptides had no effect on the stability of the first transition
(all <0.5 °C) and stabilised the i-motif population that causes the second
transition seen in ¢-MycC. This is a real transition as there are published
examples of this in the literature, for example, Smith ef al. demonstrated
in the presence of ellipticine derivatives c-MycC has a second transition
and saw a direct correlation between concentration of the ligand and
stabilisation of this second transition,%’ clearly demonstrating it is a true
transition. When analysing the transitions of c-MycC52 in the presence of
Pep-PTN, Pep-SLC, and Pep-VSE the OriginPro 8 software using the
bi-dose response fitting determined two transitions however they were
both under 60 °C. The software was taking the transitions from the top of
the sigmoidal curve ~40 °C and at the first transition ~50 °C, whereas one
can clearly see from figure 3.13 there is a second transition after 60 °C. The
reasoning for the software not determining the second transition is due to
the fitting of the data. Therefore, to overcome this I split the data for each
peptide into two sets, transition one using the temperature range 5 °C to
70 °C and transition two using the temperature range 60 °C to 95 °C for
Pep-SLC and 55 °C to 95 °C for Pep-PTN and Pep-VSE. All these data sets
were fitted using dose response in OriginPro 8 as there is only one
transition in each of the data sets (appendix A6). However, this approach

only worked for Pep-SLC, this is because the first and second transition
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data sets for Pep-SLC formed sigmoidal shaped curves (appendix A6).
Whereas, for Pep-PTN and Pep-VSE this method worked for determining
the first transition as there was sigmoidal data however the second
transition did not give a clear sigmoidal shaped curve (appendix A6) and
so the second transition could not be determined. Nonetheless, figure 3.13
demonstrated that Pep-PTN and Pep-VSE had second transitions but a
larger concentration of peptide may be required to be able to quantify the

second transition.

Overall Pep-RVS and Pep-EIE were the only peptides that affected the
stability of the first transition i-motif population, where Pep-RVS
demonstrated the greatest stabilisation. However, neither of these two
peptides had any effect on the second transition i-motif population which
were stabilised by Pep-PTN, Pep-SLC, and Pep-VSE, which was only
quantifiable for Pep-SLC which had a large stabilisation effect (table 3.19).
This supports that all the peptides bind to c-MycC52 as to cause a change
in structural stability they are binding to ¢c-MycC52, supporting that this
work has achieved its aim to identify ¢-MycC binding peptides.
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Table 3.19: Melting temperature(s) (Tm) and change in Twn for c-MycC52 with peptides
presence at 10 equivalence compared to no peptides present. Change in Tn is determined
by the difference in the Tm with no compounds present compared to that with 100 uM of
peptide present against 10 uM DNA determined from circular dichroism melts from 5 °C
to 95 °C in buffer conditions 10 mM NaCaco pH 6.6. The data analysis was carried out in
OriginPro 8 and the Tm was determined from dose or bi-dose response fitting of ellipticity
(mdeg) VS temperature (°C). DMSO is the control for Pep-PTN and Pep-VSE, water is the
control for Pep-SLC, Pep-RVS, and Pep-EIE. N/A means not applicable as there was no

2nd transition to provide a second ATm and N/D means not determined.

Sample Tn(°C) 2ndTm(°C) ATw(°C) 2nd AT. (°C) Fitting Error

DMSO  52.4 N/A N/A N/A 0.0003
Water 493 N/A N/A N/A 0.0012
Pep-PTN 52.0 N/D -0.4 N/D 0.0007
Pep-SLC  49.4 73.0 +0.1 +23.7 0.0018
Pep-VSE  52.6 N/D +0.2 N/D 0.0096
Pep-RVS 52.6 N/A +3.3 N/A 0.0096
Pep-EIE  51.3 N/A +2.0 N/A 0.0044

3.3.3 Surface Plasmon Resonance Binding Studies

Surface plasmon resonance (SPR) is a powerful spectroscopy technique
that allows real time monitoring of noncovalent molecular interactions to
determine binding affinity and kinetic data between targets and ligands,
figure 1.32. As the mass of the peptides are higher than that of the small
compounds that were screened using SPR in Section 2.3.2 there should be

greater molar responses and thus better resolution.

The SPR studies aimed to corroborate with other biophysical data that the
peptides bind to c-MycC52, whilst also determining affinity constants from
kinetic data. Another objective was to assess the specificity of these
peptides by providing kinetic data which was unable to be determined from
other biophysical techniques such as CD and test a greater number of
different oligonucleotide sequences. The five compounds were analysed at

10 different concentrations in duplicate from 0 uM to 100 uM using a 2-fold
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series dilution. Buffering conditions were kept identical to those ran for
the small molecules in Section 2.3.2, 10 mM NaCaco 10 mM KCI 0.05%
Tween 20 at pH 6.6, peptides dissolved in DMSO also had 2% DMSO in
the buffer to avoid mismatching between the samples and running buffer.
Under these buffer conditions the i-motif and G-quadruplex structures are

folded.

A schematic model sensorgram produced from SPR is shown in figure 3.14,
a sensorgram has five phases. The initial phase is the baseline, the running
buffer is flowed over the chip and this baseline has to be flat to show the
system 1is functioning correctly. Phase two is known as the association
phase, this is where ligands are passed over the chip and binding causes
an initial sharp rise in the sensorgram signal, this curve is used to
determine the Kon. As the sensorgram levels off this is the steady-state
phase where no more ligand is binding to the target. Once the ligand
solution being passed over the chip is replaced with running buffer the
dissociation phase begins and the specific bonds between the ligands and
targets on the chip are broken, this causes a downwards slope curve and is
how the Koris determined. The final stage is the regeneration phase which
is used to ensure any ligand is removed from the chip and to establish a
steady baseline identical to the signal at the start of the experiment. Once
the data has a suitable binding model fitted the dissociation constant (Kp)
can be determined from the ratio of Ko/Kon, which is determined from the

steady-state position on the sensorgram.
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Figure 3.14: A labelled schematic illustration of a typical sensorgram produced from

surface plasmon resonance.

The binding events between the peptides was analysed against eight
different DNA structures B-DNA, ¢-MycC27, c-MycC52, c-MycG, DAP
(1-motif), ATXN2L (i-motif), ILPR (i-motif), and hTeloC (i-motif) see table
5.4 in Chapter 5 experimental. Two example sensorgrams demonstrating
response vs time, a) for Pep-SLC and c¢c-MycC52 and b) Pep-PTN and
B-DNA, are shown in figure 3.15. There are two replicates for each
concentration, shown by the same-coloured line, there is some variation
shown between each replication. The 100 uM concentration for panel a),
orange line, has only one replicate included as one replicate lost the usual
shape of the sensorgram as shown in grey, it is likely this sample has
precipitation. The rest of the sensorgrams shown in a) are of good quality,
clearly showing all the phases described above and shown in the figure
3.15. The shape of the sensorgrams shown suggest a fast on and fast off
rates of Pep-SLC binding to c-MycC52. On the other hand, figure 3.15 b)
didn’t show the typical sensorgram shape, there were no clear phases, the
sensorgrams are jumping around the baseline other than the blue line
which showed negative response units. All of these sensorgrams aren’t

smooth lines and demonstrate no binding conversely to the sensorgram
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shown 1n figure 3.15 a). To view the rest of the sensorgrams produced see

appendix A7-11.

RU;
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Figure 3.15: Surface plasmon resonance sensorgram of response vs time plots at
concentrations from 0 uM to 100 uM in 2-fold intervals in the buffer 10 mM NaCaco 10
mM KCI 0.05% Tween 20 pH 6.6. There are two replicates for every concentration shown
by the same colour. a) Sensorgram plot of Pep-SLC with c-MycC52, the top sensorgram is
greyed out as the typical shape has been lost and so is removed. b) Sensorgram plot of
Pep-PTN with B-DNA, the buffer has an addition of 2% DMSO. SPR experiments used
Biacore SPR software.

The data obtained from the sensorgrams was plotted as saturation curves
to evaluate the affinity of the peptides to DNA structures, plotting
concentration (uM) vs Response Units (RU) shown in figure 3.16. The
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graph labelled as a) shows the data for Pep-PTN against every DNA
structure, many of the saturation curves demonstrate large error. The
error 1s specifically at the top concentration which is likely due to
precipitation and large negative responses, which can be for a range of
reasons which is discussed in the Section discussion and future work 3.6.
Due to the poor quality of this data when plotting all the DNA on one graph
the initially more promising looking data for ¢c-MycC52 is dwarfed and so
it 1s plotted alone as graph b). However, even with this data plotted
separately the RU is low compared to that seen in graphs c¢) and e), there’s
large error, the line of best fit is poor, and the graph didn’t saturate
suggesting non-specific binding. SPR analysis of Pep-VSE also had poor
quality data. The only data that the software could fit a line of best fit was
for c-MycC52. However, the data is poorly fitted, and saturation is not
achieved suggesting unspecific binding to the chip. Pep-SLC and Pep-RVS,
respectively ¢) and e¢) demonstrated good quality SPR data and clearly
showed binding to all DNA structures. Pep-SLC demonstrated saturation
in this range with all DNA except hTeloC and Pep-RVS doesn’t appear to
have reached saturated binding with any of the DNA structures. SPR
analysis demonstrated weak binding of Pep-EIE to some DNA structures,
f). Pep-EIE was shown to bind ¢-MycC27, ¢-MycC52, c-MycG, and ILPR,
for the rest of the DNA structures the graph suggests no binding. However,
the shape of that data is similar to that for ¢c-MycC27, ¢c-MycC52, c-MycG,
and ILPR but the response units were too low to fit a line. The shape of the
data curves, low RU, and saturation not being achieved for Pep-EIE
suggests non-specific binding. It could be worth repeating the SPR for
Pep-EIE at a higher concentration range to make more definitive
conclusions based on the data. All of the binding curves not achieving
saturation suggests unspecific binding to the chip is occurring. This is
supported by figure 3.15 b) sensorgram of Pep-PTN, which did not produce
typical sensorgrams as shown in figure 3.14, further suggesting that

unspecific binding to the chip is likely.
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Interestingly, Pep-PTN and Pep-VSE both had poorly fitted saturation
curves and produced negative signals in some of the results against
different DNA structures. Negative SPR signals can be caused from an
array of reasons including buffer mismatch, different behaviour of the
reference and flow cell to the ligand, non-specific matrix interactions and
non-specific reference interactions. For the peptides producing negative
signal results the SPR will require repeating after some optimisation to
eliminate these negative results seen. Interestingly only the peptides
dissolved in DMSO demonstrate negative responses, and DMSO is known
to affect the refraction in SPR. Therefore, a likely reason for this is a buffer
mismatch due to DMSO, the samples dry stocks were dissolved in DMSO
a ~year before the SPR experiments were ran, even though the same stock
of DMSO was used in the running buffer this could be a reason for buffer
mismatch. Further support for this rationale is that when using DMSO in
the SPR a calibration curve is used to correct for the solvent, unfortunately
the DMSO correction for this experiment failed and so could not be used to
correct the graphs producing sub-optimal saturation curve fittings.
Consequently, this data cannot be further analysed or commented on as
they are not properly corrected and thus the data cannot be interpreted.
To overcome this problem fresh dry stocks, running buffer, and calibration
curve samples should be prepared and ran to effectively evaluate any
binding. Therefore, these experiments will require repeating with a new

optimised SPR protocol to confirm if they are indeed specific.
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Figure 3.16: Saturation curves of five different peptides against eight different DNA
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Overall, of the three peptides which the saturation data can be interpreted
for they all bound c-MycC52. Highlighting, that the phage display
described in Section 2.2 achieved the aims of this study to identify MYC
i-motif binding peptides. Pep-SLC and Pep-RVS bind to all the sequences
tested, showing a lack of specificity for c-MycC52. Pep-EIE appears to show
specificity for certain i-motif and G-quadruplex structures but not B-DNA.
Although, as discussed previously this data needs repeating at higher

concentrations to make scientifically accurate observations.

To further analyse the SPR data Kp values were determined. To identify
the Kp values for each peptide-DNA pair a kinetics model fitting needs to
be applied to the data, usually 1:1 binding is assumed to do this, and in
using this model a theoretical Rmax can be calculated using the following
equation 3.1:

_ MWLigand

Riax= X R
max MWy DNA

Equation 3.1: Where Rmax is maximal response, Rpna is the response units measured upon
immobilisation of a given DNA structure onto the surface of the chip, MWrLigand is the

molecular weight of the ligand and MWpna is the molecular weight of the DNA.

The Rmax can be calculated as the response units in SPR that are
proportional to mass of the ligand that binds to the target on the chip. The
theoretical Rmax using a 1:1 binding model for each peptide-DNA pair is
shown in table 3.20. The Rmax for the Pep-SLC and c¢-MycC52 pair was
determined as 56.4 RU in table 3.20 yet the actual response determined in
figsure 3.16 is above this value for the concentration 1.56 pM and thus
Pep-SLC doesn’t bind to ¢-MycC52 via a 1:1 binding model.

199 |Page



Table 3.20: Rmax, the maximal response, for each peptide-DNA pair assuming a 1:1 binding
model for surface plasmon resonance. Where c-MycG is a G-quadruplex, and all the rest of

the sequences except B-DNA are i-motif forming sequences.

DNA Max Response (RU)

Sequence Pep-PTN Pep-SLC Pep-VSE Pep-RVS Pep-EIE
B-DNA 52.8 55.6 54.9 50.2 56.4
c-MycC27 89.3 94.0 92.9 84.9 95.3
c-MycC52 53.5 56.4 55.7 50.9 57.1
c-MycG 73.4 77.3 76.3 69.8 78.3
DAP 89.1 93.8 92.6 84.7 95.0
ATXN2L 97.3 102.4 101.1 92.4 103.7
ILPR 78.9 83.1 82.1 75.0 84.2
hTeloC 110.6 116.4 115.0 105.1 118.0

Therefore, a 2:1 binding model was used, as the fitting was more accurate
than 1:1, to work out the Kp values using SOLVER function in excel as
described in Section 5.3.3, equation 5.1. Only the peptide-DNA pairs that
have fitted curves in figure 3.16 were assessed for Kp values, except for
Pep-PTN and Pep-VSE as it was determined the curve fittings were poor
and taking a Kp value from them would be scientifically inaccurate. The
Kp values were reported in table 3.21. Pep-SLC and Pep-RVS were shown
to bind all DNA structures and were found to have the lowest Kp values
with ¢-MycG and the largest with hTeloC and B-DNA. Demonstrating the
strongest binding affinity with c-MycG and weakest with hTeloC and
B-DNA. The Kp for Pep-SLC and Pep-RVS binding B-DNA were
respectively 2-fold and 2.5-fold higher than that for c-MycG. Pep-EIE
demonstrated differing response units against different DNA structures.
However, Pep-EIE showed no true difference in Kp values for DNA
structures it was determined as binding. Furthermore, Pep-EIE
demonstrated the weakest binding affinities of any of the peptide-DNA
interactions. This cooperates with the saturation curves not reaching

saturation unlike what was seen with Pep-SLC and Pep-RVS.

Overall, the SPR data demonstrates phage display found peptides that
bind c-MycC. Although, the peptides are not specific to c-MycC and further

development is needed to achieve specificity.
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Table 3.21: Kp values calculated for each peptide-DNA pair in 10 mM NaCaco 10 mM KCI 0.05% Tween 20 pH 6.6 (with 2% DMSO for Pep-PTN and

Pep-VSE). N/D stands for not determined. Where c-MycG is a G-quadruplex, and all the rest of the sequences except B-DNA are i-motif forming sequences.
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Peptide

Pep-PTN
Pep-SLC
Pep-VSE
Pep-RVS
Pep-EIE

B-DNA
N/D
32.6+2.4
N/D
47.1+0.1
58.0+4.1

c-MycC27
N/D
32623
N/D
40.1+0.2
70.8+10.3

¢c-MycC52
N/D
26.8+1.0
N/D
33.9:0.3
62.4+17.9

Ko (uM) (SD)

c-MycG
N/D
144+2.1
N/D
17.8+0.6
52.6+5.6

DAP
N/D
27.8+0.4
N/D
39.8+0.3
20.8+2.5

ATXN2L
N/D
224+3.2
N/D
43.6+0.2
N/D

ILPR

N/D
27.2+2.2
N/D
36.6+1.1
58.4+13.9

hTeloC
N/D
40.5+0.0
N/D
489+1.3
N/D



3.4 Characterisation of Peptide Structure

The 12-mer peptides that were identified as c¢c-MycC binders have the
possibility to form some secondary structures due to their length.
Understanding the structures of the peptides may be useful in identifying
what makes a good 1-motif binding peptide and highlight a consensus
confirmation between structures. To do this far-UV circular dichroism
(CD) was used. CD was chosen because it is excellent for rapid
determination of secondary structures and once these are determined can
go a step further to see how the structure is affected by the addition of the
DNA structures of interest. The information obtained from the CD will not
be as detailed as that from X-ray crystallography or NMR but it is faster

and uses lower concentrations of the peptides.

To investigate peptide structure using CD the far UV region is used, 190
nm to 240 nm is the standard range used. Due to the far UV region being
the shorter wavelengths these are more readily absorbed than the longer
wavelengths and thus there are limitations on which buffers can be used.
The phage display that these peptides were identified from was carried out
in PBS pH 6.0 as discussed in Section 3.3.1, and biophysical analysis is
carried out in NaCaco pH 6.0/6.6. Unfortunately, both buffers absorb in the
far UV region and so the peptides structures could not be determined in
these buffers. Therefore, 10 mM NaH2PO4 in the absence of NaCl was used
in the far UV region.223 Notably, the characteristic peaks for an a-helix are
negative bands at 222 nm and 208 nm and a positive band at 193 nm,29%
whereas B-sheets have a negative band at 218 nm and a positive band at
195 nm,5 and random coils have low ellipticity above 210 nm and negative

bands near 195 nm (figure 1.28).291

Peptides Pep-SLC, Pep-RVS, and Pep-EIE were all dissolved in water.
Whereas Pep-PTN and Pep-VSE have solubility issues and were dissolved
in 100% DMSO for binding experiments. However, DMSO reads in the far
UV region and so a sample of both dry stocks were dissolved in 50:50
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MeCN:Water as this doesn’t absorb significantly in the far UV region to
allow the structure of the peptides to be determined. The sequence and
structures were determined in figure 3.10 and figure 3.11. If one compares
Pep-SLC, Pep-RVS, and Pep-EIE in 10 mM NaCaco at pH 6.0 and pH 6.6
you can see the general shape is the same and the spectrum i1s dominantly
negative, although the broadness and exact positions of the peaks dose
change (figure 3.17). This demonstrates that the structure of these three
peptides does not significantly change at the two different pH values.
Pep-RVS and Pep-EIE have very similar spectrum traces, notably these
two peptides both have an amino acid consensus sequence of TDHMK
which may be contributing to the similar structures. Pep-PTN and
Pep-VSE were analysed in 50:50 MeCN:water due solubility and have
different characteristics compared to the peptides in the 10 mM NaCaco
buffering conditions, but this is likely due to the buffer. Comparing the
spectra for the five peptides against the reference spectra, (figure 1.28). All
of the peptides CD spectrums bear some of the hallmarks for alpha-helix

and random coil and therefore are a mix.
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Figure 3.17: Circular dichroism characterisation 12-mer peptides of interest secondary
structures: 0.1 mg/mL Pep-SLC, 0.1 mg/mL Pep-RVS, and 0.01 mg/mL Pep-EIE in 10
mM NaH:POsat pH 6.0 and pH 6.6 and 0.1 mg/mL Pep-PTN and 0.1 mg/mL Pep-VSE
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3.5 Discussion and Future Work

The sequences identified from phage display using any of the different
conditions explored in this chapter did not produce a clear consensus when
selecting for ¢-MycC27 binders. This paired with 20%-60% frequency of
insertless phage being identified for each method used suggested that
either there were no ¢-MycC27 binders under the conditions used or the

binders have a very weak affinity.

However, the peptide sequence MHPNAGHGSLMR (Pep-MHP) was
identified three times in method three and SQDIRTWNGTRS (Pep-SQD)
twice in method three which leads to the question was this significant. The
answer to this is not straight forward as 40% of the sequences identified
from this method were insertless and these two peptides do not show
sequence similarity. Furthermore, the other sequence identified using this
method was SGVYKVAYDWQH (Pep-SGV), and both Pep-MHP and
Pep-SGV have been identified as fibronectin domain binders in another
study.292 This implies that these peptides are enriched in the library or
have favourable amplification in E. coli. Although, proteins with these
domains are usually in the extracellular matrix not the nucleus where the
1-motif would be located. Therefore, they could still hold promise as
c-MycC27 binders. However, based on the percentage of insertless
sequences and identification in another study it is predicted they are poor
binders as this is likely an artefact from weak binding pressure. Out of all
the sequences identified for c-MycC27 there were no amino acid consensus
sequences 1identified, further suggesting that phage display was
unsuccessful in identifying c-MycC27 peptide binders.

There were 10 sequences identified as ¢-MycC52 binders, five from the
Ph.D.-C7C library and five from the Ph.D.-12 library. Interestingly, none
of these sequences had been identified in the ¢-MycC27 screen, figures 3.7
and 3.10. The sequencing following the screening of the Ph.D.-C7C library

identified 50% insertless sequences and the peptides identified shared no
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consensus or clear similarities. This is of interest as in the sister field
phage display was explored by Balasubramanian et al. to identify bicyclic
peptides that bound G-quadruplexes.293 These bicyclic peptides showed
submicromolar affinity to G-quadruplex structures and selectivity over
B-DNA. Notably, they did discuss that whilst the phage display identified
bicyclic peptides from diverse libraries can bind G-quadruplexes they did
have weak to modest binding affinities and that optimisation with greater
selection pressures were required to achieve greater binding affinities. To
do this they added genomic DNA in 100-fold excess, which was done in
round 2 of the methods described in this project and so exploring bicyclic
libraries could be an avenue explored to further build on the work in this

project.

The Ph.D.-12 library had no insertless sequences found from 20 different
samples, 80% of these sequences were Pep-EIE, and this peptide had a
consensus with Pep-RVS which was TDHMK. These results suggested that
the Ph.D.-12 library produced stronger binders as no insertless sequences
where identified. Thus, the five peptides identified in ¢-MycC52 method

one was taken forward as peptides of interest.

Comparing the results from FID, CD melt, and SPR, these studies
corroborated that Pep-SLC and Pep-EIE bind c-MycC52. Notably, for
Pep-EIE the SPR data could be repeated due to multiple factors yet it does
still suggest weak binding. In the case of Pep-RVS the CD melt and SPR
corroborated binding to c¢-MycC52. Whereas using FID the >15%
displacement criteria to be determined a hit was not met. Although at a
higher concentration it is possible it will be determined a hit as at 200 uM
the displacement was 14%. It also must be considered that FID can miss
ligands that bind to the structure of interest if they bind and do not cause
the displacement of TO, where the ligand binds at a different site that TO
to the target which does not cause structural changes that displace TO
form its binding site. Which is a drawback of this method. Furthermore,

FID is a method for analysing small compound binding and may require
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further optimisation for peptides or should not be used at all. For peptides
Pep-PTN and Pep-VSE the FID determined binding to c¢-MycC52.
Whereas, the SPR data had poor saturation curve data and fittings and so
suggested no binding, although the DMSO correction was not applied and
so the data cannot be analysed or used to determine if binding occurred.
Furthermore, the CD melt data could not be used to determine if either
compound bound to ¢-MycC52 as neither affected stability, and thus
binding cannot be determined as a peptide could bind and not have an

effect on stability.

Interestingly, the FID titration demonstrated that Pep-SLC had the lowest
DCso value, the concentration at which 50% of TO is displaced. Suggesting
Pep-SLC had the greatest binding affinity to c-MycC52. Supported by SPR
data that determined Pep-SLC had the smallest Kp value compared to the
other peptides for binding to c-MycC52. CD data cannot support binding
affinity, however it is interesting that it caused the greatest change in
stability, although this was for the second i1-motif population and had no
effect on the first 1-motif population, Thus, the FID titration and SPR
experiments suggest Pep-SLC as the peptide with the strongest binding
affinity for c-MycC52. Notably, the SPR determined that the peptide with
the weakest affinity for c-MycC52 was Pep-EIE, which corroborates with
FID data which demonstrated Pep-EIE as the second worst ligand.
Ranking the peptides from best to worst c¢-MycC52 binders for each
technique are (where for FID titration and SPR the strongest affinity and
for CD the greatest change in melting temperature were deemed best

ranking):

FID Titration: Pep-SLC>Pep-PTN>Pep-VSE>Pep-EIE>Pep-RVS
CD: Pep-SLC>Pep-RVS>Pep-EIE>Pep-PTN>Pep-VSE

SPR: Pep-SLC>Pep-RVS>Pep-EIE

The three different biophysical approaches did agree that Pep-SLC,
Pep-RVS, and Pep-EIE all bind c¢-MycC52. Interestingly, all three
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techniques determined that Pep-SLC is the best ¢-MycC52 binder. In the
interest to the i-motif field, to date, there are no currently published
peptides that bind i-motif highlighting at least three, if not all five peptides
are novel. Although, the sister field has had some recent successes when
exploring peptides as G-quadruplex binders. Dash et al. in 2018 explored
thiazole peptides targeting c-MycG. They identified a thiazole peptide, THs
(figure 3.18),8 which selectively bound c¢-MycG over B-DNA and other
G-quadruplexes and was shown to inhibit MYC transcription which was
determined to be by a G-quadruplex dependent mechanism. However,
binding against i-motifs was not explored and so without that data one
cannot rule out that this thiazole peptide also binds to ¢-MycC and the
effects on MYC transcription are not due to a dual interaction with ¢c-MycG
and c-MycC. Additional, bicyclic peptides have been identified as
G-quadruplex ligands from phage display which were confirmed using
FRET melting, fluorescence-quench equilibrium binding and
computational modelling.293 It looks as though these peptides bind
G-quadruplexes however their binding to i-motifs was not explored and
thus it would be interesting to see if these did bind i-motif. Highlighting,
that the peptides identified in this project are novel and the first peptides
shown to bind i-motif DNA and corroborate with the G-quadruplex field
that peptides are an excellent route to explore to identify G-quadruplex

and 1-motif binding ligands.
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Figure 3.18: Structure of TH3, a thiazole peptide that targets the G-quadruplex that forms
in the MYC promoter.?
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Currently, in the literature there are no known i-motif binding peptides,
only small compounds.252 Thus, this project presents novel data showing

the first identified i-motif binding peptides.

The future work of this project would include repeating the SPR
experiments Pep-PTN and Pep-VSE as previously mentioned. This will
require repeating with a new optimised SPR protocol with an optimal
DMSO correction to confirm if they bind any DNA structures.
Alternatively, in the future isothermal titration calorimetry (ITC) could be
used to study the binding and determine binding affinities. This is
advantageous because no calibration for DMSO is required as DMSO has
no effect on how the technique obtains affinity data and requires no
immobilisation or labelling. Although, one must note it uses larger

amounts of sample and is more time consuming and labour intensive.

In addition, CD determined that the secondary structures of the peptides
appeared a mix of alpha-helixes and random coils, figure 3.17. Therefore,
future work could investigate this further using spectral analysis to
estimate structural abundance and search for any structural similarities.
This would aid the fields understanding of what structural elements are
important in binding c¢-MycC. Furthermore, to deepen the fields
understanding of what amino acids bind ¢-MycC the binding epitopes of
the peptides need to be identified, this can be done using saturation
transfer difference (STD) NMR. Another approach to further the fields
understanding of the binding activities between c¢c-MycC52 and the
peptides would be to use the CD and titrate the DNA into the peptide
whilst monitoring the peptide and DNA structure to give insights about
binding, this can also be carried out where the peptide is titrated into the
DNA. Notably, the usual i-motif buffer of NaCaco would not be suitable as
it absorbs strongly in the far UV region, and therefore the DNA would need
to be characterised in a suitable buffer such as 10 mM NaH2PO,4223
However, this means that the buffers used for biophysical analysis would

not be compatible with this experiment and arguably the insight gained on
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structural changes is not relevant due to differing buffering conditions.
Therefore, the use of STD NMR is preferable. Further support for using
STD NMR is that the G-quadruplex field have successfully used it to
further understand the interactions between the DNA and ligands. For
example, Randazzo’s group used it to investigate the interaction of
distamycin A and a G-quadruplex.29¢ If one wanted even more detail X-ray
crystallography using ligand soaking or crystallisation could be used to
determine the structures of the protein-DNA complex, however this is
more complicated and time consuming than the STD NMR. Although, that
has not stopped the G-quadruplex field from benefiting from the structural
and spatial characterisation that can be determined from using X-ray
crystallography. For example, Gratteri’s group used it to investigate the
binding interactions between the human telomeric G-quadruplex and the
well-established G-quadruplex binding ligand, berberine.2% Thus, there is
strong evidence that STD NMR and X-ray crystallography would be ideal
future experiments to gain structural and spatial characterisation of
1-motif-ligand interactions. Although, X-ray crystallography, due to the
time consuming and klarge expense to run, may be better used later when
the field has peptides with stronger binding affinities or even show

specificity.

After an improved understanding of what amino acids and structural
features bind to c-MycC the next logical step would be to produce further
phage libraries using the binding epitopes with randomised amino acids.
Followed by biophysical analysis such as SPR to identify peptides with
stronger binding affinities than first discovered and identify any specific
peptides. This approach can be used to improve the initial weak binding
affinities. Further studies into structural features and binding epitopes of
importance as described above would be beneficial after identifying
peptides with greater binding affinities and/or showing specificity. These
structural features and epitopes can then be compared to those identified

for the weaker binders.
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Once 1-motif or c-MycC selective/specific peptides were identified the work
should be progressed further using cellular based assays assessing the

peptides effects on transcription, such as luciferase assays.

To summarise, this project aimed to identify ¢c-MycC binding peptides
using the Nobel prize-winning technique, phage display and has been
successful in doing so. Although, these peptides have shown a lack of
specificity over other DNA structures including B-DNA. Nonetheless, this
opens new and exciting avenues for the next stages of this work including
structural and spatial characterisation to determine the residues involved
in the biding interaction, designing peptides with improved binding

affinities, and identifying the improved peptides effects on transcription.
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Chapter 4: Discussion and Future Work

The aim of this PhD research was to develop novel probes that target the
1-motif forming region of the MYC promoter (c-MycC). Ultimately, this aim
was achieved using two different approaches, one targeting c-MycC with

small compounds and the other with peptides.

4.1 Discussion

Chapter 2 explored compounds from the National Cancer Institute (NCI)
Diversity Set IV plated library, which contained 1596 different compounds
representing maximal structural diversity with a wide range of
pharmacophores. This project aimed to identify c-MycC binding small
molecules to expand the current set of 1-motif binding probes, specifically
those for c-MycC. Currently there are a range of known i-motif ligands that
are small molecules and this is continually growing.?52 As far as the
literature for ¢c-MycC binding small molecules there are three, two that
preferentially bind c-MycCé82 and one that preferentially binds either
c-MycC or c-MycG (figure 4.1).87 Using biophysical studies including FID,
CD, and SPR the NCI library was narrowed down from 1596 to eight small
molecules of interest. This research also set out to compare small molecules
identified as ¢-MycC27 probes to those determined as ¢c-MycC52 probes.
This investigation was important to the field as much of the i-motif field
work, especially before 2016, used the c-MycC27 oligonucleotide yet in
2016 Hurley showed that this sequence length doesn’t form the i-motif
theorised to form in cells leading to questions about the biological
relevance of testing against c-MycC27. The sequence c-MycC52 was
identified as being needed in cells to be transcriptionally active and these
two sequences form different 1-motif formations, figure 2.10.170.171

Interestingly, the biophysical techniques did find different compounds
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bound ¢-MycC27 and c-MycC52 and in some instances select compounds
bound both. Given the current hunt for specific i-motif probes, this work
poses the consideration of which ¢c-MycC sequence to use. Based on the
hypothesis of the longer sequence being required for transcriptional
activation, those looking to use the probes in cells or to develop drug

therapies should highly consider using c-MycC52.
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Figure 4.1: Structures of MYC i-motif ligands. Made in ChemDraw 18.2.

Peptide probes were explored in Chapter 3 to build on the limited number
of c-MycC known probes. Of these known probes all are small compounds
and have a preference for ¢c-MycC or dual preference for c¢-MycC and
c-MycG over B-DNA and other i-motif and G-quadruplex structures.®.82387
The i-motif field as a whole has a greater-known number of binders but
none are peptides.252 Therefore, identifying peptides that bind to 1-motifs
1s novel to the field. In general peptides have advantages over small
molecules and could offer higher target specificity and selectivity, high
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potency of action, and lower toxicity.2% In general, it is a good idea to have
a wealth of different probes that bind ¢-MycC with different properties as
different experimental procedures and exploration of cancer therapies will
work optimally with different types of probes. The experimental approach
to finding peptide probes was phage display, which had been successful in
1dentifying an 1-motif specific antibody fragment.%¢ Furthermore, the sister
field, G-quadruplex field, also identified success using phage display to
identify G-quadruplex binding peptides,293 the bicyclic peptides identified
showed a selectivity for G-quadruplexes over B-DNA but were not tested
against i-motif DNA. Furthermore, phage display was successful in
identifying c-MycC binding peptides, five different c-MycC52 binding
peptides were determined by FID, and further confirmed for three using
CD melting and SPR. From these peptides two had a consensus sequence
of TDHMK, Pep-RVS and Pep-EIE. The sister field, G-quadruplex field,
has achieved more than this project as it has identified a cell penetrating
thiazole peptide, THs (figure 2.18), with a preference for c-MycG over other
G-quadruplexes and B-DNA. Although, THs binding against i-motif was
not determined. This should be completed as many G-quadruplex ligands
that were believed to be specific have been shown as also being able to bind
1-motif,7® there is a compound that has a preference for c-MycC and ¢c-MycG
which causes downregulation of MYC transcription.8” The identification of
peptides that bind c-MycC can be used as the starting point to benefit the
field to further our understanding of the MYC promoter’s complicated

regulation. This also opens an interesting avenue for cancer therapeutics.

The main conclusions that can be made from the results obtained is that
c-MycC probes have successfully identified and can be further developed
for better binding affinity and specificity. Two compounds were identified,
317605 and 345647, with the highest RU determined from SPR for c-MycC
and c¢-MycG compared to other structures, and compounds 317605 and
354844 destabilised B-DNA and stabilised ¢-MycC and c¢c-MycG in CD
experiments. Furthermore, multiple novel i-motif binding peptides were

identified. These probes are promising for further development to find
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compounds with greater selectivity to enable exploration of effects on MYC

transcription.

4.2 Future Work

It is crucial for the i-motif field to continue its quest to identify i-motif
binding probes, particularly specific ones, and even more so ones that bind
specifically to one i-motif. This will propel the field forward and allow an
increased understanding of the different roles i-motifs are performing as

well as being able to explore manipulating them as therapeutic treatments.

The literature and work carried out in Chapter 2 highlighted that different
techniques can generate data that doesn’t appear to corroborate, however
often these techniques are exploring different aims and are producing
different pieces to the puzzle. For example, SPR is identifying binding
affinities whereas CD is determining effects on the stability of structures.
Furthermore, variations in buffers have been shown to cause differing
results for example difference between using 10 mM NaCaco pH 6.6 and
10 mM NaCaco 10 Mm KCI pH 6.6. Thus, making it difficult to make
accurate assumptions of what will occur in vitro or in vivo. It has been
observed in the non-canonical DNA structures field that the ligands
determined to be the most promising in biophysical experiments don’t
necessarily translate into transcriptional changes in vitro. The literature
is naturally skewed with positive hits of compounds, some of which will not
be able to get into cells or have poor stability such as BRACO-19.297
Therefore, the next logical steps would be to test the effects of the eight
compounds explored in Section 2.3 using SPR in vitro. This work was
started using MTT assays to determine the cytotoxicity of the three
compounds deemed of most promise. But should be expanded to all eight
compounds of interest taking in consideration all of the biophysical data

and that the ligands identified as most promising biophysically may not
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necessarily correlate to cellular experiments. Cytotoxicity assays will
establish the concentration range that each compound can be used at for
further cellular assays. To increase the understanding of the mechanism
of interaction between c-MycC or ¢-MycG with compounds their effects on
MYC expression needs to be determined. Similar studies within the
non-canonical DNA structures field researching MYC have used luciferase
assays to assess different compounds effects on MYC transcription.6.8287.171
The best approach for this will be to use a non-cancerous cell line, such as
NKE,2% a normal cell line and a cancerous cell line where MYC expression
is dysregulated (e.g. amplified), such as A549,299 and compare the effects
of each compound in these different cellular environments. This work will
further our understanding of the functioning’s of the MYC promoter in
‘normal’ and cancerous states to learn more about how MYC expression
can be controlled in the two states and begin to explore the starting points
for cancer therapies targeting the non-canonical structures forming in the
MYC promoter. Although, whilst carrying out these experiments the
challenge associated, for both the G-quadruplex and i-motif field, of
positive controls for up and down regulation and disentangle the effects on
the G-quadruplex and i-motif. As many compounds that bind to

G-quadruplex or i-motif structures are not specific but preferentially bind.

However, Smith et al. determined that GQC-05 and 71795 respectively
increased the number of G-quadruplexes and i-motif structures in cells.
Therefore, these could be useful positive controls for downregulation of
MYC and produce further support for the current hypotheses that both
c¢-MycC and c-MycG cause downregulation of MYC. Although, finding a
control for upregulation of MYC may be more difficult as it needs to
destabilise the G-quadruplex and i-motif or stabilise the B-DNA.
Furthermore, to disentangle if the effect on MYC transcription is due to
binding to ¢c-MycC or c¢c-MycG could be determined using the CA46
exon-specific assay.3%0 This has previously been used to discriminate
between decreasing c-Myc levels through binding of c-MycG or a secondary

effect. This assay worked by separating mRNA productions from exon 1,
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the non-translocated exon which maintains c-MycG-maintaining MYC
gene, and exon 2, the translocated exon with the ¢c-MycG-lost chromosome.
This determines if the effect of compounds is mediated by c-MycG
providing greater understanding of the compounds mechanism of
binding.3%0 If the assay was carried out for ¢-MycC and in an identical
manner for c-MycG one could determine if the compound is having effects
through c¢-MycC, c-MycG, another binding method, or a mix of these

options.

Following cellular studies and identification of the ligands that cause an
effect on MYC expression the next steps would be to synthesis derivatives
of these compounds of interest to improve their properties such as
specificity, binding affinity, cytotoxicity, and effects on MYC expression.
Following synthesis biophysical experiments would be carried out
including those used in this project and then cellular experiments to
determine effects on MYC transcription. This would be a critical step when
exploring using ligands that bind c-MycC as a potential avenue for cancer

therapeutics.

Chapter 3 identified peptides that bind to c-MycC. Notably, the SPR
experiment for Pep-PTN and Pep-VSE needs to be repeated before any
other work is completed. Due to the DMSO calibration failing and thus the
data was not optimally corrected for DMSO, and thus the data could not

be analysed or have conclusions drawn from it.

An interesting avenue following the SPR is to explore the peptides
structural features and epitopes. The far-UV CD determined each peptide
beard some of the hallmarks for alpha-helix and random coils and
therefore were determined to be a mix. Currently in the literature there
was no known i-motif binding peptides. Therefore, it would be interesting
to investigate the structures of these peptides further to help identify what
structural elements if any are shared to direct further investigations
looking for i1-motif binding peptides. To do this spectral analysis should be

used to estimate structural abundance and to search for structural
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similarities. Furthermore, the structures of the peptides can be monitored
using CD whilst titrating in i-motif. Following spectral analysis of that
data it could be identified if upon binding to i-motif there is a structural
change providing greater understanding of how the i-motif-peptide

1Interaction occurs.

Moreover, a consensus sequence, TDHMK, was identified from sequencing
of hit peptides. Suggesting that this consensus is important in binding to
c-MycC52. To further investigate this consensus, sequence the binding
interactions between c-MycC52 and the peptides with this consensus,
Pep-RVS and Pep-EIE, need to be investigated to confirm if this consensus
1s involved in the binding interaction. There are current plans do this using
STD NMR in collaboration with Dr Jesus Angulo which can be used to
identify binding epitopes. STD NMR should also be used for all the
peptides binding to provide greater information on the binding
interactions. Another method that can be used to support this work is
mutational studies of the peptides, changing any amino acid/multiple
amino acids to an alanine, followed by biophysical assessments using FID,

CD, and SPR to compare the effects seen on binding.

Another approach is to use alanine screening to determine the contribution
of a specific amino acid to the peptides binding ability to ¢c-MycC. Alanine
is used for the substitution as it eliminates the side chain beyond the B
carbon but dose not alter main-chain conformation like glycine does and
can reveal functional hotspots.301.302 Biophysical and cellular assays can
then be carried out and results compared to identify which amino acids are
most important in binding to ¢-MycC and the effects of substituting each
amino acid can be used to build a greater understanding of how the ¢c-MycC
and the peptides interact. This knowledge could be used to inform
construction of phage display libraries based on the binding epitopes
followed by further phage display to identify peptides with greater binding
affinities or further selectivity, proving the field with better i-motif/c-MycC

probes. To further build on the fields understanding of how non-canonical
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structures affect the regulation of the MYC promoter cellular studies will

be required as described for the compounds above.

An alternative avenue to increase specificity and binding of the compounds
and peptides identified in Chapter 2 and Chapter 3 is to use a linker to
design peptides conjugated with small molecules. The integration of these
utilise the advantages of peptide-based pharmacology with traditional
medicinal chemistry. By offering the ability to enhance pharmacological
effects whilst minimising dose-dependent toxicology.303 Furthermore, they
have a wide spectrum of biological targets and thus this could be an
excellent avenue for the i-motif and G-quadruplex field to explore and
could help the field find the specific probes they are both struggling to
determine. This would be followed by biophysical techniques to determine
binding affinity and specificity and progressed into cellular studies to

explore the effects on MYC transcription.

Both the compound and peptide work have similar experimental “next
steps” and both could also be explored using in vitro biophysical techniques
such as immunofluorescence microscopy to determine the effects of the
probes on i-motif and G-quadruplex stability using the iMab®¢ and BG429
antibody/antibody fragment which selectively bind respectively to i-motif
and G-quadruplex structures. This approach has only been possible for the
1-motif since 2018 when iMab was first reported. It has been used to
successfully further our understanding of different compounds effects on
the stability of these “sister” structures in vitro and would provide greater
information on the mechanisms involving the non-canonical structures of
the MYC promoter.97:304 For example, a similar study to that carried out by
Smith et al.97 could be ran using iMab* and BG429 to detect i-motif and
G-quadruplex DNA respectively in human cells during the different stages
of the cell cycle in the absence and presence of the probes of most interest
from this project. This would allow exploration of the effects of the probes
on 1-motif and G-quadruplex structures at different stages of the cell cycle

and in different cell lines such as a normal cell line, NKE,29 and a
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cancerous cell line, A549.299 Pairing this data with results from other
cellular assays exploring the probes effect on MYC transcription and
exploring which DNA structure(s) the probes bind to in cellular conditions
could provide valuable information on the mechanisms of the MYC

promoter.

In addition, the work carried out in Chapter 2 and Chapter 3 both showed
interesting CD melting experiments where some small molecules caused a
second transition, highlighting that they were stabilising a second i-motif
population. This opened an avenue for exploration of the effects of the
small molecules on the i-motif’s formation. One way to explore i-motif
structural formation is using bromine footprinting which can be used to
identify the cytosines involved in the C-C* base pairing and thus work out
the bases in the loop regions.3% Hurley et al. have used this technique to
compare the formation of ¢-MycC in the presence and absence of hnRNP
K,4 therefore a similar approach could be taken to investigate what i1-motif
formation the small molecules identified in this project bind to. This would
allow the field to begin to produce a database consisting of small molecules
known to bind i-motif DNA and where they bind so that small molecules
can be grouped by where they bind and their properties. Hopefully, this
would uncover that small molecules with certain properties bind to one
region and others to another and allow the field to uncover key properties
for interacting with i-motifs to make discovering more probes easier. This
could then be added to G4LBD 2.2,306 the new version of G4LDB,307
database. G4LDB 2.2 is a database containing data sets covering the
physical properties and structure of G-quadruplex and i-motif ligands,
provided web-based tools to assist in G-quadruplex and i-motif ligand
design based on the information in the database, and facilitate the
exploration of the prospect of G-quadruplex and i-motif probes as

therapeutics for various diseases such as cancer.306

Overall, the future work for this project will build on the biophysical data
investigating the binding between the probes and DNA structures
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increasing the fields understanding of the properties of a ¢c-MycC probe.
Whilst the biological data explores the probes effects on MYC expression
and the ability of c-MycC or ¢c-MycG to be targeted as cancer therapies in

the future.

Chapter 5: Experimental

5.1 General Experimental

Chemical reagents were used as supplied, unless otherwise stated, and
were of general-purpose grade unless otherwise stated. All were purchased

from Sigma-Aldrich, Thermo Fisher, or Alfa Aesar.

Oligonucleotides both modified and unmodified (tables 5.1 and 5.2) were
purchased from FEurogentec, reverse phase-high performance liquid
chromatography (RP-HPLC) and supplied dry. Dry DNA samples were
dissolved in ultrapure water to make 1 mM stock solutions. Stock
concentrations were confirmed using the extinction coefficients provided
by the manufacturer and their UV absorbance at 260 nm with a Nanodrop

ND-1000 spectrophotometer for each sequence.
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Table 5.1: Oligonucleotide sequences used throughout this research. When text refers to
B-DNA it consists of the B-DNA and B-DNA compliment annealed together, SS refers to
the B-DNA sequence alone, and holiday junction is made up of Hjb, Hjh, Hjr, and Hjx.

Name Sequence 5’-3’

ATXN2L CCC-Ccc-cce-cee-ccce-cece-cee-ccc

c-MycC27 CCT-TCC-CCA-CCC-TCC-CCA-CCC-TCC-CCA

c-MycC52 CTT-CTC-CCC-ACC-TTC-CCC-ACC-CTC-CCC-ACC-CTC-CCC-ATA-AGC-
GCC-CCT-CCC-G

DAP CCC-CCG-CCC-CCaG-cee-cea-cee-cea-cee-cc

hTeloC TAA-CCC-TAA-CCC-TAA-CCC-TAA-CCC

B-DNA GGC-ATA-GTG-CGT-GGG-CGT-TAG-C

B-DNA GCT-AAC-GCC-CAC-GCA-CTA-TGC-C

Complement

C-hairpin CTC-TCT-TCT-CTT-CAT-TTT-TCA-ACA-CAA-CAC-AC

c-MycG TGG-GGA-GGG-TGG-GGA-GGG-TGG-GGA-AGG-TGG-GGA

hTeloG GGG-TTA-GGG-TTA-GGG-TTA-GGG

NasC GGG-CGG-GCT-GGG-CAT-TGC-GGG

NasT GGG-AGC-GGG-ACG-GGG-GCC-GGG

Hjb CGG-TAG-CAG-TAC-CGT-TGG-TGG-C

Hjh GCC-TAG-CAT-GAT-ACT-GCT-ACC-G

Hjr GCC-ACC-ACC-GGC-GTC-AAC-TGC-C

Hjx GGC-AGT-TGA-CGT-CAT-GCT-AGG-C

RNA C1UUU CUU-UCU-UUC-UUU-CUU-UC

Table 5.2: Modified oligonucleotide sequences used throughout this research. When text
refers to B-DNABioin it consists of the B-DNABgiotin and B-DNA compliment annealed
together. Biotinylated sequences were modified at the 5' end using Biotin dR 521.57 and
were used throughout this research for phage display and SPR experiments.

Name
B-DNAsiotin
c-MycC27giotin
c-MycC52giotin

c-MycGgiotin
DAPsiotin
ATXN2Lsiotin
ILP RBiotin
hTeloCsiotin

Sequence modification-5’-3’
Biotin-GGC-ATA-GTG-CGT-GGG-CGT-TAG-C

Biotin- CCT-TCC-CCA-CCC-TCC-CCA-CCC-TCC-CCA

Biotin- CTT-CTC-CCC-ACC-TTC-CCC-ACC-CTC-CCC-ACC-CTC-CCC-ATA-
AGC-GCC-CCT-CCC-G

Biotin- TGG-GGA-GGG-TGG-GGA-GGG-TGG-GGA-AGG-TGG-GGA
Biotin-CCC-CCG-CCC-CCG-CCC-CCG-CCC-CCG-CCc-CcC
Biotin-CCC-CCC-CCC-CCC-CCC-Ccc-ccc-ccc
Biotin-TGT-CCC-CAC-ACC-CCT-GTC-CCC-ACA-CCC-CTG-T
Biotin-TAA-CCC-TAA-CCC-TAA-CCC-TAA-CCC

DNA annealing, unless stated otherwise, was performed in an Applied
Biosystems Veriti 96 well thermal cycler. Samples were heated to 95 °C
and held at this temperature for 5 minutes, then returned to 20 °C at a rate

of 1 °C/min and left at 20 °C overnight (a minimum of 12 hours at 20 °C due
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to the time it takes for c-MycC52 to fold, all DNA was annealed in this

manner to keep conditions identical).

Circular dichroism (CD) experiments were performed using a Jasco
J-810 spectropolarimeter using a 1 mm path length quartz cuvette.
Samples were scanned using a scanning speed of 200 nm/min, response
time of 1 s, 0.5 nm data pitch, a 2 nm bandwidth, and accumulation of 4
scans. Data was zeroed at 320 nm unless otherwise stated, and, if required,
corrected for compounds that produce a CD spectrum in the regions of
interest where relevant. Data was analysed in OriginPro 8. CD melting
experiments use the same measurement parameters, the sample is cooled
brought down from room temperature to 5 °C and held at this temperature
for 10 minutes, then heated at a rate of 1 °C/min up to 95 °C with
measurements taken at 5 °C intervals. OriginPro 8 data analysis software
was used to plot normalised ellipticity at the wavelength with the largest
positive ellipticity, 285 nm for c-MycC27/52, against temperature to
calculate the melting temperature. The Tm was calculated using the fitting

from the sigmoidal dose-response curves.

Fluorescent Indicator Displacement (FID) experiments were
performed on a BMG CLARIOstar plate reader using BRAND 96-well,
solid black flat bottom plates. A 10 mM TO stock was prepared in DMSO
and diluted in the appropriate buffer to 2 uM. Each well had 9 uL of the 2
uM TO solution added and was excited at 430 nm with fluorescence
emission at 450 nm measured; this was normalised to 0% to account for
background fluorescence. 1 pL of 90 uM DNA is added to each well and
shaken in the plate reader for 30 seconds using double orbital shaking at
700 rpm and left for 10 minutes to equilibrate. Following equilibration,
fluorescence emission was measured and normalised to 100% depicting
maximum fluorescence from TO binding to the DNA. 2.5 uM of ligand was

added into each well (in triplicate) in 2.25 pL. and measure as stated above.
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Fluorescence emission for each well was normalised between 0 and 100%
which was taken away from 100 to give the percentage of displacement;
ligands that averaged >15% displacement was considered hits and
investigated further. FID titration studies were carried out on ligands
considered hits, to identify the concentration at which each ligand
displaces 50% of TO known as a DCso value. Titration experiments were
performed as described above until addition of the ligand, which 1is
adjusted to X uM ligand in 0.9 uL of each ligand (in triplicate) 10 times to
each well and measured as above. Fluorescent measurements after each
ligand addition were analysed as described above. This data was analysed
in Origin data analysis software and fitted with hyperbolic dose-response
curves where the equations of the curves were solved for y = 50 to

determine the DCs0 values.

Surface Plasmon Resonance (SPR) measurements were performed
using an eight-channel GE Healthcare Biacore with a series S streptavidin
coated gold chip (Biacore SA-chip). On a single chip there are 8-channels
available for immobilisation of DNA, each with their own reference flow
cell. Immobilisation of biotinylated DNA was carried out in 0.01 M HEPES,
0.15 M NaCl pH 7.4, only DS was annealed prior to immobilisation as
secondary structures, particularly the i-motif, won’t form in these
conditions. Immobilisation aimed to achieve 500 RU (table 5.3). The chip
was then primed with 10 mM NaCacco, 10 mM KCI pH 6.6 and left
overnight at 4 °C in this buffer to allow secondary DNA structures to fold,
this buffer is a compromise between what is ideal conditions for i-motif (10
mM NaCaco, no KCl, acidic pH) and G-quadruplexes (10 mM NaCaco, 100
mM KCl). Notably the immobilisation of the DNA onto the chip could not
be performed in 10 mM NaCacco, 10 mM KCI pH 6.6 because cacodylate
results 1n reduced immobilisation and therefore 0.01 M HEPES, 0.15 M
NaCl pH 7.4, a generic immobilisation buffer, was used. DNA binding
experiments were performed at 25 °C, 120 s contact time, 120 s dissociation
time, and a flow rate of 30 ul/min. A 10 mM NaCaco 10 mM KCl 0.05%

Tween 20 pH 6.6 running buffer was used with the required percentage of
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DMSO as stated Section 5.2.2 and Section 5.3.3. Each injection was
performed in duplicate and the average response at equilibrium was used
for analysis. See Section 5.2.2 and Section 5.3.3 for further information on
analysis methods wused for compound and peptide experiments

respectively.

Table 5.3: Oligonucleotide sequences immobilised onto the Biacore SA-chip, their flow cell
location and response units of immobilisation. When text refers to B-DNABiotin it consists of

the B-DNABiotin and B-DNA compliment annealed together.

DNA Flow Response Units (RU)
Cell
B-DNABiotin 1 519.4
MycC27sBiotin 2 531.6
MycC52giotin 3 603.0
MycGBiotin 4 572.3
DAP-Biotin 5 568.3
ATXN2LgBiotin 6 509.9
ILPRBiotin 7 544.0
HTeloCsiotin 8 559.6

5.2 General Experimental for Chapter 2

5.2.1 Compounds

Plated compounds were obtained from the National Cancer Institute
(NCI). The plate set used was NCI Diversity Set IV with ~1500 compounds
(20 plates), received at 20 ul./10 mM in 100% DMSO. The set was derived
from ~140,000 compounds available for distribution from the
Developmental Therapeutics program repository. The final set was elected
using the programs Chem-X (Oxford Molecular Group) and Catalyst
(Accelrys, Inc.). This defined pharmacophoric centres and defined distance
intervals to create a finite set of three dimensional, 3-point

pharmacophores, resulting in over 1,000,000 possible pharmacophores for
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the set. To generate the diversity set, the pharmacophores for any
candidate compound were compared to the set of all pharmacophores found
in structures already in the set, if they differed tehy were added to the set.
An additional aim was to create a diverse set of compounds that were
amendable to forming structure-based hypotheses.25! These plates were
diluted to 1 mM in 100% DMSO. The compounds were >90% purity and in
general were checked by NMR and LC-MS before delivery. The diversity
set represents the maximal structural diversity with a wide range of

pharmacophores.

Compounds of interest were obtained from the NCI Developmental
Therapeutic Program’s Open Compound Repository in larger quantities, 5
mg, as dry stocks in individual vials. Each compound was made up to 1

mM stock in 100% DMSO.

5.2.2 Surface Plasmon Resonance Experiments

SPR experiments were performed as described in Section 5.1. This SPR
was ran as a high throughput screen to identify which compounds were of
the most interest. The compound experiments were performed at a high
and low concentration, 10 uM and 100 uM and diluted into the running
buffer. The compounds stocks were dissolved in 100% DMSO and following
the dilution to 100 uM there was 1 % DMSO, the 10 pM sample also
maintained a 1% DMSO concentration and the running buffer had 1%
DMSO. Additionally, a solvent correction was carried out using four DMSO

concentrations: 1.8%, 1.3%, 0.9%, and 0.5%.

SPR analysis plotted the response at equilibrium (RU) against the
concentration (uM) of compound to identify if binding occurred and if it

appeared concentration dependent.
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5.3 Experimental for Chapter 3

5.3.1 General Procedure for Identification of Peptides

Using Phage Display

Phage Display experiments followed the solution-phase panning with a
biotinylated target and streptavidin plate capture procedure outlined in
the New England Biolabs Ph.D. Phage Display Libraries Instruction
Manual.1¥97 Except for the buffers used which were buffer PBS pH 6.6 or
6.0, wash buffer PBS with 0.01-0.05% Tween 20 pH 6.6 or 6.0 referred to
as PBST, blocking buffer PBS with 5 mg/mL BSA pH 6.6 or 6.0 referred to
as PBSB, elution buffer PBS pH 7.4. For the conditions of the phage display
targeting c-MycC27 see Table 5.4 and targeting c-MycC52 see Table 5.5.
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Table 5.4: Phage display methods for panning against the target DNA sequence c-MycC27, the i-motif forming region in the MYC promoter that is 27

bases long.

Phage
Display
Method

Method 1

Method 2
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Selection
Round

1st

2nd

3rd

1st

Plate
Coating

Streptavidin

Streptavidin

Streptavidin

Streptavidin

Beads
down

Pull

Beads pulled
to the bottom
of the tube

5 mins

Beads pulled
to the bottom
of the tube

5 mins

Beads pulled
to the bottom
of the tube

5 mins

Beads pulled
to the bottom
of the tube

5 mins

Phage
Library

Ph.D-

C7C

Ph.D-
C7C

Ph.D-
C7C

Ph.D-
C7C

Phage

1x10711
Phage
Library,
Ph.D.-
C7C, in
500 pLL
PBS pH
6.6
1x10711
Amplified
Phage
Selection
1 Elution
3 in 500
uL PBS
pH 6.6

1x10711
Amplified
Phage
Selection
2 Elution
3 in 500
pL PBS
pH 6.6

1x10711
Phage
Library,
Ph.D.-

Target
DNA

10 pmol
c-MycC27

1 pmol
c-MycC27

1 pmol
c-MycC27

10 pmol
c-MycC27

Blocking
Buffer

PBS pH
6.6, 5%
BSA

PBS pH
6.6, 5%
BSA

PBS pH
6.6, 5%
BSA

PBS pH
6.6, 5%
BSA

Wash
Buffer

PBS pH
6.6, 0.1%
Tween
20

PBS pH
6.6, 01%
Tween
20

PBS pH
6.6, 0.1%
Tween
20

PBS pH
6.6, 0.1%
Tween
20

Competitors
added to
Phage
Mixture

None

100 pmol of
each competitor
NasT

NasC

hTeloG
c-Hairpin
Holiday
Junction
B-DNA

Calf Thymus
RNA C1UUU
100 pmol of
each competitor
hTeloC

ILPR

ATXN2L

DAP

None

Beads

13 pL
Blocked
B-PBS
Wash
PBST
x3

1.3 uL
Blocked
B-PBS
Wash
PBST
x3

1.3 L
Blocked
B-PBS
Wash
PBST
x3

13 uLh
Blocked
B-PBS

Blocking

Eppendorf
tubes end-
over-end-1
hour

Eppendorf
tubes end-
over-end-1
hour

Eppendorf
tubes end-
over-end-1
hour

Eppendorf
tubes end-
over-end-1
hour

Washing

10 x
PBST pH
6.6

10 x
PBST pH

10 x
PBST pH
6.6

10 x
PBST pH
6.6



Method 3
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2nd

3rd

4th

1st

Streptavidin

Streptavidin

Streptavidin

Streptavidin

Beads pulled
to the bottom
of the tube

5 mins

Beads pulled
to the bottom
of the tube

5 mins

Beads pulled
to the bottom
of the tube

5 mins

Beads pulled
to the bottom
of the tube

5 mins

Ph.D-
Ci7C

Ph.D-
C7C

Ph.D-
C7C

Ph.D-12

C7C, in

500 pL

PBS pH

6.6

1x10711 10 pmol PBS pH
Amplified  ¢-MycC27 7.4, 5%
Phage BSA
Selection

1 Elution

3 in 500

uL PBS

pH 7.4

1x10711 10 pmol PBS pH
Amplified c¢-MycC27 6.6, 5%
Phage BSA
Selection

2 Wash in

500 pL

PBS pH

6.6

1x10711 1 pmol PBS pH
Amplified c¢-MycC27 6.6, 5%
Phage BSA
Selection

3 Elution

3 in 500

uL PBS

pH 6.6

1x107M11 10 pmol PBS pH
Phage c-MycC27 6.6, 5%
Library, BSA
Ph.D.-12,

in 500 pL

PBS pH

6.0

PBS pH
7.4, %
Tween
20

PBS pH
6.6, 0.1%
Tween
20

PBS pH
6.6, 0.1%
Tween
20

PBS pH
6.0, 0.1%
Tween
20

None

None

100 pmol of

each competitor

NasT

NasC

hTeloG
c-Hairpin
Holiday
Junction
B-DNA

Calf Thymus
RNA C1UUU

None

Wash
PBST
x3

13 pLL
Blocked
B-PBS
Wash
PBST
x3

13 uL
Blocked
B-PBS
Wash
PBST
x3

13 uLL
Blocked
B-PBS
Wash
PBST
x3

13 uL
Blocked
B-PBS
Wash
PBST
x3

Eppendorf
tubes end-
over-end-1
hour

Eppendorf
tubes end-
over-end-1
hour

Eppendorf
tubes end-
over-end-1
hour

Eppendorf
tubes end-
over-end-1
hour

10 x
PBST pH
7.4

3 x PBST
pH 6.6

10 x
PBST pH
6.6

10 x
PBST pH
6.0



Method 4

Method 5

Method 6
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2nd

3rd

1st

1st

1st

Streptavidin

Streptavidin

Streptavidin

Streptavidin

Streptavidin

Beads pulled
to the bottom
of the tube

5 mins

Beads pulled
to the bottom
of the tube

5 mins

No beads,
used a
streptavidin
plate

No beads,
used a
streptavidin
plate

Beads pulled
to the side of
the tube

5 mins

Ph.D-12

Ph.D-12

Ph.D-
C7C

Ph.D-12

Ph.D-12

1x10711
Amplified
Phage
Selection
1 Elution
3 in 500
uL PBS
pH 6.0

1x10711
Amplified
Phage
Selection
2 Elution
3 in 500
uL PBS
pH 6.0

1x10711
Phage
Library,
Ph.D.-
C7C, in
500 pL
PBS pH
6.0

1x10711
Phage
Library,
Ph.D.-12,
in 500 L
PBS pH
6.0

1x10711
Phage
Library,
Ph.D.-12,
in 500 pL

1 pmol
c-MycC27

1 pmol
c-MycC27

10 pmol
c-MycC27

10 pmol
c-MycC27

10 pmol
c-MycC27

PBS pH
6.6, 5%
BSA

PBS pH
6.6, 5%
BSA

PBS pH
6.0, 5%
BSA

PBS pH
6.0, 5%
BSA

PBS pH
6.0, 5%
BSA

PBS pH
6.0, 0.1%
Tween
20

PBS pH
6.0, 0.1%
Tween
20

PBS pH
6.0, 0.1%
Tween
20

PBS pH
6.0, 0.1%
Tween
20

PBS pH
6.0, 0.1%
Tween
20

100 pmol of

each competitor

NasT

NasC

hTeloG
c-Hairpin
Holiday
Junction
B-DNA

Calf Thymus
RNA C1UUU
100 pmol of

each competitor

hTeloC
ILPR
ATXN2L
DAP
Hifla

None

None

None

1.3 uL
Blocked
B-PBS
Wash
PBST
x3

1.3 uL
Blocked
B-PBS
Wash
PBST
x3

13 uLL
Blocked
B-PBS
Wash
PBST
x3

13 pL
Blocked
B-PBS
Wash
PBST
x3

13 uLL
Blocked
B-PBS

Eppendorf
tubes end-
over-end-1
hour

Eppendorf
tubes end-
over-end-1
hour

Eppendorf
tubes end-
over-end-1
hour

Eppendorf
tubes end-
over-end-1
hour

Eppendorf
tubes end-
over-end-1
hour

10 x
PBST pH

10 x
PBST pH
6.0

10 x
PBST pH
6.0

10 x
PBST pH

10 x
PBST pH
6.0
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2nd

3rd

Streptavidin

Streptavidin

Beads pulled
to the side of
the tube

5 mins

Beads pulled
to the side of
the tube

5 mins

Ph.D-12

Ph.D-12

PBS pH
6.0

1x10711
Amplified
Phage
Selection
1 Elution
3 in 500
uL PBS
pH 6.0

1x10711
Amplified
Phage
Selection
2 Elution
3 in 500
uL PBS
pH 6.0

1 pmol
c-MycC27

1 pmol c-
MycC27

PBS pH
6.0, 5%
BSA

PBS pH
6.0, 5%
BSA

PBS pH
6.0, 0.5%
Tween
20

PBS pH
6.0, 0.5%
Tween
20

100 pmol of
each competitor
NasT

NasC

hTeloG
c-Hairpin
Holiday
Junction
B-DNA

Calf Thymus
RNA C1UUU
100 pmol of
each competitor
hTeloC

ILPR

ATXN2L

DAP

Hifla

Wash

PBST

x3

1.3 uLk

1.3 pL
Blocked
B-PBS
Wash
PBST
x3

Eppendorf
tubes end-
over-end-1
hour

Eppendorf
tubes end-
over-end-1
hour

10 x
PBST pH

10 x
PBST pH
6.0



Table 5.5: Phage display methods for panning against the target DNA sequence c-MycC52, the i-motif forming region in the MYC promoter that is 52

bases long.

Selection
Round

Phage
Display
Method

Method 1
1st

2nd

3rd
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Plate Coating

Streptavidin

Streptavidin

Streptavidin

Beads Pull
down

Beads
pulled to
the side of
the tube
5 mins

Beads
pulled to
the side of
the tube
5 mins

Beads
pulled to
the side of
the tube
5 mins

Phage

Library

Ph.D-12

Ph.D-12

Ph.D-12

Phage

1x10711 Phage
Library, Ph.D.-
12, in 500 pL
PBS pH 6.0

1x10711
Amplified
Phage Selection
1 Elution 3in
500 pL PBS pH
6.0

1x10711
Amplified
Phage Selection
2 Elution 3 in
500 pL PBS pH
6.0

Target Blocking Wash Buffer

DNA Buffer

10 pmol PBSpH 6.0, PBS pH 6.0,

c-MycC52 5% BSA 0.1% Tween
20

1 pmol PBSpH 6.0, PBSpH6.0,

c¢-MycC52 5% BSA 0.5% Tween
20

1 pmol PBSpH 6.0, PBSpH®6.0,

c-MycC52 5% BSA 0.5% Tween
20

Competitors
added to Phage
Mixture

None

100 pmol of each
competitor

NasT

NasC

hTeloG

c-hairpin

Holiday Junction
B-DNA

Calf Thymus
RNA C1UUU

100 pmol of each
competitor
hTeloC

ILPR

ATXN2L

DAP

Hifla

Beads Blocking Washing

13 uL Eppendorf tubes 10 x PBST
Blocked end-over-end-1

B-PBS hour

Wash PBST

x3

1.3uL Eppendorf tubes 10 x PBST
Blocked end-over-end-1

B-PBS hour

Wash PBST

x3

1.3 uL Eppendorf tubes 10 x PBST
Blocked end-over-end-1

B-PBS hour

Wash PBST

x3



Method 2
1st

2nd

3rd

Method 3
1st

2nd
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Streptavidin

Streptavidin

Streptavidin

Streptavidin

Streptavidin

Beads
pulled to
the side of
the tube
5 mins

Beads
pulled to
the side of
the tube
5 mins

Beads
pulled to
the side of
the tube
5 mins

Beads
pulled to
the side of
the tube

5 mins

Beads
pulled to
the side of
the tube

5 mins

Ph.D-C7C

Ph.D-C7C

Ph.D-C7C

Ph.D-12

Ph.D-12

1x10711 Phage
Library, Ph.D.-

C7C, in 500 pL
PBS pH 6.0

1x10711
Amplified
Phage Selection
1 Elution 3 in
500 pL PBS pH
6.0

1x10711
Amplified
Phage Selection
2 Elution 3in
500 pL PBS pH
6.0

1x10711 Phage
Library, Ph.D.-
C7C, in 500 pL
PBS pH 6.0

1x10711
amplified
combined
washes  from
selection 1 in
500 pL PBS pH
6.0

10 pmol
c-MycC52

1 pmol
c-MycC52

1 pmol
c-MycC52

10 pmol
B-DNA

1 0 pmol
c-MycC52

PBS pH 6.0,

5% BSA

PBS pH 6.0,
5% BSA

PBS pH 6.0,
5% BSA

PBS pH 6.0,
5% BSA

PBS pH 6.0,
5% BSA

PBS pH 6.0,
0.1% Tween
20

PBS pH 6.0,
0.5% Tween
20

PBS pH 6.0,
0.5% Tween
20

PBS pH 6.0,
0.1% Tween
20
PBS pH 6.0,
0.1% Tween
20

None

100 pmol of each
competitor

NasT

NasC

hTeloG

c-hairpin

Holiday Junction
B-DNA

Calf Thymus
RNA C1UUU

100 pmol of each
competitor
hTeloC

ILPR

ATXN2L

DAP

Hifla

None

None

13 uL
Blocked
B-PBS
Wash PBST
x3

1.3 puL
Blocked
B-PBS
Wash PBST
x3

1.3 pL
Blocked
B-PBS
Wash PBST
x3

13 L
Blocked
B-PBS
Wash PBST
x3

13 pL
Blocked
B-PBS
Wash PBST
x3

Eppendorf tubes
end-over-end-1
hour

Eppendorf tubes
end-over-end-1
hour

Eppendorf tubes
end-over-end-1
hour

Eppendorf tubes
end-over-end-1
hour

Eppendorf tubes
end-over-end-1
hour

10 x PBST

10 x PBST

10 x PBST

10 x PBST

10 x PBST



3rd
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Streptavidin

Beads
pulled to
the side of
the tube
5mins

Ph.D-12

1x10711 1 pmol PBSpH®6.0, PBS pH 6.0,
Amplified Phage c-MycC52 5% BSA 0.5% Tween
Selection 2 20

Elution 3 in 500

ulL PBS pH 6.0

100 pmol of each
competitor

NasT

NasC

hTeloG

c-hairpin

Holiday Junction
B-DNA

Calf Thymus

RNA C1UUU

1.3l Eppendorf tubes
Blocked end-over-end-1
B-PBS hour

Wash PBST

x3

10 x PBST



These experiments were performed using either High Capacity
Streptavidin Magnetic Beads. The phage libraries used were the Ph.D.-12
or Ph.D.-C7C Phage Display Peptide Library Kits from New England
BioLabs. These kits are random combinational libraries where the peptide
is fused to pIIl, a minor coat protein, and displayed on the N-terminus of
plII of the M13 phage. The peptides are displayed in the form X;2-GGGS
or AC-X7-CGGGS respectively for the 12-mer and cyclic-7-mer where
GGGS 1s a short linker sequence between plIl and the displayed peptide,
and the flanking C residues in the Ph.D-C7C kit form a disulfide bond.
Each library contains ~109 different electroporated (unique) sequences and

100 copies of each in 10 pl..308,309

The target for all experiments was the i-motif forming region in the MYC
promoter, two variations of this sequence were panned against c¢-MycC27
and c-MycC52 which are respectively 27 and 52 base pairs long. For phage
display these sequences were biotinylated on the 5 end and for rounds
with no competitors the concentration was 10 pmol, however in the
presence of competitor sequences this was reduced 10-fold to 1 pmol. The
competitor sequences were not biotinylated and were used at 100-fold
higher concentration than the target sequence. The competitor sequences
were split into two different groups: non-i-motif competitors and i-motif
competitors. These two groups were used in different selection rounds to
increase the selection pressure as additional phage selection rounds were
carried out, generally a total of three selection rounds were carried out per
method. The non-i-motif competitors were, B-DNA (double stranded, right-
handed helical DNA, composed of B-DNA and B-DNA complement),
hTeloG (G-quadruplex), NasC (G-quadruplex), NasT (G-quadruplex),
holiday junction (composed of Hjb, Hjh, Hjr, and Hjx), c-hairpin, RNA
C1UUU, and calf thymus (native DNA) as shown in table 5.1. The i-motif
competitors used were hTeloC, ILPR, ATXN2L, DAP, and Hifla as shown
in table 5.1.
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Host strain, as recommended by the New England Biolabs Ph.D. Phage
Display Libraries Instruction manual, was an E. coli strain known as
ER2738.197 ER2738 was streaked from the glycerol stock onto LB agar
plates with 1 mL/L of tetracycline stock (20 mg/ml in 1:1 ethanol:water)
and incubated at 37 °C overnight and then stored covered with parafilm at
4 oC with a one month expiry date to ensure bacteria cell viablilty.197

ER2738 cultures for infection were grown in LB only at 37 °C.

Phage tittering was used to determine the concentration of phage in a
given sample in plaque forming unit (pfu) per 10 uL. This was carried out
as per NEB’s phage manual.197 Except step one where 20 mL of LB was
inoculated with ER2738 from a plate and incubated at 37 °C overnight. The
phage- ER2738-Top Agar mixture was poured onto a pre-warmed LB Agar
with 1 mL/L of IPGT/Xgal stock (1.25 g IPGT and 1 g Xgal in 25 mL. DMF)
plate over incubate overnight at 37 °C. The following morning blue plaques
are counted and multiplied by their dilution factor to determining phage

concentration, pfu per 10 pL.

Amplification of Phage is carried out as described in the New England
Biolabs Ph.D. Phage Display Libraries Instruction manual page 16.197
When phage were left to precipitate the first time in 20% PEG/2.5 M NaCl
at 4 oC overnight. Amplified phage were stored in sterile conditions in

blocked tubes (5 mg/mL BSA PBS pH 7.4) in PBS pH 7.4 at 4 °C.

Sequencing of Phage DNA were performed by Eurofin Genomics using
their Mix2Seq overnight kit according to manufacturer’s instructions
using -96 gIII sequencing primer provided by NEB. Phage sent for
sequencing were isolated from IPGT/Xgal plates from the phage titering
after a round of panning and individually amplified using ER2738.
Following E. coli removal phage DNA was extracted using ethanol

precipitation.
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5.3.2 Peptide Sequences

Peptides were purchased from Cellmano Biotech, RP-HPLC and supplied
dry with N-terminal acetylation and a C-terminal amide (Table 5.6). Dry
peptide samples were dissolved in ultrapure water or DMSO if insoluble
in water to make 5 mg/mL stocks unless overwise stated. Stock
concentrations were confirmed using the extinction coefficients of each
peptide and their UV absorbance on an Agilent Technologies Cary 4000
UV-VIS spectrophotometer. The extinction coefficient was determined
using Nick Anthis’ Protein Parameter Calculator either at 280 nm if the
sequence contained any tryptophan or tyrosine residues or 205 nm if the

sequence didn’t contain either of these aromatic residues.217

Table 5.6: Peptide sequences, 12-mers, shown N-terminus to C-terminus, with N-terminal
acetylation and a C-terminal amide. Purity determined by HPLC analysis by the

manufacturer.

Name Sequence 1 Letter Code Purity %
Pep-PTN PTNVSGRNYLFC 95.09

Pep-SLC SLCDIIRIEKVR 95.45
Pep-VSE VSEAWKEVKGEF 98.49
Pep-RVS RVSTDHMKGRGG 95.70
Pep-EIE ETEYTDHMKELG 96.10

5.3.3 Surface Plasmon Resonance Experiments

SPR experiments were performed as described in Section 5.1. The
peptides were tested at 10 different concentrations from 100 uM to 0 uM
using a 2-fold dilution series, in running buffer. Testing of Pep-SLC,
Pep-RVS, and Pep-EIE stocks were in water so no DMSO was added to the
running buffer. For Pep-PTN and Pep-VSE their stocks were in 100%
DMSO and following dilution to 100 puM the DMSO % was 2% DMSO,
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further serial dilutions were performed to maintain the concentration of
DMSO at 2% for all concentrations and the running buffer had 2% DMSO.
Additionally, a solvent correction was carried out using four DMSO

concentrations: 2.8%, 2.3%, 1.9%, and 1.5%.

SPR analysis plotted the response at equilibrium (RU) against the
concentration (uM) of peptide to generate a hyperbolic binding curve. For
all peptides the dissociation constants were determined using a 2:1 binding
model using the equation 5.1.310 Each experiment was repeated in
duplicate and the average of the two Kp values was reported, the error

represents the variance between the two values.

RU  KiC+ 2K K,C?
RUpax 14 KiC+ K K,C?

r =

Equation 5.1: Where r is the number of moles of analyte bound per molecule of DNA, C is
the free analyte concentration, RU is the steady state response, RUnax is the maximum
response per molecule bound of analyte, K; and Kz are the association constants for the

first and second binding sites.
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Appendix

A1l. Circular Dichroism spectra of 10 uM c¢-MycG in a) 10 mM NaCaco 100
mM KCL pH 6.6. b) 10 mM NaCaco 10 mM KCL pH 6.6.
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A2. Circular Dichroism spectra of normalised ellipiticity at 260 nm, the
maximum positive characterisation parallel G-quadruplex peak for

c-MycG. 10 uM ¢c-MycG in 10 mM NaCaco 10 mM KCL pH 6.6. Line fitting

1s dose response.

Normalised Ellipticity st 260 nm

0 20 40 60 80 100

Temperature (*C)

A3. Cell viability of HEK293 cells after 24 hr treatment with 1% DMSO

(V:V), % cell viability was determined by (absorbancetreated cells/absorbancen,

treatment) * 100.
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A4. Fluorescent indicator displacement assay in the following conditions:
1 uM:2 uM c-MycC52:To in 10 mM NaCaco pH 6.6. Five different peptides
of interest were titrated every a) 0.5 uM from 0 uM to 5 uM and b) 1 uM
from O uM to 10 uM. OriginPro 8 software was used for analysis.
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A5. Circular dichroism of normalised ellipticity at 285 nm, the maximum
positive characteristic peak for ¢-MycC52, of 10 uM c¢-MycC52 in 10 mM
NaCaco pH 6.6 with the addition of 5 uL. of water added. The data analysis
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was carried out in OriginPro 8. a) The graph was fitted with a dose

response fitting b) the graph was fitted with a bi-dose response fitting.
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A6. Circular dichroism of normalised ellipticity at 285 nm, the maximum
positive characteristic peak for ¢-MycC52, of 10 uM ¢-MycC52 in 10 mM
NaCaco pH 6.6 with the addition of 10 equivalence of peptide. The data

analysis was carried out in OriginPro 8. a) Pep-PTN at temperatures 5 °C
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to 70 °C fitted with a dose response fitting b) Pep-PTN at temperatures 60
°C to 95 °C fitted with a dose response fitting ¢) Pep-SLC at temperatures
5°C to 70 °C fitted with a dose response fitting d) Pep-SLC at temperatures
60 °C to 95 °C fitted with a dose response fitting e) Pep-VSE at
temperatures 5 °C to 70 °C fitted with a dose response fitting f) Pep-VSE
at temperatures 60 °C to 95 °C fitted with a dose response fitting.
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A"7. Surface plasmon resonance sensorgrams for Pep-PTN of response vs
time plots at concentrations from 0 pM to 100 uM in 2-fold intervals in the
buffer 10 mM NaCaco 10 mM KCI 0.05% Tween20 pH 6.6. There are two
replicates for every concentration shown by the same colour. a) B-DNA b)

c-MycC27 ¢) ¢-MycC52 d) c-MycG e) DAP f) ATXN2L g) ILPR h) hTeloC
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SPR experiments used Biacore SPR software. c-MycG is a G-quadruplex,
all the other structures, other than B-DNA, are different i-motif forming
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AS8. Surface plasmon resonance sensorgrams for Pep-SLC of response vs
time plots at concentrations from O pM to 100 uM in 2-fold intervals in the
buffer 10 mM NaCaco 10 mM KCI 0.05% Tween20 pH 6.6. There are two
replicates for every concentration shown by the same colour. a) B-DNA b)
c-MycC27 ¢) ¢-MycC52 d) c-MycG e) DAP f) ATXN2L g) ILPR h) hTeloC
SPR experiments used Biacore SPR software. c-MycG is a G-quadruplex,
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all the other structures, other than B-DNA, are different i-motif forming

sequences.
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A9. Surface plasmon resonance sensorgrams for Pep-VSE of response vs
time plots at concentrations from 0 pM to 100 uM in 2-fold intervals in the
buffer 10 mM NaCaco 10 mM KCI 0.05% Tween20 pH 6.6. There are two
replicates for every concentration shown by the same colour. a) B-DNA b)
c-MycC27 ¢) ¢-MycC52 d) c-MycG e) DAP f) ATXN2L g) ILPR h) hTeloC
SPR experiments used Biacore SPR software. c-MycG 1s a G-quadruplex,
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A10. Surface plasmon resonance sensorgrams for Pep-RVS of response vs
time plots at concentrations from O pM to 100 uM in 2-fold intervals in the
buffer 10 mM NaCaco 10 mM KCI 0.05% Tween20 pH 6.6. There are two
replicates for every concentration shown by the same colour. a) B-DNA b)
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A11. Surface plasmon resonance sensorgrams for Pep-EIE of response vs
time plots at concentrations from O pM to 100 uM in 2-fold intervals in the
buffer 10 mM NaCaco 10 mM KCI 0.05% Tween20 pH 6.6. There are two
replicates for every concentration shown by the same colour. a) B-DNA b)
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