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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 m olecules with the MYC  
i -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 finis hing 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 10 9 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  
i -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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Figure 1. 9 Figure showcasing some examples of different i -Motif ligands identified.  

 
Figure 1. 10 Figure summarising the biological significance of i -motif DNA. Created 

with BioRender.com and ChemDraw 18.2.  

 
Figure 1. 11 An example of cellular functions that the MYC gene regulates. Created 

with Biorender.com.  

 
Figure 1. 12 Str ucture 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).  

 
Figure 1.1 3 Schematic of MYC expression levels throughout the cell cycle. Adapted 

from Alves et al. (2008, Fig1) 1 and Lemaitre et al. (1996, Fig 8). 2 

 
Figure 1. 14 A summary of how cancer exploits MYC. Created with Biorender.com and 

freepik.com. 

 
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 1 is 
shown by an arrow. The G -rich and C -rich strands. Created with 
Biorender. com. 

  
Figure 1. 16 Proposed folding patterns 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. 3,4 Colouring scheme: red is adenine, blue is thymine, green 
is guanine, yellow is cytosine.  

 
Figure 1. 17 Proposed scheme for the control of MYC expression through the i -motif 

forming region in the NHE III 1. 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 stabl e complex. b) An example schematic of the 52-
base oligonucleotide sequence of the i-motif forming region within NHE 
III 1 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  

 
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 
(c-Myc52) and a variation of of the MYC 27-base oligonucleotide 
(c-Myc27) sequence variation with loops labelled and loop ratios 
determined. Colouring scheme: red is adenine, blue is thymine, green is 
guanine, yellow is cytosine . 

 
Figure 1. 20 Illustration of an M13 phage that has the genetic information of a protein 

on interest, shown i n 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.  

 
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.  

 
Figure 1. 22 Filamentous phage M13 structure and genome.  Created with 

BioRender.com. 

 
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 fur ther round of biopanning . 
Created with BioRender.com.  

 
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 wh en 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.  

 
Figure 1. 25 Structure of Thiazole orange. 

 
Figure 1. 26 2D (left) and 3D (right) schematics of circular polarised light. Created 

with BioRender.com.  

 
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 
90o out of plane. The circular polarised light is absorbed by a sample and 
transmitted light is detected by the detector. Created with BioRender.com.  
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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 2016.4,7 The circles 
demonstrate DNA bases and are colour coded as follows: Yellow -Cytosine, 
Red-Guanine, Blue -Thymine, Green -Adenine.  
 

Figure 2.13 Structure of eight compounds of interest as c -MycC27 and/or c -MycC52 
binders, NSC 63680, 73735, 105781, 288387, 309401, 317605, 345647, 
and 354844.  
 

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 µM DNA, 2 µM TO, and 1 to 10  µM of compound added in 1 µM 
additions.  

 
Figure 2.15 Schematic of CD normalised ellipticity showing fraction folded from 5 oC 

to 95 oC to determine the T m, 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 µM i -motif, 52 base i -motif 
that forms in the MYC  promoter region, in 10 mM NaCaco pH 6.6.  

 
Figure 2.16 Circular Dichroism of normalised ellipiticity at 285 nm, the maximum 

positive characteristic i -motif peak for c -MycC, of 10 µM c-MycC52 in 10 
mM NaCaco pH 6.6 with addition of 50 µM of a given compound. The 
control (black) is addition of 5 µL of 100% DMSO, this the vehicle control. 
Line fitting is bi -dose response. 

 
Figure 2.17 Cir cular Dichroism of normalised ellipiticity at 285 nm, the maximum 

positive characteristic i -motif peak for c -MycC, of 10 µM c-MycC27 in 10 
mM NaCaco pH 6.6 with addition of 50 µM of a given compound. The 
control (black) is addition of 5 µL of 100% DMSO, th is the vehicle control. 
Line fitting bi -dose response. 

 
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 µM of a given compound. The control (black) is 
addition of 5 µL of 100% DMSO, this the vehicle control. Line fitting is 
dose response. 

 
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 KCl pH 6.6 with addition of 50 µM of a given 
compound. The control (black) is addition of 5 µL of 100% DMSO, this 
the vehicle control. Line fitting is dose response.  

 
Figure 2.20 Surface plasmon resonance response units  vs ligand concentrations at 10 

µM and 100 µM 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 
µM, in 10 mM NaCaco  10 mM KCl 0.05% Tween20 1% DMSO pH 6.6. 
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Figure 3.12 Fluorescent indicator displacement assay in the following conditions: 1 
µM:2 µM c-MycC52:To in 10 mM NaCaco pH 6.6  (where TO is thiazole 
orange). Five different peptides of interest were titrated every 25 µM from 
0 µM to 200 µM 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. 
 

Figure 3.13 Circular dichroism of normalised ellipiticity at 285 nm, the maximum 
positive characteristic peak fo r c-MycC52, of 10 µM 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 µL of water for Pep -SLC, Pep-RVS, 
and Pep-EIE and 5 µL of 100% DMSO for Pep -PTN and Pep -VSE as the 
appropr iate vehicle controls. The data analysis was carried out in 
OriginPro 8 and fitted with a bi -dose response fitting. 

 
Figure 3.14 A labelled schematic illustration of a typical sensorgram produced from 

surface plasmon resonance. 

 
Figure 3.15 Surface plasm on resonance sensorgram of response vs time plots at 

concentrations from 0 µM to 100 µM in 2 -fold intervals in the buffer 10 
mM NaCaco 10 mM KCl 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.  

 
Figure 3.16 Saturation curves of five different peptides against eight different DNA 

structures using surface plasmon resonance in the conditions 10 mM 
NaCaco 10 mM KCl 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 c ) 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.  

 
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 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.  

 
Figure 3.18 Structure of TH 3, a thiazole peptide that targets the G -quadruplex that 

forms in the MYC promoter. 8  

 
Chapter 4: Discussions and Future Work  

 
Figure 4.1 Structures of MYC i -motif ligands . Made in ChemDraw 18.2.  
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Table 5.4 Phage display methods for panning against the target DNA sequence 
c-MycC27. 

 
Table 5.5 Phage display methods for panning against the target DNA sequence 

c-MycC52. 

 
Table 5.6 Peptide sequences, 12-mers, shown N -terminus to C -terminus, with N -

terminal acetylation and a C -terminal amide.  
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List of Abbreviations  
 

A Adenine  

A549  Adenocarcinomic human alveolar basal epithial cells  

ATXN2L  
i -Motif formed in the promoter region of the gene that 

encodes Ataxcin-2-like protein  

B95.8  Marmoset B -lymphoblastoid cell line  

Bcl -2 

i -Motif formed in the promoter region of the B -cell 

lymphoma -2 gene  

BSA  Bovine serum albumin  
°C Degrees Celsius 

C Cytosine  

CD  Circular Dichroism  

CNBP  Cellular Nucleic -acid-Binding Protein  

c-Myc  
An oncogene promoter sequence containing secondary 

structures  

c-MycC  
The i -motif forming sequence in the MYC  oncogene 

promoter region  

c-MycC27  

The 27 base pair sequence variation of the i -motif 

forming sequence in the MYC  oncogene promoter 

region  

c-MycC33  

The 33 base pair sequence variation of the i -motif 

forming sequence in the MYC  oncogene promoter 

region  

c-MycC52  

The 52 base pair sequence variation of the i -motif 

forming sequence in the MYC  oncogene promoter 

region  

c-MycG  
The G-quadruplex forming sequence in the MYC  

oncogene promoter region  

CTD  C-terminal domain  

C-tract  
Repeat sequence of cytosines hydrogen bonded to 

other cytosines 
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DAP  Death associated proteins  

DMF  Dimethyl formamide  

DMSO  Dimethylsulfoxide  

DNA  Deoxyribose nucleic acid  

ELISA  Enzyme-linked immunosorbent assay  

FBS  Foetal Bovine Serum  

FID  Fluorescence Indicator Displacement  

G Guanine  

G-

quadruplex  

Secondary DNA structure that forms in guanine rich 

sequences 

G-quartet  
Four guanines hydrogen bonded to each other in a 

circle  

G-tract  
Repeat sequence of guanines hydrogen bonded to 

other guanines  

H -bonding  Hydrogen bonding  

HeLa  Immortal cervical cancer cell line  

HPLC  High performance liquid chromatography  

HRP  Horseradish peroxidase  

hTeloC  
i -Motif formed in the human telomeric region 

sequence 

IC 50 Half maximal inhibitory concentration  

ILPR  
i -Motif formed in the insulin linked polymorphic 

region, tandem repeat sequence  

KCl  Potassium chloride  

KH  K homology  

NaCaco  Sodium Cacodylate  

NCI  National Cancer Institute  

NHE III 1 
Nucelease Hypersensitivity Element III 1 upstream of 

P1 promoter in MYC  promoter region  

NKE  Normal Kidney Epithelial Cell Line  

NEB  New England BioLabs  

NLS  Nuclear localisation sequence  















5 | P a g e 
 

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 i-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 requiremen t for hemi -protonated 

cytosine base pairs  to form the structure .36 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. 37 In which their 

rapid reversible folding and unfolding in response to alternating pH made 

them an excellent platform for logistical application switches 38,39 and pH 

sensors in cell s.40,41 
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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 -mot if 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 i -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 

i -motif and 50% unfolded) closer to physiological, and increases the 

stability of the i -motif. 59,60 The work from B urrows 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 oC.60 
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consideration is ionic strength. It has been demonstrated that increasing 

the ionic strength destabilises the i -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 i -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 t his 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. 70 It has 

been proposed that Li + fits between the two C -C+ base pairs in space but 

cannot adequately fulfil the role of proton s 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. 70 Hence, cations 

affect the stability of i -motif s 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) ( µM compared to ~100mM respectively).  
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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, t here was evidence 

as early as 1995, just two years after discove ry of the i -motif, that i -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 20 10 

there were minimal published studies showing evidence of i -motif 
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Furthermore, the mechanical stabilities of both the i -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, 114 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 i -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 apop tosis (figure 1.1 1).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 prot eins 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. 13: Schematic of c-Myc expression levels throughout the cell cycle. Adapted from 

Alves et al. (2008, Fig1) 1 and Lemaitre et al. (1996, Fig 8). 2 

 

Evidently , c-Myc is involved in multiple cellular processes and its 

regulation is essential for many cellular processes. To summarise c -Myc is 

a multif unctional transcription factor that regulates various cellular 

processes including, cell cycle progression, 149 cell proliferation, 150 cell 

differentiation, 131 genomic integrity, 151 apoptosis,146,147 angiogenesis,131 

cell growth and metabolism 152 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 u nderstanding normal cell functions and 

unsurprisingly how dysregulation leads to disastrous effects in the cell 

causing cancer.  
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characteristic proliferation is attributed to promoting cells to advance from 

G0 to S phase of the cell cycle .133,134  

Multiple studies have document ed that cells overexpressing c -Myc are 

metabolically addicted and c -Myc can manipulate multiple pathwa ys that 

can feed this addiction .154,155 It 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, supplyin g 

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 

tumours. 148,158,159  

Finally, i t 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. E vidently 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. How ever, 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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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 1 is shown by an arrow. The 

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

 

In addition, the pro moter region contains seven nuclease hypersensitive 

elements (NHEs). Arguably, the most crucial and complex is NHE III 1 

(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 1 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 1 Regulation by  Nonconical DNA 

Structures  
 

Leven suggested th e NHE III 1 region may be the most complex of c-Myc, 

although is this unsurprising for a region that controls such a large 

percentage of MYC  transcription. 163 If one thing is clear it i s 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 stru ctures the G -quadruplex and i -motif.  

Hurley and Yang have demonstrated that the NHE III 1 region can form 

two different G -quadruplex structures, importantly their mutational 

studies investigating effects on promoter activity via a luciferase assay 

demonstra ted 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. Su ggesting 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. 171,172 This further establishes that the 

G-quadruplex structure needs to be unfo lded for MYC  to become 

transcriptionally active.  

One proposed model of how this system works is that the unwinding of the 

double stranded DNA during the initiation phase of transcription causes 

negative superhelicity on the NHE III 1 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. 31 The same study also 

identified that nucleolin binds to the NHE III 1 region in vivo  using ChIP 

assays and that overexpression of nucleolin repressed MYC  activity in 
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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 c -MycC33 specific compound using an 

in situ  approach using nanotemplates called 3be , a triazole compound 

(figure 1.18) .6 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 prolife ration 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 HeLa 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 IC 50 (half maximal inhibitory concentration) val ues 

from 0.15 µM to 1.22 µM. It was further demonstrated that in SiHa cells 

a9 caused a decrease of MYC  transcription. 87  

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. 179 

 

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 1985 180 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 ide ntify specific ligand interactions with 

a molecular target. Phage display saw an eruption of scientific interest 
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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 (gI) encodes protein I 

(pI) and gII encode pII and so on.  The proteins are organised into three 

classes: proteins involved in replication (pII, 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    

 

 

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 pIII, 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 





48 | P a g e 
 

a very diverse library. 196 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 

random ised 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. 198 This 

technology is used to create libraries with 10 6-1011 different ligand 

populations in a population of at least 10 12 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 identifyin g 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. 198 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. 199 The 

limitations of phage display include that probes identified can have low 

affinities, library construction is time cons uming 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 t o 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 sta ble under a 

spectrum of conditions including across temperatures and pH, and loss of 

infectivity from insertion of foreign DNA  can be avoided.201 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 pIII is easily 

accessible making the pIII gene an ideal target for insertion of 

peptides/proteins, insertions in non -essential regions do not disrupt 

packaging, and their genome can be either ssDNA or dsDNA .201 Thus it is 

unsurprising p hage display is utilised across multiple fields and is 

frequently used in drug disco very .29,191,202  
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The ant ibody 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 b iopanning, then screened, 

and had their binding validated and affinity assessed by ELISA before cell 

culture experiments were carried out. 29 Identification of iMab, the 

antibody that binds to the i -motif, was iden tified in a similar manner but 

from three rounds of biopanning. 94 This study shows that phage display 

works at acidic pH and could be an excellent method to explore i -motif 

binding peptide s. 

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 finger s with a Zn2+ ion stabilising the folded 

secondary structure . Their biological  function has a wide scope and their 

Cys2His 2 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 dsDNA 211 it was investigated as a probe for 

G-quadruplexes in 2000. 204 Choo et al . demonstrated that zinc finger 

proteins can bind to G -quadruplexes, such as protein Gq1, 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, 204 meaning these  proteins are excellent candidates as 

secondary DNA structure probes. Gq1 has been further investigated to 

identify how it recognises G -quadruplexes, which has identified which 

fingers of Gq1 can be modified without impaired recognition of 

G-quadruplexes o r loss of discrimination of other DNA structures. 212 

Therefore, investigating zinc fingers is a promising avenue for identifyin g 

probes that bind to DNA structures  and could provide some structural 
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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 struct ure, 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 absorp tion 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 1.2 6: 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 is one 

electromagnetic plane w ave. 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 o difference in 

phase but the same amplitude. The circular polarised light th en 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 molecule s absorb the left - and right -circular polarised light 

differentially and this produces a CD spectrum  

 

 

Figure 1.2 7: 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 o 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 its sensitivity to different conformational states of 

macromolecules such as proteins and DNA. 222,223 CD can determine effects 
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field to determine the structure of different oligonucleotides in different 

conditions and monitor the effects when  ligands are bound.  

 

 

 

 

 

 

 

 

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 temperat ure 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 

Secondary 

DNA Structure 

Signal Position of 

minimum or 

maximum 

(nm) 

B-DNA Positive, Long 260-280 
 

Negative 245 

i-Motif  Positive, 

dominant 

290 

 
Negative 267 

Parallel 

G-quadruplex 

Positive, 

dominant 

260 

 
Positive 210 

Anti-parallel 

G-quadruplex 

Negative 260 

 
Positive 290 

  Positive 210 
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on the chip. Causing a change in the angle of reflected light, the change in 

this angle is proportional to the mass of analyte bound allowing 

biomolecular interactions to be recorded ( figure 1.31) .  

 

 

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. 236 Which is especially 

advant ageous 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 betwe en 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 dete rminations 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 w hen 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 

(figure 1.32 ). MTT assays can be used for multiple purposes including 

quantification of cell growth and viability, 239 measuring cell 

proliferation, 238 measuring cytotoxicity, 240 and to study cell activation. 241 

 

 

Figure 1. 32. Metabolism of M TT 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 cytotox icity 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 di sadvantageous are 

conversion to formazan is dependent on metabolic rate and number of 

mitochondria resulting in multiple interferences and numerous wash 

steps.242 Overall, 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 c-MycC and 

uses biophysical data to further validate findings.  
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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  

 

Figure 2.1:  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 II 1 region of the MYC promoter . Created with  BioRender .com adapted from Dash 

et al. 2020. 6 

 

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 formati on.32 When nucleolin is overexpressed you see a 

decrease in MYC activation.  It has also been identified that NM23 -H2 

binds and unfolds c -MycG causing an increase in  MYC  activation. 175 This 

model is 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 pref erence for binding c -MycC 

and can induce its formation. 82 Another ligand of interest is 3be  (figure 
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Interestingly , the G-quadruplex field have the addressed the challenge of 

specificity w ith 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 

in the i -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 whic h 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 c oncept 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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Figure 2.3: Schematic of fluorescence ind icator 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 in dicator is free in solution again causing a decrease in 

fluorescence. 

 

Prior to this förster 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. 85 Although, FID does not determine if a 

compound stabilises or destabilises a DNA structure and is bas ed 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, 248 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 th e 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 c -MycC27 and 

c-MycC52 was carried out to identify the pH at whic h 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 is 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 e nsure 

both c-MycC strands were 50% folded.  

 

 
Figure 2. 4: Circular dichroism c haracterisation 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 gra ph 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 so ftware to determine 

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

 

Transitional pH: 6.64 (+/-0.04) 
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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 o f 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 plate aued. The equilibrium time was determined as 10 

minutes for both c -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. 

 

  

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 I ndicator 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 differ ent known 

compounds.251 This library was screened against c -MycC27 and c-MycC52 

using 1 µM DNA, 2 µM TO and 2.5 µM of compound. In this work, we 

maintained >15% displace ment 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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Interestingly for c -MycC27, as shown in figure 2.6,  there are multiple 

negative displacement val ues. 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 displacemen ts 

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 analys is, 

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 is 

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 N SC 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-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 -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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105781 

 

31.6 ± 0.5 

107582 

 

23.7 ± 4.4 

118832 

 

-21.8 ± 3.4 

124818 

 

17.4 ± 2.0 

143491 

 

40.9 ± 3.5 

227186  

 

23.0 ± 4.2 

228150 

 

32.4 ± 2.0 
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260594 

 

20.5 ± 4.0 

288387 

 

-23.6 ± 2.0 

309401 

 

-28.6 ± 2.1 

345647 

 

48.3 ± 7.2 

366289 

 

-23.8 ± 3.1 
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61642 

 

27.5 ± 1.5 

63680 

 

17.6 ± 0.5 

135168 

 

23.2 ± 5.5 

143491 

 

66.7 ± 2.0 

305780 

 

20.1 ± 4.8 

308848 

 

39.9 ± 3.2 

309401 

 

24.6 ± 7.4 

311153 

 

32.3 ± 0.0 



87 | P a g e 
 

317003 

 

65.9 ± 2.4 

317605 

 

24.8 ± 8.9 

335504 

 

19.1 ± 3.2  

354844 

 

22.5 ± 1.6 

638432 

 

23.6 ± 2.9 
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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 lab. 85 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 compare d 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 c-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 is not ideal for compounds that fluoresce at 450 nm.  It should also be 

highlighted that the low fluoresce nt 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 exclu de 

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).  

 

 

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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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 sp ecific have been shown to also bind 

i -motif DNA. 74,75 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 .254,255 Yet B -DNA is 

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 i -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, thes e 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. 259 Furthermore, the minor groove of the i -motif is 

extremely narrow, 3.1 Å, compared to the minor grooves in B -DNA, ~5.7 

Å.51 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. 259 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 i -motifs can be from in tercalation, 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 identified 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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13974 

 

17.3 ± 1.3 13.8 ± 3.7 6.8 ± 0.8 

30205 

 

-0.2 ± 1.6 18.7 ± 0.7 51.3 ± 1.9 

33005 

 

0.5 ± 2.0 32.8 ± 2.0 2.3 ± 0.9 

33353 

 

11.2 ± 0.3 17.7 ± 3.5 19.3 ± 3.3 

36758 

 

14.4 ± 1.3 34.0 ± 3.5 33.2 ± 0.2 
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60339 

 

-3.2 ± 2.7 19.4 ± 0.6 18.9 ± 1.7 

61642 

 

10.7 ± 3.4 27.5 ± 1.5 8.7 ± 0.8 

63680 

 

-26.1 ± 1.4 17.6 ± 0.5 -1.7 ± 1.8 

73735 

 

25.6 ± 4.1  6.1 ± 0.5 6.3 ± 2.2 
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105781 

 

31.6 ± 0.5 10.6 ± 2.5 0.4 ± 0.6 

107582 

 

23.7 ± 4.4 9.6 ± 1.0 9.9 ± 3.9 

118832 

 

-21.8 ± 3.4 16.2 ± 3.0 -2.1 ± 1.6 

124818 

 

17.4 ± 2.0 16.8 ± 2.7 3.3 ± 1.2 

135168 

 

3.8 ± 0.2 23.2 ± 5.5 -0.9 ± 2.0 
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143491 

 

40.9 ± 3.5 66.7 ± 2.0 73.7 ± 1.1 

227186 

 

23.0 ± 4.2 10.9 ± 0.6 19.9 ± 2.9 

228150 

 

32.4 ± 2.0 10.4 ± 2.9 -0.2 ± 0.9 
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260594 

 

20.5 ± 4.0 13.6 ± 5.3 48.3 ± 1.1 

288387 

 

-23.6 ± 2.0 10.4 ± 3.0 -4.6 ± 1.8 

305780 

 

-7.1 ± 3.0 20.1 ± 4.8 -4.6 ± 1.3 

308849 

 

9.2 ± 2.7 39.9 ± 3.2 56.3 ± 1.8 
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309401 

 

-28.6 ± 2.1 24.6 ± 7.4 -3.5 ± 2.7 

311153 

 

-9.0 ± 2.6 32.3 ± 0.0 57.4 ± 2.3 

317003 

 

4.1 ± 4.0 65.9 ± 2.4 65.5 ± 2.2 

317605 

 

-8.6 ± 2.2 24.8 ± 8.9 14.5 ± 1.3 



100 | P a g e 
 

335504 

 

2.6 ± 1.9 19.1 ± 3.2 0.6 ± 1.6 

345647 

 

48.3 ± 7.2 13.6 ± 5.2 9.5 ± 3.8 

354844 

 

13.7 ± 3.4 22.5 ± 1.6 8.0 ± 0.8 

366289 

 

-23.8 ± 3.1 2.0 ± 1.1 -4.7 ± 1.0 
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638432 

 

-1.6 ± 6.2 23.6 ± 2.9 -2.9 ± 0.7 
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2.2.4 Validation of c -MycC27 and c -MycC52 Hits  
 

From the FID screen there were 2 3 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 2 3 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 re asons 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 sto rage conditions at -80 oC 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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73735 

 

19.8 ± 6.3 8.2 ± 1.1 

105781 

 

-16.5 ± 8.3 0.1 ± 2.9 

107582 

 

-9.1 ± 3.9 1.8 ± 1.7 

118832 

 

-14.2 ± 0.6 1.0 ± 1.8 

124818 

 

3.8 ± 7.2 5.7 ± 1.4 

135168 

 

-13.7 ± 7.5 0.8 ± 0.5 

228150 

 

-6.7 ± 9.2 -1.4 ± 4.0 
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288387 

 

-101.4 ± 0.8 -3.5 ± 0.5 

305780 

 

-13.2 ± 7.0 0.8 ± 1.7 

309401 

 

-73.2 ± 9.4 7.0 ± 2.2 

317605 

 

-91.0 ± 14.3 26.4 ± 1.9 

335504 

 

-14.9 ± 15.3 -2.0 ± 2.9 

345647 

 

27.0 ± 10.5 15.6 ± 1.1 

354844 

 

15.2 ± 2.2 31.8 ± 0.7 
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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 c -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 ident ified as a hit for c -MycC52 only, 

354844 . In total there were three compounds determined as c -MycC52 

binders and i f 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 

is: 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 is: 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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arguably the most important G -quadruplex to test as when investing 

compound effects on t he 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 c -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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73735 

 

19.8 ± 6.3 8.2 ± 1.1 7.2 ± 0.9 5.5 ± 0.5 

105781 

 

-16.5 ± 8.3 0.1 ± 2.9 2.2 ± 0.7 6.5 ± 2.5 

288387 

 

-101.4 ± 0.8 -3.5 ± 0.5 -5.1 ± 3.1 -8.6 ± 2.1 

309401 

 

-73.2 ± 9.4 7.0 ± 2.2 -13.4 ± 6.0 9.3 ± 4.8 
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317605 

 

-91 ± 14.3 26.4 ± 1.9 8.1 ± 1.4 19.7 ± 0.8 

345647 

 

27 ± 10.5 15.6 ± 1.1 12.1 ± 2.3 21.4 ± 1.2 

354844 

 

15.2 ± 2.2 31.8 ± 0.7 6.2 ± 1.2 21.6 ± 3.8 
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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 buffe r 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 c -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 i -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 agai nst 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. T he 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 c -MycC52 

as this i -motif structure has a greater number of longer loop regions in 

comparison to c -MycC27 (figure 2.12) . Longer loop regions provide more 
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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 2016.4,7 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 c -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 c -MycC27 specific probes. The c -MycC52 probes are of particular 

interest as this is the biologically relevant c -MycC sequence and it has been 

identified that these 52 bases are needed for transcriptional activation in 

the cell. 4,7 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 transc ription. 170,171 

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 DC 50 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 a ddition of ligand step, where 1 µM of ligand is 

titrated per 0.9 µL. For each compound the concentration range was  1-10 

µM to obtain the DC 50, the concentration at which 50% of TO is displaced, 

10 µM 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 

is an increase of binding as the compound concentration is in creased 

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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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 µM DNA, 2 µM TO, and 1 to 10 µM 

of compound added in 1 µM additions.  

 

The titration studies, figure 2.14 , were used to obtain DC 50 values ( table 

2.7). The lower the DC 50 value the lower concentration of the compound 

required to displace 50% TO from binding to the DNA structure, and 

therefore a better binder. The DC 50 was determined as >10 µM 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 

DC50 for c-MycC27: 345647  (2 µM), 73735  (4 µM), 105781  (7 µM), 63680  (9 

µM), and then the ligands with a DC 50 of >10 µM 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 result s 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 binder s are: 317605  (4 µM) and 354844  (5 µM). 
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345647 

 

2.4 ± 0.2 N/D 

354844 

 

N/D 4.9 ± 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 DC 50 values, of 3 µM a nd 5 

µM 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 DC 50 values the best to worst binders were as 

follows: 345647  (2 µM), 73735  (4 µM), 105781  (7 µM), 317605  (>10 µM). 

Therefore, 345647  and 73735  ranked respectively 1 st and 2nd 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 fo r the FID titration study, ( figure 2.11), was 

used to get a percentage displacement value at 2.5 µM 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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polymorphisms of DNA including B -DNA (positive strong band at 260 -280 

nm and a negative band at 2 45 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). 115,231 As CD determines DNA str ucture 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 par ticular 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 µM of c -MycC52 in 1 µL additions of 10 µM up to  50 µM to 

see any changes to the CD spectrum up to five equivalents. After addition 

of 50 µM the sample was melted from 5 °C  to 95 °C to identify the melting 

temperature, T m, 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 T m in the absence of ligand is compared to the T m with 

50 µM of the compound added, if the T m 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 oC to 

95 oC to determine the T m, 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 µM 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. 97 In 

addition, i -motifs are dynamic structures with several different 

conformations, making it difficult to get crystals composed of one 

conformation to allow t he 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 crystal lisation 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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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) . 

 

 

Figure 2. 16: Circular Dichroism of normalised ellipiticity at 285 nm, the maximum 

positive characteristic i -motif peak for c -MycC, of 10 µM c-MycC52 in 10 mM NaCaco pH 

6.6 with addition of 50 µM o f a given compound. The control (black) is addition of 5 µL of 

100% DMSO, this the vehicle control. Line fitting is bi -dose response. 
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309401 

 

N/D N/D +0.4 N/D 0.0035 -7.3 0.004 +6.5 0.007 

317605 

 

+1.3 0.00228 +0.3 +8.1 0.0077 -2.9 0.004 +20.5 0.008 

345647 

 

N/D N/D -0.5 +27.6 0.0046 -1.2 0.005 +13.5 0.014 

354844 

 

+2.3 0.00096 N/D N/D N/D -2.9 0.013 +10.1 0.004 
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smallest with 317605 . Arguably, compounds 288387  and 309401  may 

demonstrate a second transition at a higher concentration as at 50 µM 

there is a sm all change where the second transition occurred for other 

compounds, such as 345647 , however it is not a transition at 50 µM.  
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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 µM c-MycC27 in 10 mM NaCaco pH 

6.6 with addition of 50 µM of a given compound. The control (black) is addition of 5 µL of 

100% DMSO, 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 bi nding if stability is affected.  

Furthermore , different variables were measured using FID and CD . 

I ncluding, 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 bind ing 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 

appropriat e. Overall, CD confirmed that all eight compounds destabilise 

and thus bind B-DNA in the conditions the CD was ran under (table 2.8 ), 

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 t o the data presented in this work.  

 



132 | P a g e 
 

 

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 µM of a given compound. The control (black) is addition of 5 µL of 100% DMSO, this 

the vehicle control. Line fitting is dose response.  
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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 

KCl pH 6.6 with addition of 50 µM of a given compound. The control (black) is addition of 

5 µL of 100% DMSO, this the vehicle control. Line fitting is dose response.  
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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 <50 RU at the high 

concentration (100 µM) and 63680 , 309401 , and 317605  are strong binders 

with >50 RU at the low concentration (10 µM). The ranking of the 

c-MycC27 binders from highest relative resp onse units to lowest at 100 µM 

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 µM 

and 100 µM 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 µM, in 10 mM NaCaco 10 mM KCl 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 µM), 309401  and 317605  were strong binders (>50 RU at 10 µM), and 

63680 , 105781 , 345647 , and 354647 showed medium binding (>50 RU at 

100 µM). Ranking the compounds fro m highest relative response units to 

lowest at 100 µM 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 µM). There were four 

compounds that showed medium binding, 63680 , 105781 , 309401 , 345647 , 

and 354844  (>50 RU at 100 µM) and only 317605  demonstrated strong 

binding (>50 RU at 10 µM). Ranking from highest relative response units 

to lowest at 100 µM for binding to B -DNA was determined as: 309401 , 

317605 , 63680 , 105781 , 345647 , 354844 , 73735 . 

SPR experiment s 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 µM), 354844  and 73735  were identified, four 

medium binders (>50 RU at 100 µM), 63680 , 105781 , 309401 , and 345647 , 

and one strong binder (>50 RU at 10 µM), 317605 . The ranking from 

highest relative response units to lowest at 100 µM against B -DNA was 

determined as, 309401 , 317605 , 63680 , 105781 , 345647 , 73735 , and 

354844 . 

The SPR data demonstrated that for t he 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 µM).  and 309401  and 317605  are strong 

binders (>50 RU at 10 µM). For hTeloC 63680 , 309401 , and 317605  were 

all medium binders (>50 RU at 100 µM). Analysis of ILPR data ident ified 

354844  as a medium binder (>50 RU at 100 µM) and 63680 , 309401 , and 

317605  were all strong binders (>50 RU at 10 µM). The ranking from 

highest relative response units to lowest at 100 µM against DAP, ATXN2L, 

ILPR, and hTeloC was determined as 309401 , 317605 , 63680  and then 

354844  for ILPR.  

To summarise the SPR experiment determi ned 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, c-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 c -MycC27, c-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 sug gests they show selectivity over B -DNA for 

the MYC G-quadruplex and i -motif. Furthermore, compounds 105781  and 

345647  show the highest RU for c -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 desta bilisation 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 D NA 

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 i -motif structures for the c -MycC sequences in the CD conditions.  

Thus, these add differing variables be tween 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 c -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 chan ge 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 c -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 stabili ty 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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2.4 Cellular Studies  
 

2.4.1 Cytotoxicity Studies  

 

Following biophysical techniques which showed varying results but  did  

identify  compounds that bound c -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 c -MycC and/or 

c-MycG and so an investigation into the ir 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 

require d, 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 literat ure 

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, stabili se 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 i -motif, and Ellipticine  is known 

to stabilise i -motif without causing a direct effect on the G -quadruplex. 97,264 

 

 

Figure 2. 21: Structure of Pyrid ostatin 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 typi cal timescale for luciferase reporter assays investigating 

MYC  transcription when assessing the effect of c -MycG binding 

compounds, as this is the next planned experiment. 171 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 deter mine 

the IC 50 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 demonstrat ed 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 re flected by the IC 50 values in table 

2.10, where compound 354844  had the greatest cytotoxicity (DC 50 0.2 µM), 

then 345647  (DC50 2.4 µM), Ellipticine  (DC50 11.5 µM), and 317605  the 

least cytotoxicity (DC 50 37.5 µM). 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 Pyridos tatin , 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 contro l 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 bar s are 

3 replicates of biological controls.  The best fit lines are sigmoidal dose -response 

relationships plotted in OriginPro8.  
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Table 2.10: Summary of the IC 50 values determined from MTT cytotoxicity experiments in 

HEK293 cells after 24 h  treatment with indicated compounds.  

Compound 
Structure 

IC50  (µM) Fitting 
Error 

317605 

 

37.5 0.00276 

345647 

 

2.42 0.02455 

354844 

 

0.22 0.23108 

Ellipticine 

 

11.5 0.02319 

Pyridostatin 

 

>10.0 N/D 
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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 teste d 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 

transcrip tional activation of c-Myc.4,7 To screen this library the high 

throughput method FID assay was used to identify c ompounds 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 DC 50 values, CD melting studies, SPR binding 

studies, and MTT assa ys 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 

High through put screen using fluroescence 
indictor displacment (FID) assay to identify c-

MycC hits

Refining c-MycC hits using FID and removing 
any hits that bound B-DNA 

Validating c-MycC hits by FID using new stocks 

FID studies testing hits specificity, investiging 
hits binding to B-DNA and c-MycG

Determing DC50 values for hits carried forward 
agaisnt c-MycC sequences using FID titrations  

Circular dichroism (CD) binding studies 
investigating hits affects on the stability of c-

MycC27, c-MycC52, c-MycG, and B-DNA

Surface plasmon resonance (SPR) binding 
studies investigating hits binding to eight 

different DNA sequences

Cytoxicity studies using an MTT assay
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being required for full biological activity yet it has an effect on MYC  

transcription .4,7 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 ). Theref ore, i t 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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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 bi nding ligands. One is what epitopes of different 

compounds bind to the i -motif to develop the field understandi ng 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 con ditions on binding to different DNA 

structures could be an interesting avenue, especially as in the SPR 

conditions (10 mM NaCaco 10 mM KCl 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 

isothermal 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 deve loping powerful 

cancer treatments that target MYC  regulation.  
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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 c -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. TM12, a linear randomised 12 -mer library, and Ph.D. TM -

C7C, a cyclic 7-mer library where the 7 -mer randomised seq uence 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 f or 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 ). 

 

 

Figure 3.1: Peptide li braries used from New England BioLabs. The peptide sequence is 

displayed on the pIII 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 i n blue, the X demonstrates randomised amino acid s, and the subscript details 

the number of randomised amino acids in each sequence. Created in BioRender.com.  
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The competitive DNA was added at a higher con centration with the aim of 

removing any peptides that bind c -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 i -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 t arget DNA sequence c-MycC27. 

Round  Plate or 
Beads  

Phage 
Library  

Phage  Target 
DNA  

Blocking 
Buffer  

Wash 
Buffer  

Competitors 
added  to 
Phage 
Mixture  

1st  Beads Ph.D. -C7C 1x10^11 
Phage 
Library, 
Ph.D. -
C7C, in 
500 µL 
PBS pH 
6.6 

10 pmol 
c-MycC27 

PBS pH 
6.6, 5% 
BSA 

PBS pH 
6.6, 0.1% 
Tween 20 

None 

2nd  Beads Ph.D. -C7C 1x10^11 
Amplified 
Phage 
Selection 
1 Elution 
3 in 500 
µL PBS 
pH 6.6 

1 pmol 
c-MycC27 

PBS pH 
6.6, 5% 
BSA 

PBS pH 
6.6, 01% 
Tween 20 

100 pmol of 
each competitor  
NasT 
NasC 
hTeloG 
c-Hairpin  
Holiday 
Junction  
B-DNA  
Calf Thymus  
RNA C1UUU  

3rd  Beads Ph.D. -C7C 1x10^11 
Amplified 
Phage 
Selection 
2 Elution 
3 in 500 
µL PBS 
pH 6.6 

1 pmol 
c-MycC27 

PBS pH 
6.6, 5% 
BSA 

PBS pH 
6.6, 0.1% 
Tween 20 

100 pmol of 
each competitor  
hTeloC 
ILPR  
ATXN2L  
DAP 

 

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 insert less 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 
1 MAPDSRV 
2 VQMPAHS 
3 EFSKFRS 
4  Insertless  
5 TQRSHSS 
6 DLLHRGA 
7 LAQSHPL 
8 DGHDQSL 
9 DTSTKYL 
10  Insertless  

 

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 

performe d 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 tabl e 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  

Phage 
Library  

Phage  Target 
DNA  

Blocking 
Buffer  

Wash 
Buffer  

Competitors 
added to 
Phage 
Mixture  

1st  Beads Ph.D. -C7C 1x10^11 
Phage 
Library, 
Ph.D. -
C7C,  in 
500 µL 
PBS pH 
6.6 

10 pmol 
c-MycC27 

PBS pH 
6.6, 5% 
BSA 

PBS pH 
6.6, 0.1% 
Tween 20 

None 

2nd  Beads Ph.D. -C7C 1x10^11 
Amplified 
Phage 
Selection 
1 Elution 
3 in 500 
µL PBS 
pH 7.4 

10 pmol 
c-MycC27 

PBS pH 
7.4, 5% 
BSA 

PBS pH 
7.4, 0.1.% 
Tween 20 

None 

3rd  Beads Ph.D. -C7C 1x10^11 
Amplified 
Phage 
Selection 
2 Wash in 
500 µL 
PBS pH 
6.6 

10 pmol 
c-MycC27 

PBS pH 
6.6, 5% 
BSA 

PBS pH 
6.6, 0.1% 
Tween 20 

None 

4th  Beads Ph.D. -C7C 1x10^11 
Amplified 
Phage 
Selection 
3 Elution 
3  in 500 
µL PBS 
pH 6.6 

1 pmol 
c-MycC27 

PBS pH 
6.6, 5% 
BSA 

PBS pH 
6.6, 0.1% 
Tween 20 

100 pmol of 
each competitor  
NasT 
NasC 
hTeloG 
c-Hairpin  
Holiday 
Junction  
B-DNA  
Calf Thymus  
RNA C1UUU  
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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 
1 WKHGNFN 
2 Insertless   
3 FPNSMYQ 
4 Insertless  
5 Insertless  
6 Insertless  
7 Insertless  
8 Insertless  
9 Insertless  
10 Insertless  
11 Insertless  
12 TNLSPRA 
13 HTEALHA 
14 QPDLPGV 
15 Insertless  

 

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 6.6 9 for c-MycC27 in PBS. The 

Waller lab usually works with c-MycC27 in 10 mM NaCaco at the 

transitional pH 6.6. 250 To compare the CD spectrum of c -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 c -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 5 0% folded c-MycC27 target, which would have 

reduced the selection pressure for i -motif binders . This could  explain why 
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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 knowle dge 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 i -motif structure s. 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 3.7: 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 inser tless 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 3.10: Sequencing of peptides using one letter code identified as binding to c -MycC27. 

Identified from phage display method 5, round 1.  

Sample Peptide Sequence 
1 HLAKELSFMARP 
2 Insertless  
3 NLPHQLNYDYRT 
4 VISTTLPPQTPA 
5 Insertless  
6 THWQGMSSLRFS 
7 VTSRAPDPNSAR 
8 GTFIAIATDTWG 
9 NVSLNVLHKTVD 
10 TYPPPLQSRMHA 

 

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 met hod 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 

is left in the tube when trying to avoid sucking up beads. Leftover wash in 

the tube could be the source of insertles s 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 th e 

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.   

 

 

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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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 c -MycC27 

in Section 3.2.1 was used to inform the method development for c -MycC52. 

As c-MycC52 is longer there may be a greater chance of finding peptides 

that bind with a stronger affinity and so no i dentification of insertless 

phage. As carried out in c -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 c -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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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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For each peptide the DC 50 value, the concentration at which 50% of TO  is 

displa ced, was determined in table 3.18 . Pep-VSE, Pep-RVS, and Pep-EIE 

did not reach 50% TO  displacement and so the DC50 value is over 200 µM. 

The DC 50 values for Pep -PTN and Pep -SLC were 100.5 µM and 51.4 µM 

respectively. Pep -SLC has a lower DC 50 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 c -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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peptides caused stabilisation or destabilisation of c -MycC52 ( figure  3.13). 

Melting experiments used relevant water or DMSO  controls to account for 

solvent dilution effects, as described in figure 3.1 3.  

The fittings for the graphs fit better with a bi -dose sigmoidal curve fit 

rather than dose response for all graphs excep t 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 3.1 3). 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 transitio n 

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 el lipticine derivatives effects on i -motif 

sequences including c -MycC.97 In this case all c -MycC normalised 

ellipticity C D 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 3.1 3 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 p oor 

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 appropr iately represented the data 

shown in this instance.  

  



189 | P a g e 
 

 

Figure 3.1 3: Circular dichroism of normalised ellipiticity at 285 nm, the maximum positive 

characteristic peak for c -MycC52, of 10 µM 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 µL 

of water for Pep -SLC, Pep-RVS, and Pep-EIE and 5 µL of 100% DMSO for Pep -PTN and 

Pep-VSE as the appropriate vehicle controls. 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 3.1 3 were used to determine the melting 

temperature(s) (T m) of the i -motif structure(s) in the presence of 100 µM of 

peptide compared to the appropriate control. The change in T m is recorded 

in table 3.19 . Looking at figure 3.1 3 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 tempe rature was determined. Both Pep -RVS and 

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

Interestingly, figure 3.1 3 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 th ree 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 c -MycC. This is a real transition as there are published 

examples of this in the literature, f or example, Smith et 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, 97 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 o ne 

can clearly see from figure 3.1 3 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 set s, 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 3.1 3 

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 tran sition 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 

quant ifiable 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 ident ify c -MycC binding peptides.  
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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 KCl 0.05% 

Tween 20 at pH 6.6, peptides dissolved in DMSO also had 2% DMSO in 

the buffer to avoid mismatc hing 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 3.1 4, 

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 is functioning correctly. Phase two is known as the association 

phase, this is where ligands are passed over the chip and binding causes 

an initial sh arp rise in the sensorgram signal, this curve is used to 

determine the K on. 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 runn ing 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 K off is 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 ( KD) 

can be determined from the ratio of K off/Kon, which is determined from the 

steady-state position on the sensorgram.  
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shown in figure 3.1 5 a). To view the rest of the sensorgrams produced see 

appendix A7 -11.  

 

 

Figure 3.1 5: Surface plasmon resonance sensorgram of response vs time plots at 

concentrations from 0 µM to 100 µM in 2 -fold intervals i n the buffer 10 mM NaCaco 10 

mM KCl 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 (µM) vs Response Units (RU) shown in figure 3.1 6. The 
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Interestingl y, 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 behaviou r 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 i n 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 u sed 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 experiment s will require repeating with a new 

optimised SPR protocol to confirm if they are indeed specific.  
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