
 
 

Targeting GC-Rich Quadruplex Structures in 

the Human Genome with Small Molecule 

Ligands 

 

 

Ying Xia 

 

 

A thesis submitted for the degree of Doctor of Philosophy 

 

 

 

University of East Anglia 

School of Pharmacy 

October 2022 

 

 

 

© This copy of the thesis has been supplied on condition that anyone who consults 

it is understood to recognise that its copyright rests with the author and that use 

of any information derived there from must be in accordance with current UK 

Copyright Law. In addition, any quotation or extract must include full attribution.  



 

ii 
 

Declaration 

 

This thesis is submitted to the University of East Anglia for the Degree of Doctor 

of Philosophy and has not been previously submitted at this or any university 

assessment or for any other degree. Except where stated, and reference and 

acknowledgment are given, this work is original and has been carried out by the 

author alone. 

  



 

iii 
 

Acknowledgments 

 

Firstly, I would like to thank my supervisor Dr. Zoë A. E. Waller for her endless 

support for my Ph.D. study. In the past four years, she gave me all the patience, 

encouragement, and academic support in teaching me to be an independent 

researcher. Especially in my hardest time during the four years, I feel I am very 

lucky to have such excellent person as my supervisor. I would like to thank Zoë for 

proofreading my thesis, all the comments and advice were very useful. 

Secondly, I would like to thank my secondary supervisor, Prof. Mark Searcey, for 

providing a synthetic lab during my first year. And also, thanks to Dr. Marco M.D 

Cominetti who supervised my synthesis project, and great help and support in 

NMR, HPLC, and mass spectrometry. 

I would like to thank all collaboration groups. Dr. Hanna K. Maliszewska for the 

synthesis of metal complexes and Prof. Mike Hannon for the kind gift of Fe-

cylinder. And Dr. Rianne Lord for providing compounds. Also, Prof. Shozeb Haider 

provided an opportunity the study TMPyP4 with RNA G-quadruplex. 

I would like to thank Waller's group members for the past few years. Dr. Mahmoud 

AS Abdelhamid, Dr. Philip Spence, and Dr. Summer Rosonovski helped me a lot 

at the beginning of my Ph.D., showing me biophysical techniques and data 

analysis; Dr. Rupesh Chikhale for his encouragement and support over the past 

two years. I would like to thank Robert Yuan for the excellent work on FID 

screening experiments in Chapter 5. Also, I would like to thank Dr. Dilek Guneri, 

Effrosyni Alexandrou, and Fuad Mahamud for their kind support and company in 

the group at UCL. 

In the end, I would like to thank my parents for their support and encouragement 

during the past four years. 

 

 



 

iv 
 

Abstract 

GC-rich DNA and RNA sequences can fold into a number of non-canonical 

structures such as G-quadruplexes and i-motifs. These structures have been 

shown to be able to affect many biological processes such as transcription, 

translation and replication. Targeting these sequences with small molecules can 

provide tools and leads for chemical intervention in these processes. This thesis 

describes the characterisation and interaction of compounds with GC-rich nucleic 

acids. 

Chapter 1 is a general introduction to the research area of DNA secondary 

structures and focuses in particular on i-motif and G-quadruplex DNA, ligands, 

techniques used to study the folding and shape of these structures, and how to 

study melting curves of oligonucleotides. 

Chapter 2 is the project of designing novel i-motif binding ligands and synthesis 

of a minor groove binder PyPyPyβDp. Another minor groove binder netropsin was 

also selected for DNA binding studies. Both minor groove binders were examined 

with i-motif, G-quadruplex and duplex DNAs using fluorescent intercalator 

displacement (FID) assay, fluorescence resonance energy transfer (FRET) melting 

and circular dichroism (CD) melting experiments. The results show these two 

minor groove binders can interact with the i-motif structure.  

Chapter 3 is the work of exploring i-motif stabilizers using several biophysical 

techniques, including the FID assay, FRET melting and CD. Two NCI ligands 

71795 and 19990 were found to stabilize the hTeloC i-motif. The metal complexes 

22 and 23 can destabilize the i-motif structure. Iron cylinder was found to unfold 

the i-motif structure. 

Chapter 4 is the work studying the interaction of TMPyP4 with RNA G-

quadruplex. CD and UV titration experiments were used to examine the effect of 

TMPyP4 on PQS18-1 RNA G-quadruplex structure, and it can unfold the RNA 

structure. CD melting experiments were also used to investigate the thermal 

stability of PQS18-1 RNA G-quadruplex in the presence of ligands, and the results 

show TMPyP4 destabilizes the RNA G-quadruplex structure. 
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Chapter 5 begins with the characterization of GC-rich repetitive repeat sequences 

from the human genome. The sequences with the number of C and G-tracts from 

3 to 5 were selected. The biophysical results show all these C-rich sequences can 

form intramolecular quadruplexes. With increased number of G-tracts, the 

proportion of parallel G-quadruplex topology also increased. 

Chapter 6 provides a general conclusion, discussion about this work, and 

overviews for future works. 

Chapter 7 describes the experimental procedures used in Chapters 2, 3, 4, and 5. 
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Figure 3.20 CD spectra of titration experiments of 0 – 100 μM of Fe-cylinder 

with 10 μM Hif1α in buffer containing 10 mM sodium 



 

xviii 
 

cacodylate and 100 mM potassium chloride at pH 6.8. CD signal 

of ligand was subtracted. 

Figure 3.21 CD spectra of titration experiments of 0 – 100 μM of Fe-cylinder 

with 10 μM hTeloC in buffer containing 10 mM sodium 

cacodylate and 100 mM potassium chloride at pH 5.5. CD signal 

of ligand was subtracted. 

Figure 3.22 CD spectra of titration experiments of 0 – 100 μM of Fe-cylinder 

with 10 μM DAP in buffer containing 10 mM sodium cacodylate 

and 100 mM potassium chloride at pH 6.8. CD signal of ligand 

was subtracted. 

Figure 3.23 CD plot of molar ellipticity at 288 nm of Hif1α (■ red squares), 

hTeloC (●blue circle), and DAP (▲black triangle) against Fe-

cylinder. The arrow indicates precipitation formed in Hif1α. 

Error bars showed the standard deviation across two repeats. 

Figure 3.24 CD plot of molar ellipticity at 288 nm of Hif1α (■ red squares), 

hTeloC (●blue circle) and DAP (▲black triangle) against the 

concentration of Fe-cylinder. Ellipticity at 288 nm against 

ligand concentration of Hif1α was fitted by the Hill equation, 

errors bars showed the standard deviation across two repeats. 

Figure 3.25 CD melting of Hif1α in the absence (black square) and the 

presence (red circle) of 50 μM Fe-cylinder, with 10 μM Hif1α in 

the buffer containing 10 mM sodium cacodylate and 100 mM 

potassium chloride at pH 6.8. 

Figure 3.26 Job Plot presenting the stoichiometry of the interaction between 

Hif1α and Fe-cylinder in 10 mM sodium cacodylate and 100 

mM potassium chloride at pH 6.8. The error bars show the 

standard deviation across 2 repeats. 

  

Chapter 4: TMPyP4 Unfolding RNA G-quadruplex 

Figure 4.1 Structure of TMPyP4. 
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Figure 4.2 Crystal structure of the PQS18-1 RNA-TMPyP4 complex (PDB 

ID 6JJH).  

Figure 4.3 CD spectra of titration experiments of 0 – 70 μM of TMPyP4  

with 10 μM PQS18-1 RNA in buffer containing 10 mM lithium 

cacodylate and 100 mM potassium chloride at pH 7.0. CD signal 

of ligand was subtracted. 

Figure 4.4 a) CD titration of 10 μM PQS18-1 RNA in the presence of 0–70 

μM (0 -7 equivalents) TMPyP4. b) CD titration of 20 μM PQS18-

1 DNA in the presence of 0–100 μM (0 – 5 equivalents) TMPyP4. 

Both experiments were performed in 10 mM lithium cacodylate 

and 100 mM KCl buffer, pH 7.0. CD signal of ligand was 

subtracted. 

Figure 4.5 The plot of molar ellipticity at 264 nm against the concentration 

of TMPyP4 and corresponding Hill fit. 

Figure 4.6 Job plot of PQS18-1 RNA G-quadruplex and TMPyP4 in 10 mM 

lithium cacodylate and 100mM potassium chloride buffer at pH 

7.0. The black and red symbols represent the points used for 

fitting the respective linear best fits to determine the intercept. 

Figure 4.7 Example UV titration spectra RNA PQS18-1 in the presence of 

TMPyP4. Experiments were performed at 10 μM RNA in 10 mM 

lithium cacodylate and 100 mM of potassium chloride buffer at 

pH 7.0, and 0 to 70 μM of TMPyP4.  

Figure 4.8 Plot of UV absorbance of the addition of different concentrations 

of the ligand to the RNA G-quadruplex complex. a) A plot of UV 

absorbance at 217 nm against the concentration (0 – 70 µM) of 

TMPyP4. b) Linear plot of UV absorbance at 217 nm against the 

concentration (0 – 50 µM) of TMPyP4. 

Figure 4.9 Graph shows the fraction bound with increasing concentration 

of TMPyP4 from the change in UV absorbance at 440 nm. 

Experiments were performed at 10 μM RNA in 10 mM lithium 

cacodylate and 100 mM of potassium chloride buffer at pH 7.0, 

and 0 to 70 μM of TMPyP4. Data fitted with 1 to 1 and 2 to 1 
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binding models using Slover. Error bars show the standard 

deviation across two repeats. 

Figure 4.10 CD melting of PQS18-1 RNA (10 μM) in the presence of 0 μM 

(black), 10 μM of TMPyP4 (red) in 10 mM lithium cacodylate 

and 100 mM KCl, pH 7.0. The plot was fitted using bisigmoidal 

curve fitting. 

Figure 4.11 CD melting of PQS18-1 RNA (10 μM) in the presence of 0 μM 

(black), 20 μM of TMPyP4 (red) in 10 mM lithium cacodylate 

and 100 mM potassium, pH 7.0. The plot was fitted using 

bisigmoidal curve fitting. 

Figure 4.12 CD melting of PQS18-1 RNA (10 μM) in the presence of 0 μM 

(black), 50 μM of TMPyP4 (red) in 10 mM lithium cacodylate 

and 100 mM potassium, pH 7.0. The plot was fitted using 

bisigmoidal curve fitting. 

Figure 4.13 Example CD melting (a) and annealing (b) of RNA PQS18-1 

and thermal curves (c). Experiments were performed at 10 μM 

RNA in 10 mM lithium cacodylate and 100 mM potassium 

chloride buffer, pH 7.0. 

Figure 4.14 Example CD melting (a) and annealing (b) of RNA PQS18-1 

and thermal curves (c). Experiments were performed at 10 μM 

RNA in the presence of 20 μM TMPyP4 in 10 mM lithium 

cacodylate and 100 mM potassium chloride buffer, pH 7.0. 

Figure 4.15 Example (a) CD melting and (b) annealing of RNA PQS18-1, (c) 

thermal curves, and (d) annealing curve. Experiments were 

performed at 10 μM RNA in the presence of 50 μM  TMPyP4 in 

10 mM lithium cacodylate and 100 mM potassium chloride 

buffer, pH 7.0. 

Figure 4.16 a) Example fluorescence spectra of 0.1 μM RNA PQS18-1 

labelled with FAM and TAMRA in the presence of TMPyP4 RNA 

in 10 mM lithium cacodylate and 100 mM of potassium chloride 

buffer, pH 7.0. b) fluorescence of RNA in absence of TMPyP4 

(red) and presence of 0. 5 μM of TMPyP4 (green). 
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Figure 4.17 FRET efficiency showing unfolding of 0.1 µM RNA PQS18-1 G-

quadruplex with increasing concentration of TMPyP4 (0 – 0.5 

µM) in 10 mM lithium cacodylate and 100 mM potassium 

chloride at pH 7.0. Also corresponding to Hill fit. Error bars 

show the standard deviation across 3 repeats.  

 

Chapter 5: Repetitive GC-rich sequences study 

 

Figure 5.1 The flow chart shows the process of selecting our interested i-

motif ALOX5. 

Figure 5.2 a) CD spectrum of n = 6 (ALOX5) at pH range 4.0 to 9.0. b) Plot 

of molar ellipticity at 288 nm with pH for n = 6 C-rich sequence 

and corresponding Bisigmoidal fitting. [DNA] was 10 µM, and 

the sample was prepared in 10 mM sodium cacodylate and 100 

mM sodium chloride buffer. 

Figure 5.3 Plot of molar ellipticity at 288 nm with pH for C-rich sequence 

and corresponding Bisigmoidal fitting. 

Figure 5.4 Relationship between transitional pHs and number of C-tract. 

The black square presents the first pHT, red one shows the 

second pHT. 

Figure 5.5 Example of CD melting of C-rich sequence. a), CD melting of n= 

6 sequence at pH 5.5 and corresponding bisigmoidal curve 

fitting. b), CD melting of n= 6 sequence at pH 7.0 and 

corresponding sigmoidal curve fitting. 

Figure 5.6 Example of UV melting (red line) and annealing (blue line) 

process for 2.5 µM ALOX5 in buffer containing 10 mM sodium 

cacodylate and 100 mM sodium chloride at pH 5.5. The small 

graphs show the plot of the first derivative of melting (red) and 

annealing (blue) against temperature. 
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Figure 5.7 Thermal stability of C-rich sequences with an increasing 

number of C-tract. The experiments were performed in 10 mM 

sodium cacodylate and 100 mM potassium chloride at the 

indicated pH. a) Tm pH 5.5 (black), pH 7.0 (red). b) Ta pH 5.5 

(blue), pH 7.0 (dark yellow). Error bars show the standard 

deviation across three repeats. 

Figure 5.8 The effect of the number of cytosine tracts on hysteresis. a) 

Hysteresis of 2.5 µM DNA at pH 5.5 (red) and pH 7.0 (blue) b) 

Hysteresis of different DNA concentration at pH 7.0.  All 

samples were prepared in 10 mM sodium cacodylate and 100 

mM sodium chloride. 

Figure 5.9 Thermal difference spectra of 2.5 μM C-rich sequences in 10 mM 

sodium cacodylate and 100 mM sodium chloride at pH 5.5. 

Figure 5.10 Thermal difference spectra of 0.5 μM C-rich sequences in 10 mM 

sodium cacodylate and 100 mM sodium chloride at pH 7.0. 

Figure 5.11 Thermal difference spectra of 1.0 μM C-rich sequences in 10 mM 

sodium cacodylate and 100 mM sodium chloride at pH 7.0. 

Figure 5.12 Thermal difference spectra of 2.5 μM C-rich sequences in 10 mM 

sodium cacodylate and 100 mM sodium chloride at pH 7.0. 

Figure 5.13 CD spectrum for each 10 µM G-tract sequence in buffer 

containing 10 mM sodium cacodylate and 100 mM potassium 

chloride at pH 7.0 

Figure 5.14 CD spectrum for each 10 µM G-tract sequence in buffer 

containing 10 mM sodium cacodylate and 100 mM sodium 

chloride at pH 7.0 

Figure 5.15 CD spectrum for each 10 µM G-tract sequence in buffer 

containing 10 mM sodium cacodylate and 100 mM lithium 

chloride at pH 7.0 

Figure 5.16  CD spectra of selected G-rich sequences. Each sequence was 

performed in 10 mM sodium cacodylate and 100 mM potassium 

chloride / sodium chloride / lithium chloride buffer at pH 7.0 

with concentration of DNA 10 µM. 
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Figure 5.17 CD spectra of selected G-rich sequences. Each sequence was 

performed in 20 mM potassium chloride / sodium chloride / 

lithium chloride buffer at pH 7.0 with concentration of DNA 10 

µM.   

Figure 5.18 CD melting of G-rich sequences in 10 mM sodium cacodylate 

and 100 mM KCl, NaCl, and LiCl buffer at pH 7.0. 

Figure 5.19 UV melting curves and UV absorbance at 295 nm of G-rich 

sequences in 10 mM sodium cacodylate and 100 mM a). KCl, 

b). NaCl and c). LiCl at pH 7.0. 

Figure 5.20 Examples of UV melting and annealing curves of n= 6. [DNA] 

was 2.5 µM, and experiments were performed in 10 mM 

sodium cacodylate and 100 mM a). KCl, b). NaCl and c). LiCl 

at pH 7.0. 

Figure 5.21 The effect of G-tract number on estimated hysteresis in the 

presence of K+(black), Na+ (red), and Li+ (blue). 

Figure 5.22 Thermal difference spectra (TDS) were calculated between 95 °C 

and 5 °C for each G-rich DNA sequence at pH 7.0 in 10 mM 

sodium cacodylate and 100 mM potassium chloride buffer, the 

concentration of oligonucleotide is 2.5 µM. 

Figure 5.23 Thermal difference spectra (TDS) were calculated between 95 °C 

and 5 °C for each G-rich DNA sequence at pH 7.0 in 10 mM 

sodium cacodylate and 25 mM potassium chloride buffer, the 

concentration of oligonucleotide is 2.5 µM. 

Figure 5.24 Thermal difference spectra (TDS) were calculated between 95 °C 

and 5 °C for each G-rich DNA sequence at pH 7.0 in 10 mM 

sodium cacodylate and 100 mM a). sodium chloride b). lithium 

chloride buffer, the concentration of oligonucleotide is 2.5 µM. 

Figure 5.25 Results of TO displacement of ALOX5 i-motif against NCI Set 

VI library. All the experiments were performed in 10 mM sodium 

cacodylate and 100 mM potassium chloride buffer at pH 7.0, the 

concentration of DNA was 0.5 μM, the concentration of TO was 
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1 μM, and the concentration of ligands was 2.5 μM (5 

equivalents). 

Figure 5.26 Hits from FID screening, all the compounds showed over either 

positive or negative 10% TO displacement. 

 

Appendix 

Appendix 1 HPLC trace of PyPyPyβDp at 214 nm, using 5% MeOH: H2O, 

0.05% TFA 

Appendix 2 MALDI mass spectroscopy of PyPyPyβDp, samples were 

prepared at 1 mg/mL in MeOH. 

Appendix 4 FRET melting curves for minor groove binders with DNA 

sequences, the concentration of DNA was 0.2 µM, the buffer is 

10 mM sodium cacodylate and 100 mM potassium chloride at 

desired pH (pH 7.0 for DS, hTeloG, DAP, and Hif1α, pH 6.5 for 

Nrf2 and c-MYC, ph 5.5 for hTeloC), concentrations of minor 

groove binders were 1 µM and 10 µM. 

Appendix 5 UV melting of DS, hTeloG, and Hif1α in the absence and 

presence of 50 µM of minor groove binders. [DNA] is 10 µM, and 

all experiments were performed in 10 mM sodium cacodylate 

and 100 mM potassium chloride at pH 7.0. The data were fitted 

by sigmoidal curve using Origin 2022. 

Appendix 6 UV melting of DAP, Nrf2, and c-MYC i-motif in the absence and 

presence of 50 µM of minor groove binders. [DNA] is 10 µM, and 

all experiments were performed in 10 mM sodium cacodylate 

and 100 mM potassium chloride at pH 7.0 for DAP, pH 6.5 for 

Nrf2, and c-MYC. The data were fitted by sigmoidal curve using 

Origin 2022. 

Appendix 7 CD titration and melting of NCI ligands with structures, all 

experiments were performed in 50 mM sodium cacodylate at pH 

6.0, [hTeloC] is 10µM. The plot of normalized ellipticity at 288 

nm against temperature gave sigmoidal curves. 
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Appendix 8 FRET melting curves of bis(pyridyl)allenes complexes, all 

experiments were performed in 10 mM sodium cacodylate and 

100 mM potassium chloride buffer, [DNA] was 0.2 µM, [ligand] 

was 10 µM. hTeloC, pH 5.5; DAP, pH 6.8; Hif1α, pH 6.8; hTeloG, 

pH 7.0; DS, pH 7.0. DNAs were examined with complexes 20, 

21, 22, 23, 24, 25, 26, and 27. 

Appendix 9 FID TO displacement assay for allene ligands 1a-b and allene-

containing complexes at 2.5 μM in 10 mM sodium cacodylate 

and 100 mM KCl: 0.5 μM hTeloC, pH 5.5; 0.5 μM DAP, pH 6.8; 

0.5 μM Hif1α, pH 6.8; 0.5 μM hTeloG, pH 7.0; 0.5 μM DS, pH 

7.0. 

Appendix 10 Calculation of error of Job Plot of TMPyP4 with PQS18-1 RNA 

G-quadruplex 

Appendix 11 CD spectra of C-rich sequences with the number of C-tract 3–7 

at different pHs, and corresponding bisigmoidal curve fitting. 

[DNA] was 10 µM, and the buffer was containing 10 mM 

sodium cacodylate and 100 mM sodium chloride. 

Appendix 12 CD melting of C-tract 3 to 7 sequences (10 µM) measured in 10 

mM sodium cacodylate with 100 mM sodium chloride at pH 5.5. 

Appendix 13 CD melting of C-tract 3 to 7 sequences (10 µM) measured in 10 

mM sodium cacodylate with 100 mM sodium chloride at pH 7.0. 

Appendix 14 Example of the UV melting and annealing process of each GC-

repeat i-motif measured in 10 mM sodium cacodylate and 100 

mM sodium chloride buffer at pH 5.5, the concentration of DNA 

is 2.5 µM. 

Appendix 15 Example of UV melting and annealing process of each C-tract of 

n= 3 to 7 i-motif measured in 10 mM sodium cacodylate and 100 

mM sodium chloride buffer at pH 7.0, the concentration of DNA 

is 0.5 µM. 

Appendix 16 Example of UV melting and annealing process of each C-tract of 

n= 3 to 7 i-motif measured in 10 mM sodium cacodylate and 100 
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mM sodium chloride buffer at pH 7.0, the concentration of DNA 

is 1 µM. 

Appendix 17 Example of UV melting and annealing process of each C-tract of 

n= 3 to 7 i-motif measured in 10 mM sodium cacodylate and 100 

mM sodium chloride buffer at pH 7.0, the concentration of DNA 

is 2.5 µM. 

Appendix 18 Example of UV melting and annealing process of each C-tract of 

n= 3 to 7 i-motif measured in 10 mM sodium cacodylate and 100 

mM sodium chloride buffer at pH 7.0, the concentration of DNA 

is 10 µM. 

Appendix 19 CD melting of G-rich sequences with the number of G-tract 3–7, 

and corresponding sigmoidal curve fitting and first derivative. 

[DNA] was 10 µM, and all experiments were performed in 10 

mM sodium cacodylate and 100 mM KCl at pH 7.0. 

Appendix 20 CD melting of G-rich sequences with the number of G-tract 3–7, 

and corresponding sigmoidal curve fitting and first derivative. 

[DNA] was 10 µM, and all experiments were performed in 10 

mM sodium cacodylate and 100 mM NaCl at pH 7.0. 

Appendix 21 CD melting of G-rich sequences with the number of G-tract 3–7, 

and corresponding sigmoidal curve fitting and first derivative. 

[DNA] was 10 µM, and all experiments were performed in 10 

mM sodium cacodylate and 100 mM LiCl at pH 7.0. 

Appendix 22 Example of UV melting and annealing process of each G-tract of 

n= 3 to 7 G-quadruplex measured in 10 mM sodium cacodylate 

and 100 mM KCl buffer at pH 7.0, the concentration of DNA is 

2.5 µM.  

Appendix 23 Example of UV melting and annealing process of each G-tract of 

n= 3 to 7 G-quadruplex measured in 10 mM sodium cacodylate 

and 100 mM NaCl buffer at pH 7.0, the concentration of DNA is 

2.5 µM. 

Appendix 24 Example of UV melting and annealing process of each G-tract of 

n= 3 to 7 G-quadruplex measured in 10 mM sodium cacodylate 



 

xxvii 
 

and 100 mM LiCl buffer at pH 7.0, the concentration of DNA is 

2.5 µM. 
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1.1 DNA Structure 

The structure of B-form DNA was first reported in 19531 by James Watson and 

Francis Crick, relying on the chemical analysis by Chargaff2 and X-ray diffraction 

results of Franklin and Wilkins.3,4 Their work proposed a right-handed double-

helical structure consisting of two strands in an antiparallel orientation, where 

the 5′-end of one strand base pairs with the 3′ end of the other. DNA is comprised 

of four different bases: the pyrimidines, cytosine, and thymine, and the purines, 

guanine, and adenine. Hydrogen bonds form between these bases to form base 

pairs and this not only contributes to the stability of the DNA structure but also 

provides complementarity between the two strands.1 Adenine base pairs by two 

hydrogen bonds with thymine and guanine base pairs using three hydrogen bonds 

with cytosine (Figure 1.1).1  

 

 

Figure 1.1 Structure of the Dickerson-Drew dodecamer d(CGCGAATTCGCG) B-DNA 

(PDB ID: 1BNA), and Watson and Crick base pairing. 

 

Since then, much work has indicated that DNA can also fold into several other 

secondary structures and researchers across the world continue to study their 

characteristics and functions.5–7 It has been assumed that the DNA within cells 

exists mostly as double-helical B-form DNA however, other double-helical 

structures have been identified such as A-DNA, a wide, short, and right-handed 
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DNA structure found in dehydrated DNA samples. It is not thought to exist under 

normal physiological environments.8 Another example of double-helical 

conformation is Z-DNA, which has been found to form during gene expression in 

certain sequences and under certain specific conditions. It forms preferentially in 

alternating GC sequences under superhelical stress, but also can be further 

favoured by increasing the ionic strength. The ease of Z-DNA formation very much 

varies with sequence, e.g., (CG)n flips better than (GGGC)n and (TG)n i.e. it does 

not occur at random, regardless of the conditions, only specific sequences can form 

Z-DNA.9,10 Unlike A- or B-form DNA, it has a unique left-handed conformation.11 

Under different conditions, the strands of DNA can adopt other different 

secondary structures such as hairpins,12 triplexes,13 cruciforms,14 junctions15, and 

quadruplexes (Figure 1.2).  

 

Figure 1.2 Examples of a variety of DNA secondary structure types. A-DNA (PDB: 440D), 

Z-DNA (PDB:4R15), Hairpin (PDB: 1AC7), Triplex (PDB: 1D3X), three-way junction (PDB: 

1SNJ), cruciform (PDB: 1P4Y), quadruplex (PDB: 1NYD). 

 

The ability of DNA sequences to form into different types of structures depends on 

the nucleotide sequences and environmental conditions. Different conformations 
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of DNA can result in changes in biological functions, for example, altering the 

binding of proteins and DNA-processing machinery.16  

 

1.2 G-quadruplexes 

 

The best-studied of all types of alternative DNA structures are G-quadruplexes, 

which are formed from guanine-rich sequences (Figure 1.3). G-quadruplexes are 

formed by stacking at least two planar G-quartets, which are created by Hoogsteen 

base pairs between four guanines,17 The formation of G-quadruplex requires 

cations, which coordinate with the O6-oxygens from the guanines.17  

   

 

Figure 1.3 Example of G-quadruplex structure (left, PDB: 1XAV) and a G-tetrad (right) 

stabilized by metal cation (M+) within the core. 

 

G-quadruplexes are very well known to adopt different stable folds, e.g. parallel, 

antiparallel, and hybrid18–21 (Figure 1.4 a), these contribute to different topologies 

of how the variable loop regions are presented.22 The topologies of the G-

quadruplex depend on the orientation of the guanines (syn and anti conformation 

of the guanine) within the G-tracts. In the parallel structure, all four strands are 

parallel, and the guanines are in the anti conformation. In the antiparallel and 

hybrid topologies, two and one G-tract are antiparallel respectively. The G-tracts 

are connected by loops, there are different types of loops including propeller, 
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lateral and diagonal (Figure 1.4b). Different conditions favour each of the G-

quadruplex conformations, for example, G-quadruplexes with short loops always 

give parallel structures whereas sodium cations have been shown to often induce 

antiparallel G-quadruplex structures.23 The combination of the directionality of 

the tracts and the length of the loops gives rise to different topologies within the 

G-quadruplex structure. For example, adjacent parallel G-tract strands are 

typically connected by propeller loops, lateral loops are able to link adjacent 

antiparallel G-backbones and diagonal loops are able to connect diagonal G-tract 

strands.  

 

Figure 1.4 Different possible strand orientations G-quadruplex and three example types 

of loops. 

 

The first report of Hoogsteen hydrogen-bonded guanine bases which form G-

quadruplex was in 1962, by the observation that concentrated guanylic acid 

formed gels.24 G-quadruplexes were later implicated in the inhibition of 

telomerase in 1991, by stabilization of G-quadruplex in the G-rich sequences of the 

human telomere.25 Since then, studies into the biological functions of the G-

quadruplex continue to attract much interest.26 G-quadruplexes have been 

demonstrated to participate in key biological functions such as DNA replication,27 

transcription,28 and translation.29 Using a computational program to explore the 
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human genome, the Neidle group and the Balasubramanian group reported a 

large number of sequences that can potentially fold into G-quadruplexes in the 

human genome, with as many as 376,000 quadruplexes could potentially form.3031 

At the time, the authors indicated that it was unlikely that such a big number of 

quadruplexes could exist at the same time, and that there would be an equilibrium 

between quadruplexes and other types of DNA conformations. Since then, a study 

using next-generation sequencing methods showed that there may be over 700,000 

potential G-quadruplex forming sequences in the human genome.32 These findings 

all suggest undiscovered transcriptional functions of G-quadruplexes. Therefore, 

G-quadruplexes could be a potential target for the modulation of gene functions.  

 

1.2.1 Cations Affect Stability of G-quadruplex 

 

Metal ions are intrinsically associated with the formation and maintenance of the 

structure of nucleic acids in general.33,34 Nucleic acids are highly polyanionic, in 

the formation of nucleic acid structures, the phosphate group attaches to the 5′ 

carbon of the sugar to form an ester bond that links nucleosides together, and each 

one has a negative charge, the cations such as sodium and potassium ions are 

required to neutralize the negative charges on the backbones so that nucleic acid 

molecules are enabled to form the compact native structures.35,36,37  

 

Cations are particularly significant to the stability of G-quadruplex structures, as 

there is a set of four O6s from the composite guanines in the G-tetrad that readily 

coordinate with cations. Although potassium and sodium cations are both 

physiologically relevant ions, potassium is predominantly found within cells 

whereas sodium cations predominate in extracellular space. Plenty of research has 

investigated their effects on the stability of G-quadruplex, as well as other metal 

cations that have also been shown to affect the formation of G-quadruplex 

structures. The size of the cations and the charge affects the stability of the G-

quadruplex structures. Potassium is largely regarded as the cation that favours 

G-quadruplex formation the most, with other cations following the order: K+ > 
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Ca2+ > Na+ > Mg2+ > Li+.38 In the literature there are often references to lithium 

cations destabilizing G-quadruplex,39 however, Li+ neither stabilizes nor 

destabilizes G-quadruplex structures.40 

 

One of the factors that influence how cations affect the stability of the G-

quadruplex is the ionic radius,41 Table 1.1 lists the effective cations interacting 

with G-quadruplex and their radii. 

 

Table 1.1 List of cations that affect the stability of G-quadruplex structures and their 

radii.41  

 

Cations Coordination number Angstroms (Å) 

Monovalent cations   

K+ 6 1.33 

Na+ 6 0.95 

Li+ 6 0.60 

(NH)4
+ 6 1.48 

Tl+ 6 1.40 

Rb+ 6 1.48 

Cs+ 6 1.69 

Divalent cations   

Co2+ 6 0.74 

Mn2+ 6 0.80 

Ni2+ 6 0.69 

Mg2+ 6 0.65 

Zn2+ 6 0.74 

Cd2+ 6 0.97 

Ca2+ 6 0.99 

Sr2+ 6 1.13 

Pb2+ 6 1.21 

Ba2+ 6 1.35 

 

Cations may coordinate in the plane of the G-tetrad, for example, Na+ fits the core 

exactly whereas Li+ is too small to bind tightly in the centre. Larger cations, such 
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as K+ and Cs+, are able to be coordinated between adjacent G-tetrads (i.e. between 

the planes).42,43 Although most of the studies in the literature are about 

physiological monovalent cations with G-quadruplex such as K+ and Na+, it has 

been reported that G-rich sequences can also fold into a quadruplex structure in 

the presence of divalent cations. The crystal structure of the intermolecular G-

quadruplex in the presence of Ca2+ and Na+ was identified by the Neidle group, 

they observed an unequal distribution of Ca2+ in the G-quadruplex, indicating Ca2+ 

and Na+ can interchange their positions.44 The further study showed that Ca2+ 

induces a transition from antiparallel G-quadruplex to parallel structure of 

d(G4T4G4) sequence, and finally adopted the G-wire structure.45 In the study of 

Sr2+ by the Chen group, through comparative experiments with monovalent 

cations, it was suggested that Sr2+ (Tm > 95°C) stabilized the thermal stability of 

intermolecular G-quadruplex better than K+ (Tm = 45/85°C) and Na+ (Tm = 63°C),46 

the radius of Sr2+ is in between K+ and Na+. 

 

Although G-quadruplexes have been very widely studied, they form on a strand of 

a duplex DNA sequence. In a genomic context wherever there is a G-rich sequence, 

there will also always be a complementary C-rich sequence. Such sequences are 

also important as they can also form quadruplex DNA secondary structures. 

 

1.3 i-Motifs 

 

i-Motifs are DNA structures formed from sequences rich in cytosine. Similar to G-

quadruplexes, they are four-stranded but instead of having tetrads at the core, 

they are comprised of two hairpins in an antiparallel formation and locked 

together by cytosine-cytosine base pairs.47 From 1961 it was known that hemi-

protonated cytosine-cytosine base pairs were possible,48 but it wasn't until 1993 

that the structure of i-motif was firstly characterized by Gehring et al.,47 using the 

cytosine-rich sequence d(TCCCCC) which formed the intercalated four-stranded 

structure under acidic conditions.47 This structure was found to be comprised of 

two duplexes held together with hemi-protonated C-C+ base pairs in an 
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antiparallel way (Figure 1.5).47,49 After the first i-motif had been discovered, there 

were a number of reports of i-motif structures characterized by nuclear magnetic 

resonance (NMR) and X-ray crystallographic methods.47,50 

 

 

Figure 1.5 Example of i-motif structure (left, PDB: 1ELN), and a hemi-protonated 

cytosine-cytosine base pair (right). 

 

The i-motif structure has two narrow grooves and two wide grooves. In the narrow 

grooves, the distance between the sugar-phosphate backbones in the strands is 

extremely short, the phosphate-phosphate distance can be extremely small and 

lead to destabilizing effects.51 Although G-quadruplex structures have many 

different topologies (Section 1.2), all i-motifs to date are antiparallel. Differences 

between i-motif structures are still possible. i-Motifs are classified into two 

topologies, 3′E, and 5′E forms. The 3′E form is where the far most C-C+ base pair 

is located at the 3′-end, while in the structure of 5′E, the outermost C-C+ base pair 

is at the 5′-end.52 It is possible to form intramolecular or intermolecular i-motifs. 

Sequences that have two tracts of cytosine can form bimolecular i-motifs and the 

first reported i-motif sequences were tetramolecular structures (Figure 1.6). The 

loops between C-tracts vary with each individual i-motif forming sequence and 

these affect the stability of the structures. When structures are comprised of one 

C-rich sequence, these are intramolecular and have loops of nucleotides that join 

the C-tracts together.  Hurley’s group previously classified intramolecular i-motif 

structures into “class I” and “class II” depending on the length of the loops.53 i-
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Motif structures with short loops have been regarded as class I, and those with 

long loops have been described as class II.  

 

Figure 1.6 The structures of intramolecular (left, PDB: 1A83). Intermolecular (middle, 

PDB: 1YBL) and bimolecular (right, PDB: 2MRZ) 

 

Early studies suggested that i-motif structures were most stable in acidic 

conditions, however, from more recent research, it has been indicated that i-motifs 

also exist and can be stable under neutral pH conditions.54 Free cytosine-cytosine 

base pairing is most stable at the pH near the pKa of cytosine N3 (pKa = 4.6 for the 

free base). However, when within sequences of DNA, multiple stacks of base pairs 

can occur to form a core. As the stack of C-C+ base pairs increases, the pKa also 

increases, enabling some types of i-motif forming sequences to be stable at neutral 

pH.55 For instance, in a study of the stability of the i-motif forming sequence from 

c-MYC over a pH range between 4.0 and 7.0, indicated the pKa of cytosine also 

increased from 4.8 to 7.0.55 i-Motif can also be stable at neutral pH depending on 

several environmental conditions including low temperatures (4°C),56 the presence 

of copper 57 or silver cations,58 under conditions of negative superhelicity59 or 

molecular crowding.60 Chemical modifications to the sugar-phosphate backbone 

can also encourage the formation of the i-motif structures at neutral pH e.g. use 

of 2’-deoxy-2’-fluoro-arabinocytidine has been shown to increase the stability of i-

motif structure.50Although most i-motif structures show more stability under 

acidic environments, because of the requirements of hemi-protonation of cytosines, 
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C-C+ base pairs do exist at neutral pH due to free H+ ions taken up upon formation 

of folded i-motif structure.61 There are many C-rich sequences identified that can 

form stable i-motif structures at neutral pH. For example, Hif1α, the first 

identified i-motif folded at neutral pH,62 after this the Waller group has 

demonstrated a large number of C-rich sequences across the human genome that 

can form i-motif at neutral pH.54 It was later shown by the Smith group that G-

quadruplex and i-motif formation in human cells are interdependent and depend 

on cell cycle progression and chromatin accessibility.63 This study also revealed 

that ligand-induced stabilization of G-quadruplex structure prevents formation of 

i-motif and vice versa. The equilibrium between duplex and quadruplex structures 

has been a fundamental question during studying quadruplex both in vitro and in 

vivo.64 Under physiological conditions, most potential quadruplex-forming 

sequences normally exist as duplex structures.64,65 This will depend on the 

sequences, as well as other conditions that may potentially shift the equilibrium 

towards duplex or quadruplex, such as the concentration of DNA, the type and 

concentration of stabilising cations and the pH.66  As part of this previous study, 

it was found that many potentially stable i-motif forming sequences form in 

regions of the human genome that are associated with gene regulation. Therefore, 

it is indicated that i-motif could play a biological role in gene expression. 

 

1.3.1 Biological Functions of i-Motifs 

 

i-Motif forming sequences exist across different species of organisms, with 

examples in gene promoter regions and telomeres in both prokaryotes and 

eukaryotes.67,68 Like the G-quadruplexes, i-motifs also play a role in regulating 

gene expression. There are several working models for i-motif function in 

regulating transcription:  

1) i-Motif is used for transcription factor binding resulting in i-motif unfolding 

and transcriptional activation. 

2) Small molecules destabilize i-motif, e.g., to a hairpin structure, causing loss 

of transcription factor binding and transcription repression.  



 

12 
 

3) Small molecule stabilization of i-motif blocks transcription factor binding 

sites and leads to transcriptional repression. 

Although early studies mentioned the potential of i-motif relevant to biological 

functions, there was no direct evidence that i-motif could regulate transcription 

until 2014.69 Through screening the National Cancer Institute Diversity Set 

library, two small molecules were identified to interact with the C-rich region of 

DNA from the promoter region of Bcl-2 (5′-

TTTTCTTTTCCCCCACGCCCTCTGCTTTGGGAACCCGGGAGGGGCGCTTACA

GCCCCGCTCCCGCCCCCTTCCTCCCGCGCCCGCCCCT-3′). IMC-48 stabilises 

the i-motif, and IMC-76 destabilises the i-motif (Figure 1.7).69 These ligands had 

opposing effects on Bcl-2 expression. IMC-48 shifts the equilibrium towards i-motif 

structure, whereas IMC-76 shifts the equilibrium to the hairpin species, 

meanwhile, these two ligands showed opposite effects on Bcl-2 gene expression, 

where expression in BJAB cells was uninfluenced by IMC-76, but it showed 

downregulation effect at protein level; with the treatment of IMC-48, upregulation 

of gene expression was observed in BJAB cells.69 Although other i-motif forming 

sequences had been studied before, this was the first example of small molecule 

targeting of i-motif and affecting gene expression. 

 

Figure 1.7 Structures of IMC-48 and IMC-76 that interact with i-motif forming sequence 

from the promoter BCL-2. 

 

As some i-motif forming sequences are from promoter regions including oncogenes, 

and they are involved in regulating transcription, these i-motifs could be potential 

targets for shutting down oncogenic signalling. Previous studies have shown that 

we can find G-quadruplexes in nearly 43% of all gene promotors and 69% of cancer 
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gene promotors.70 Similar studies on i-motif have been performed but it is clear 

that rules for i-motif formation in the genome are yet to be fully established. 

Regardless, as i-motif DNAs are complementary to G-quadruplexes, it is always 

worth considering them together. There are also i-motif forming sequences that 

exist in the telomeres. Cancer cells can proliferate with highly activated 

telomerase, which could be a critical feature of cancer, thus, the i-motif could be a 

potential therapeutic target for cancer.71 Furthermore, from some more recent 

studies, it has been indicated that the i-motif DNAs can prevent DNA polymerase 

from progression,72 and it is indicated that i-motif DNAs could interfere with DNA 

repair and replication. 

 

1.3.2 i-Motif Forming Sequences 

 

In addition to the example of modulation of gene expression in the promoter region 

of BCL2, many i-motif structures had already been identified in gene promotors of 

oncogenes such as VEGF,73 c-MYC,74 Rb,75 and KRAS.76 Sequences that fold into 

i-motifs had also been found in telomeric and centromeric regions72 as well as 

repetitive regions of the genome such as the insulin-linked polymorphic region 

(ILPR).77 There are lots of i-motif forming sequences that have been reported since, 

here we discuss in further detail the example i-motifs that are used as model 

sequences within this thesis. Table 1.2 presents the i-motif sequence mentioned 

in this section. 
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Table 1.2 i-Motif sequences are mentioned in this section. 

 

Name Sequence 5′ → 3′ 

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

c-MYC CCT-TCC-CCA-CCC-TCC-CCA-CCC-TCC-CCA 

Hif1α CGC-GCT-CCC-GCC-CCC-TCT-CCC-CTC-CCC-GCG-C 

DAP CCC-CCG-CCC-CCG-CCC-CCG-CCC-CCG-CCC-CC 

ATXN2L CCC-CCC-CCC-CCC-CCC-CCC-CCC-CCC 

MSMO1 CCC-CCG-CCC-CCG-CCC-CCG-CCC-CC 

VEGF CCC-GCC-CCC-GGC-CCG-CCC-C 

Rb CCG-CCC-AAA-ACC-CCC-C 

KRAS GCC-CGG-CCC-CCG-CTC-CTC-CCC-CGT-TGG-CCC-GGC-

CCG-GTC-CCC-TCC-TTC-TCC-CCG 

 

Human telomeric i-motif (hTelo) 
 

The human telomeric i-motif is one of the first identified intermolecular i-motif 

sequences which was a tandem repeat sequence with a tract length of three 

cytosines, it forms a structure with a 3:3:3-nucleotide short loop topology.78,52 The 

telomeres are non-coding regions at the ends of linear chromosomes that cap DNA 

and are comprised of tandem repeats of the sequences (TTAGGG). This special 

region plays an essential role in maintaining the stability and structure of a 

chromosome.79 Due to the way DNA is replicated, the telomeres shorten at each 

round of DNA replication, known as end-replication problem.80,81 This process 

provides a proxy for cell age, via the length of the sequences at the telomeres, as 

they shorten with each cell division. When cells reach a certain critical length of 

telomere, cell division stops and the cells become senescent, this is referred to the 

Hayflick limit and depending on the type of cell can be between 50 and 70 cell 

divisions. The telomeres can be lengthened using a reverse transcriptase called 

telomerase, which adds GGGTTA at the 3' terminus.74 This extension of the 

telomeres by telomerase enables the cells to avoid the Hayflick limit.82 Telomerase 

is not normally active in most somatic cells, however, it has been indicated to be 



 

15 
 

active in about 85% of cancers which can cause cancer cells to become 

immortal.83,84 The hTelo i-motif has been shown to be stabilized by carboxyl-

modified single-walled carbon nanotubes (SWNTs) and this has also been shown 

to inhibit telomerase, cause apoptosis, and initiate a DNA damage response.85 

Under slightly acidic conditions, it has been shown that the human telomeric 

sequence preferentially forms i-motif DNA, rather than the formation of the 

competing duplex.83  

c-MYC i-motif 
 

One of the well-studied i-motif forming sequences is from the nuclease 

hypersensitive element (NHE) III1 region in the c-MYC gene, which has been 

suggested to be significant in the regulation of c-MYC expression86 and controls 

90% of transcription of c-MYC.87 The factor of oncogene transcription c-MYC is 

expressed in many kinds of cancers; it plays a significant role in the rapid 

proliferation of cancer cells. The c-MYC gene has a broad range of functions in 

gene and cell cycle regulation, and the deregulation of the c-MYC gene is a feature 

in many types of cancers.88  

 

Laurence Hurley’s group has studied the i-motif forming sequence from the 

promoter region of c-MYC in detail and measured the transitional pH (pHT) to be 

6.6. The transitional pH is defined as the point at which half the i-motif is folded 

and half is unfolded (i.e. at the mid-point between folded and unfolded) and is now 

used widely as a measure of the stability of the i-motif.89 Further studies on this 

i-motif forming sequence, have suggested that i-motif can form at neutral pH 

under conditions of negative superhelical stress.90 However, the formation of the 

i-motif is quite different, for example, a “class II” variation of structure with a long 

loop topology only has six C-C+ base pairs,90 while the 5:5:5-nucleotide loop 

topology can form an i-motif with eight C-C+ base pairs.91  

 

Small molecules that stabilize c-MYC i-motif could be used as new agents for 

cancer therapy because they can potentially decrease oncogene expression. A 

study from researchers based at Sun Yat-sen University identified compounds 
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that stabilize the c-MYC i-motif.92,93 One stabilizer is 2-methylacridin-9(10H)-one, 

an acridone derivative, analogues were subsequently generated to increase the 

selectivity for i-motif.92 Although a number of compounds were investigated to 

stabilize i-motif structures, B19 was the best stabilizer compared to the others. 

This compound showed high binding affinity and selectivity to i-motif rather than 

G-quadruplex and double-stranded DNA. Furthermore, B19 also decreases 

transcriptional activation and reduces mRNA and protein expression, it can 

prevent the proliferation and metastasis of cervical cancer cells in vitro.92 Another 

small molecule that binds to the c-MYC i-motif with high selectivity is a 

bisacridine derivative, A9 (Figure 1.8).93 This molecule can target both the i-motif 

and G-quadruplex structures from the c-MYC promoter region with preference 

compared to the hairpin and duplex DNA. A9 prevented the proliferation of 

multiple cancer cells, including lung, liver, cervical, lymphoma, colon, and bone 

cancer cell lines.93 

 

Figure 1.8 Structures of example small molecules binds to the c-MYC i-motif. 

 

Hif1-α i-Motif 
 

Hypoxia-inducible factor 1 (Hif1) is a transcription factor composed of hypoxia-

inducible subunit alpha (Hif1α) and beta (Hif1β).94 Hif1α has been found 

overexpressed in many human cancers of intratumoral hypoxia.95 It has also been 

identified during hypoxia, Hif1α would accumulate and translocate to the nucleus, 

then could form a dimer with Hif1β.96 The i-motif forming sequence from the 

promoter region of Hif1α was the first i-motif that showed unexcepted stability at 

neutral pH, the transitional pH was found to be 7.2,62 close to physiological pH. 
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The unexpectedly high stability of the sequence from Hif1α challenged the belief 

that long looping regions (Class II) are required to form i-motif structures that are 

stable near physiological conditions. It was the first example of an i-motif forming 

sequence that was naturally stable at neutral pH, without any additional external 

stabilizing factors (such as cations or molecular crowding agents).  

 

Neutral i-motif forming sequences 
 

The Waller group previously built a study to investigate the stability of i-motifs 

with cytosine tract length (2 – 10).54 From their research, C-rich sequences with a 

tract length of 5 or above were able to form i-motif structures and were stable at 

neutral pH. Following a computational search of the human genome for sequences 

that could fold into i-motifs with tract lengths of five or above the team discovered 

several native i-motif forming sequences that were found to be stable at neutral 

pH. This was the first time it was shown that there were multiple examples of i-

motifs, found throughout the human genome, which were potentially stable under 

physiological pH, which include DAP (pHT 7.0), ATXN2L (pHT 7.0), DUX4L (pHT 

7.1), PIM (pHT 7.0), PLCB2 (pHT 7.0), and SNORD112 (pHT 7.2) This finding 

suggested that the i-motif forming sequence from Hif1α was not the only special 

case that showed stability at neutral conditions, and across the human genome, 

there are thousands of potentially physiologically stable i-motif structures. 

Further study of these has indicated these sequences were not located randomly, 

they are from the specific regions in the genome associated with regulatory 

functions such as gene promoters, which indicated that the sequences may have a 

potential physiological function.54 In this thesis we used three examples from this 

batch of neutral-stable i-motifs: the ones originally found in the promoter regions 

of DAP and ATXN2L, as these particular sequences are also found across multiple 

sites in the human genome, as well as the sequence from the promoter region of 

MSMO1 which has a similar pattern of cytosine repeats as DAP. 
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1.4 i-Motif ligands 

 

i-Motif DNA has been identified as a potential target that has a role in biological 

functions, therefore, it is important to identify potential i-motif interacting 

molecules as they may be used as probes to help investigate the biological 

functions and how they may be controlled or influenced by small molecules. 

Ligands can also be developed for therapeutics that target i-motif for cancer or 

other diseases and conditions.  

Several factors for investigating ligands need to be considered, for example, is it 

possible to deduce a pharmacophore, or necessary chemical structure required for 

binding i-motif? What are the effects of ligands on the topology of i-motif? How can 

ligands affect the stability of i-motif structures? Herein, examples of i-motif 

ligands are shown in this section. 

The first i-motif binding ligand discovered was the porphyrin TMPyP4 (Figure 

1.9). TMPyP4 is quite an interesting but promiscuous ligand that can interact with 

both G-quadruplex and i-motif as well as double-stranded DNA.97 The binding 

effect was initially identified by using human telomeric sequences d(AATCCC)4 

and d(CCCAAT)4,98 which TMPyP4 can bind and induce the formation of i-motif at 

pH 4.5. Modeling experiments showed that TMPyP4 binds to i-motif through 

stacking at the ends of the structure.98 More recently, however, the Waller group 

performed fluorescence intercalator displacement (FID) assays of commonly used 

G-quadruplex binding ligands,  including TMPyP4, to observe their interaction 

with i-motifs. The team used i-motif forming sequences from the promoter regions 

of DAP and ATXN2L as they are both stable at neutral pH. The DC50 (where the 

concentration showed 50% displacement of the intercalator thiazole orange) of 

TMPyP4 was determined 0.16 µM to DAP, indicating strong binding affinity. 

However, there were remarkable differences in the stabilization properties. UV 

melting experiments showed that TMPyP4 stabilizes ATXN2L with a change in 

melting temperature (ΔTm) of +4.5°C but it significantly destabilizes DAP with 

ΔTm -16.0 °C. It is clear that TMPyP4 has different properties not only depending 

on the type of secondary structure but also on the composite sequence. In Chapter 



 

19 
 

4 we discuss how the properties of TMPyP4 binding vary depending on the type of 

nucleic acid.  

 

Figure 1.9 Structure of porphyrin ligand TMPyP4. 

The Nagasawa group also looked at their G-quadruplex ligands for inspiration 

when thinking of targeting the i-motif. Their team had a number of macrocyclic 

poly-oxazole compounds that had been made and used as G-quadruplex ligands. 

They decided to test these compounds to see whether they could able to interact 

with i-motif.99,100 Two analogues of telomestatin,101–103 which is a well-known 

quadruplex stabilizer, penta-oxazole (L2H2-5OTD) and tetra-oxazoles (L2H2-

4OTD) were made (Figure 1.10).104 L2H2-4OTD did not show stabilization to G-

quadruplex, however, it was shown to interact with i-motif by CD titration 

experiments. It was found that with increased additions of L2H2-4OTD to the 

human telomeric i-motif, the CD spectra of i-motif at 288 nm were shown to 

decrease and the peak was slightly shifted to a lower wavelength, indicating 

unfolding of i-motif structure. Using NMR, the authors indicated that the binding 

sites of L2H2-4OTD are on loop 1 and loop 3.105 
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Figure 1.10 Structures of L2H2-5OTD and L2H2 4OTD. 

 

Another early-described i-motif binding ligand is bis-acridine (BisA) 106 which was 

the first compound tested with human telomeric G-quadruplex and the i-motif by 

FRET melting (Figure 1.11). Through the FRET, Alberti’s group measured the i-

motif DNA melting temperature, they found BisA could stabilize G-quadruplexes 

and stabilize i-motif at pH 6.8 with ΔTm +33°C. However, further work on BisA 

moved to the development of BisA as a G-quadruplexes binder rather than an i-

motif binding compound.106 Another acridine derivative monomeric acridine with 

two propylamine chains was also studied by the FRET melting experiment but 

showed no effect with i-motif.107 Furthermore, work by Dr. Henry Day indicated 

that BisA actually precipitates DNA, rather than causing stabilization.107  

 

Figure 1.11 Structure of acridine derivative BisA. 

Carboxyl-modified single-walled carbon nanotubes (SWNTs) are one of the most 

studied i-motif binders (Figure 1.12).85,108,109 The SWNTs can stabilize the i-motif 

structure at pH 5.5 with the ΔTm +22°C, it can also induce the formation of the 

hTelo i-motif DNA and inhibit the formation of duplexes even at pH 8.0.110 SWNTs 
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can also induce the formation of i-motif at physiological pH under molecular 

crowding crowing conditions.109 Due to the ligand size, the possible binding sites 

on the i-motif were proposed to be the 5′-end on the major groove.111 It has been 

found that SWNTs inhibit telomeric activity by stabilizing the i-motif structure, 

using TRAP assay in vitro and in vivo.111 

 

Figure 1.12 Structure of SWNT. 

A perylene-neomycin conjugate is a specific human telomeric G-quadruplexes 

binding ligand (Figure 1.13), this conjugate was also compared with other G-

quadruplexes, double-stranded and i-motif DNAs using a competition dialysis 

experiment.112 The binding affinity of this ligand with i-motif was found to be 

weaker than that for G-quadruplex from the human telomere, but higher than 

double-stranded and other G-quadruplex DNAs. However, the competition 

dialysis experiments were all performed at pH 7.0, where the human telomeric i-

motif forming sequence is normally unfolded, therefore, the method to measure 

binding affinity was more likely for a single-strand sequence instead of an i-motif 

structure.112 
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Figure 1.13 Structure of a perylene-neomycin conjugate. 

 

Mitoxantrone (Figure 1.14) is an anticancer agent which has previously been 

studied by the Waller group for its interaction with i-motif DNA.113 From FRET 

melting experiments, it appears that mitoxantrone stabilizes i-motif structures. 

Furthermore, i-motif structures can be formed in physiological pH (7.4) with 

increased additions of mitoxantrone. SPR analysis showed mitoxantrone's binding 

affinity to double-stranded DNA to be much weaker than its binding affinity to i-

motif. In this study, CD indicated some interesting features, which the authors 

attributed to an induced circular dichroism effect. However, further work since 

then has suggested that mitoxantrone can destabilize i-motif.97,114 Mitoxantrone 

was also found as a hit during a screen of an NCI library. This screen also 

discovered the ligands tilorone and tobramycin (Figure 1.14).115 

 

 

Figure 1.14 Structure of mitoxantrone, tilorone, and tobramycin. 

Fisetin (Fis) is a bioactive plant flavanol that exists in various fruits, nuts, and 

vegetables (Figure 1.15).116,117 The Fis flavanol shows multi-functional potential 
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therapeutic activities which include anti-diabetic,118 anti-cancer119, and 

neuroprotective effects120 in human diseases. Bhowmik and co-workers previously 

tested the interaction of Fis against G-quadruplex DNA.121 In subsequent work, 

they investigated the binding of Fis against different i-motif forming sequences 

from the promoter regions of oncogenes and the human telomere.122 It is indicated 

that Fis is able to bind a VEGF i-motif forming sequence preferentially over other 

i-motifs. The interaction of Fis with the VEGF i-motif was shown to cause the 

transformation of the i-motif structure to a hairpin-like structure.122  

 

Figure 1.15 Structure of fisetin. 

Similar to a lot of early i-motif binding compounds, Phenanthroline derivatives 

had previously been identified to interact with G-quadruplex and inhibit 

telomerase activity.123 In two separate papers, the Wei group investigated the 

phenanthroline derivatives 1 – 6 (Figure 1.16) against i-motif. UV melting 

experiments showed ligands 1 - 3 stabilizing the i-motif hTeloC with ΔTms of +7.6, 

+7.2 and +10.1°C respectively at pH 5.5,124 and ligands 4 – 6 significantly 

stabilized hTeloC i-motif with ΔTm +14.6, +12.4 and +10.5°C respectively.125 UV 

titration experiments suggested derivatives 1 – 6 might bind to i-motif via 

stacking on the C-C+ base pairs.125 However, these compounds are not specific to 

i-motif, as the binding affinity of i-motif (between 4 – 8 µM) is lower than G-

quadruplex (1.6 - 2.5 µM) and the compounds also interact with duplex DNA (6.7 

- 12 µM).125  
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Figure 1.16 Structures of phenanthroline derivatives. 

 

In the previous section, we gave examples of i-motif binding ligands that had been 

used to modulate biological function which has been discussed earlier in Section 

1.2.1. In addition to the ligands IMC-48 and IMC-76 investigated by the Hurley 

group, the same team also reported a benzothiophenecarboxamide compound NSC 

309874 (Figure 1.17) that can selectively bind to the platelet-derived growth 

factor receptor (PDGFR)-β i-motif and also can downregulate its promotor 

activity.126  

 

Figure 1.17 Structures of NSC 309874. 

The Dash group also reported that the peptidomimetics PBP1 and PBP2 (Figure 

1.18) can interact selectively with G-quadruplex and i-motif DNA. Through FRET 
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melting experiments, FID assays, and fluorescence binding titrations, it showed 

that PBP1 binds highly selectively to i-motif and PBP2 shows a preference to bind 

G-quadruplex.127 Moreover, the team also reported that the addition of PBP1 and 

PBP2 could induce the formation of i-motif and G-quadruplex using single-

molecule FRET. The cellular studies suggested that PBP1 can upregulate Bcl-2 

gene expression while PBP2 showed downregulation in Bcl-2 gene expression in 

cancer cells.127  

 

Figure 1.18 Structures of peptidomimetic ligands PBP1 and PBP2. 

 

In addition to organic ligands, metal complexes are well known to interact with 

DNA, such as cis-platin, a metalating agent, which has been used in clinic for anti-

cancer chemotherapy.128 Cis-platin works by covalent attachment to guanines and 

can form both intra and intermolecular G-G cross-links in DNA. Since the 

discovery of cis-platin there have been a number of analogues that have been 

developed and there is much interest in metal-complexes and their interaction 

with DNA.129 Some metal complexes can also interact with i-motif structures. A 

series of gold(III) complexes were synthesized by Bochmann and co-workers, these 

compounds are potential anticancer agents and were the first gold-based 

complexes to be shown to interact with i-motif DNA.130 Complexes 7 and 8 (Figure 

1.19) were identified to have good interactions with the i-motif from Hif1α and 

both the i-motif and G-quadruplex forming sequences from the human telomere 

(hTeloC and hTeloG). FRET melting experiments indicated that the ΔTm showed 

significant stabilization temperatures (between 20 – 40°C) at 20 μM of ligands. 

Complex 7 showed a more stabilizing effect on hTeloC at pH 6.0 than at pH 5.5, 

whilst complex 8 did not show a big difference in interaction with hTeloC at both 

pH conditions.130  
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Figure 1.19 Structures of Au(III) complexes. 

 

The fluorescent dye crystal violet (Figure 1.20) binding with i-motif was 

investigated to develop a fluorescent DNA logic gate.131 This compound is a 

selective fluorescent probe for both G-quadruplex and i-motif over single-stranded 

and double-stranded DNA. When crystal violet interacts with single-stranded 

DNA structure, the fluorescence is lower whereas when it is in the presence of G-

quadruplex or i-motif, its fluorescence is increased. Furthermore, the crystal violet 

fluorescence was found to be enhanced when the equilibrium of structures is 

shifted. I.e. formation of G-quadruplex and i-motif structures equates to higher 

fluorescence when the equilibrium shifts to the folded forms.131 

 

Figure 1.20 Structure of crystal violet. 

Ruthenium complexes have also been studied with i-motifs (Figure 1.21). Some 

ruthenium complexes have previously been used as general DNA “light switches” 

because of their luminescence increase in the presence of DNA,132,133, and such 

complexes have also been said to have potential as anticancer agents.134 The 

complexes [Ru(phen)2(dppz)]2+ and [Ru(bpy)2(dppz)]2+ were identified to bind to G-

quadruplex and can induce the formation of G-quadruplex.135 In the examination 

with i-motif using CD, the CD signal showed a slight change with the addition of 
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these compounds at acidic conditions, but they do not affect the melting 

temperature of i-motif using UV melting experiments.135 According to the 

luminescence experiments, these compounds showed a preference for G-

quadruplex rather than i-motif.135,136  

 

 

Figure 1.21 Structures of ruthenium complexes 

 

Many i-motif binding ligands can be used as fluorescent probes, for example, 

crystal violet as described above has been used in DNA logic gates and other light-

up effects. The Waller group has developed an FID displacement assay using 

thiazole orange,137 and there are other fluorescent probes discovered to target i-

motif DNA. The [Ru(bqp)]2+ (Figure 1.22) was firstly developed by the 

Hammarstrom group138, and its three isomers mer-[Ru(bqp)]2+ (mer),139,140 cis,fac-

[Ru(bqp)]2+ (cis) and trans fac-[Ru(bqp)]2+ (trans)141 were identified. The Waller 

group investigated the DNA binding properties of these three isomers using 

modeling, FID assay, electronic absorption, and emission lifetime 

measurement,142 they found cis binds most types of DNA structure compared to 

mer and trans, furthermore, the single enantiomer cis showed preference to i-motif 

rather than G-quadruplex and double-stranded, it also showed a light switch-on 

effect in the presence of hTeloC i-motif,142 therefore, it is a great example for the 

further development of light-switching compounds for DNA secondary probes. 
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Figure 1.22 Structures of different analogues of [Ru(bqp)]2+. 

 

 

Investigation in i-motif ligands has attracted considerable interest in recent years, 

this area continues to expand and grow as more evidence shows i-motifs are 

biologically significant with potential as a target for therapeutics against genetic-

based diseases. Nevertheless, there are only limited i-motif binding compounds 

that are specific for i-motif. Many described above also interact with G-quadruplex 

and/or double helical DNA. Many of the compounds that have been found have 

only low micromolar dissociation constants. There is much room in the field for 

tighter-binding ligands. Therefore, exploring specific i-motif binding ligands is still 

an important area of research. 
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1.5 Biophysical techniques for studying DNA-ligand 

interactions 

 

In order to hunt for DNA-binding ligands, a number of biophysical techniques are 

required to investigate the interaction between DNA and ligands. For example, 

FID assays were developed by the Waller group using thiazole orange as a 

fluorescent probe to detect the binding of ligands to DNA.115 The Balasubramanian 

group used fluorescence resonance energy transfer (FRET) melting and surface 

plasmon resonance (SPR) to study the binding properties of the ligands to G-

quadruplex DNA.143 Nuclear magnetic resonance (NMR) is a widely used 

technique to study DNA-ligand interaction, the Hurley group used this technique 

to identify the binding sites of TMPyP4 to i-motif.98 Circular dichroism (CD)144 

spectroscopy/melting and ultraviolet (UV)98 spectroscopy/melting are useful 

techniques to study DNA secondary structures and DNA-ligand interactions. 

Isothermal titration calorimetry (ITC) is also a powerful technique to study the 

interaction of DNA and compounds, Haider and co-workers performed ITC to 

determine the stoichiometry of TMPyP4 to G-quadruplex of 2:1.145  Herein, some 

biophysical techniques were used in this thesis and will be discussed in detail, 

including FRET, FID, CD, and UV. 

 

Fluorescence resonance energy transfer (FRET) and FRET 

melting 
 

FRET is a physical phenomenon where the fluorescence of a donor fluorophore is 

transferred to an acceptor fluorophore when in sufficient proximity.146 The process 

can be summarized as:  

D* + A → D + A* 

Where D is the donor, A is the acceptor, and * is an electronically excited state. 

 

This effect happens when sufficient energy matches between the excited states of 

two fluorophores, which is called resonance. The energy transfer relies on a no-
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radiative mechanism between two fluorophores, and it is distance-dependent 

between fluorophores (~10 nm).146 FRET efficiency (ET) shows the percentage of 

the excitation photons that contribute to FRET. ET can be calculated from the 

fluorescence change in the donor:  

Equation 1: ET = 1- 
𝐹𝐼𝑑

𝐹𝐼𝑑
0 

Where FId is the fluorescence intensity of the donor, and 𝐹𝐼𝑑
0 is the fluorescence 

intensity of the acceptor.  

 

The ET can be also calculated from the distance between two fluorophores, it is 

shown as: 

Equation 2: ET = 
𝑅0

6

𝑅0
6+𝑅6 

 

Where R0 is the Förster distance between two fluorophores where the ET is 50%, 

and R is the distance between the donor and acceptor. 

 

FRET needs both a donor fluorophore and an acceptor fluorophore to work, for 

most early FRET studies, the fluorophores used were 6-carboxyfluorescein (FAM) 

as the donor fluorophore to the 5′-end and tetramethylrhodamine (TAMRA) as the 

acceptor fluorophore to the 3′-end (Figure 1.23),69 though many other donor pairs 

are possible. In terms of DNA structure, the fact that there may be a large change 

between folded and unfolded structures means potential distances between the 

ends of DNA will also change and can be monitored easily using FRET. DNA can 

be labelled at either end and when folded the fluorophores are close (and FRET 

may happen), whereas when they are unfolded, they are far apart (i.e., no FRET). 

 

Figure 1.23 The structures of 6-carboxyfluorescein and 6-carboxytetramethyl-rhodamine 
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FRET can be characterized using the ratio between the donor and acceptor 

fluorophore emission intensities, which is known as a ratiometric method.147  The 

ratiometric FRET is usually used for determining relative changes in FRET 

efficiency. The energy transfer between donor and acceptor intensity ratio can be 

calculated (relative FRET efficiency) using Equation 3, Where IA and ID are the 

fluorescence intensity of acceptor and donor fluorophores, respectively. 

 

Equation 3 Erel. = 
𝐼𝐴

𝐼𝐷  + 𝐼𝐴
 

 

FRET titrations can be used to monitor the folding of DNA on the addition of 

ligands or changes in conditions. For example, during a FRET titration experiment, 

the fluorophore attached to the DNA would be excited at a specific excitation 

wavelength and if the DNA is folded there would be high FRET. If a change in 

cations, pH, or ligand is triggered, and this starts to unfold the DNA, a change in 

fluorescence can be observed.146 FRET can be used to monitor the folding or 

unfolding of DNA and has been used readily for high throughput ways of 

measuring DNA melting, using quantitative real-time PCR instruments. There 

are many different methods to measure the effect of ligands that bind to specific 

nucleic acid sequences, however, only a few of them can be used for screening large 

compound libraries. Laurence Hurley used a FRET-based folding assay to screen 

a big library of compounds in order to determine i-motif stabilizing ligands, 

although he used Black Hole Quencher (BHQ) as a quencher, the principle is still 

the same.148 In addition to this FRET-based assay, FRET melting is a useful 

biophysical technique to study the changes in the melting temperature of DNA 

structures when ligands are added to the DNA.149  

 

Jean-Louis Mergny firstly used FRET-based DNA melting to monitor the folding 

of an intramolecular i-motif.150 FRET melting can be used to determine the 

melting temperature of DNA, as, at low temperatures, the DNA is folded (high 

FRET), and when there is an increase in temperature, the DNA will unfold and 

there will be less FRET. By monitoring either the donor or the acceptor 
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fluorescence, it is possible to observe a FRET melting curve. The change in 

fluorescence will give a sigmoidal curve, which can be used to determine melting 

temperature.151 The melting and annealing profiles should be superimposable for 

a reversible interaction in which the reaction is at thermodynamic equilibrium 

throughout the process. 

Quite often with nucleic acid structures, the melting and annealing profiles are 

not superimposable and there is a difference in the mid-point in the transitions 

between melting an annealing processes, a hysteresis. The presence of hysteresis 

indicates that the structural transition from folded to unfolded, is slow relative to 

the temperature gradient of the experiment. When there is a hysteresis, T1 /2 can 

be used as an approximation of the Tm as it will be different for the heating and 

the cooling profiles, depending on the rate of temperature changes.152–154 The Fox 

group performed FRET melting experiments for different intermolecular G-

quadruplex sequences, the melting experiments were repeated at different rates 

of heating and cooling (0.5°C/min and 0.05°C/min). The results for some sequences 

showed hysteresis of 11.4°C (Tm 57.1°C and Ta 45.7°C) at 0.5°C/min, while at 

0.05°C/min, no hysteresis is observed.153 

 

The basic thermodynamic parameters can be obtained from melting curves 

(Equation 4).  

 

Equation 4: ΔG = ΔH – TΔS = –RTln(K) 

 

Where ΔG is the change of Gibbs free energy, ΔH is the change in enthalpy and ΔS 

is the change in entropy, T is the absolute temperature, ΔCp is the heat capacity 

change.  

 

From the equations, the thermodynamic parameters depend on temperature. ΔH 

and ΔS are interdependent, as ΔG measured from equilibrium constant (K). The 

nonzero Cp indicates ΔH and ΔS respond differently to temperature. Usually 

during G-quadruplex unfolding process, ΔH is positive at T = Tm, thus, at this 

temperature, ΔS is also positive.  
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Ligands can be added to the DNA and compared to the DNA melting temperature 

in the absence of ligands. If the melting temperature of the DNA with the ligand 

is higher than the control, so the change in melting temperature is positive, this 

indicates the ligand binds and stabilizes the DNA structure. If the melting 

temperature of DNA with the ligand is lower, then the change in melting 

temperature is negative, suggesting a destabilizing effect of the ligand on the DNA, 

this is indicative that the ligand preferentially binds to another structure, such as 

single strand or other folded structures. 

 

Fluorescent intercalator displacement (FID) 
 

Fluorescent intercalator displacement (FID) is a convenient technique to identify 

new DNA binding ligands, it is a high-throughput method that can be used to 

screen large libraries of compounds against different types of DNA structures. FID 

assays are performed using a compound that fluoresces when it is bound to DNA. 

As the compound is non-fluorescent when it is in the unbound state this means if 

it comes off the DNA, fluorescence is lost. This means adding ligands as 

competition can displace the fluorescent probe and be used as a measure of relative 

binding affinity. This technique155,156 was previously developed for i-motif DNA by 

the Waller group using thiazole orange (TO) as a fluorescent probe.137 TO itself is 

not fluorescent but adding DNA provides the binding site necessary, and the probe 

then fluoresces. In an assay, an equilibrium time is provided to allow the TO and 

DNA fluorescence enhancement to reach a stable state. This varies between 

different DNA structures. After this, testing compounds that could be potential i-

motif binding ligands are added. If they bind to the DNA structure, it will replace 

the TO, and once TO no longer interacts with DNA, it loses its fluorescence. Thus, 

the results would show a change in fluorescence and from this change, the relative 

affinities of ligands can be calculated. FID can also be used to determine binding 

constants by measuring the loss of fluorescence derived from DNA bound ligand 

(with increased concentration of ligand).157 Equation 5 shows the calculation of 

TO displacement, where ITO+DNA is the fluorescence intensity of thiazole orange 
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and DNA, ITO+DNA+ligand is the fluorescence intensity of thiazole orange and DNA 

and ligand. 

 

Equation 5 

TO displacement (%) = (1 - 
ITO+DNA+ligand − ITO

ITO+DNA − ITO
 ) x 100% 

 

Circular dichroism (CD) spectroscopy 
 

Circular dichroism (CD) spectroscopy is a widely used technique that uses 

polarized light, for characterizing nucleic acid secondary structures or proteins, 

and analysis of the conformation of nucleic acid or protein under varying 

conditions, it can also be used to study ligand interactions.7,158–161 Compared to 

other biophysical techniques, CD spectroscopy has many advantages. CD 

measurement can be simple, fast, and inexpensive, allowing for many experiments 

to be performed. It is also sensitive, the concentration of biomolecules can be low 

(20 µg/mL),162 which allows us to examine precious samples or samples with poor 

solubility. Furthermore, simple titration with conformational changing agents can 

be performed, this allows us to observe the real-time change in the structure with 

the addition of different conditions.163  

 

CD measures the difference in absorbance between both the left and right 

circularly polarized components of radiation. A CD spectrum is typically described 

in ellipticity (θ). Different biomolecules absorb the light in different near and far 

UV-region. For example, in peptides and proteins, amino acids absorb the UV 

region between 250 – 290 nm under chiral environments. Nucleic acids absorb and 

give rise to different CD signals in the near and far region (180 – 320 nm) 

depending on the different types of structures, the CD intensity varies with 

sequences because of the different base chromophores and glycosylic angles, for 

example, the most studied B-form DNA gives a positive peak at the range of 260 – 

280 nm and a negative peak at ~245 nm, and i-motif DNAs have a positive band 

at 288 nm and a negative band at 255 nm.164  It is well-established that  CD 

spectroscopy can provide important information about DNA secondary structure. 
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Certain elements (e.g. some π-π stacking geometries, loop types and glycosidic 

bond angles) may not show significant CD signal,159 therefore, the use of CD 

spectra for determining the folding of quadruplexes may not conclusively prove 

the topology. 

 

In the study of the interaction of nucleic acid and ligands, when adding a ligand 

to DNA, any change in the conformation of the nucleic acid will be observed if the 

ligand interacts with it. CD melting experiments can be performed to investigate 

the effect of the ligand on the thermal stability of DNA, the plot of ellipticity at a 

specific wavelength against temperature gives a melting curve that can be used to 

determine melting temperature. 

Ultraviolet spectroscopy (UV) 
 

UV is a type of non-ionizing radiation with a wavelength between 10 – 400 nm.165 

Due to the aromatic bases, DNA absorbs UV light when irradiated. Folded and 

unfolded DNA absorb differently due to the difference in π-π base stacking,166 

therefore, UV spectroscopy can be used to monitor DNA folding and unfolding 

processes.  

 

UV absorbance for most types of DNAs can be recorded at 260 nm, because at this 

wavelength, DNA absorbs most strongly. Mergny and co-workers first used, the 

thermal difference spectrum (TDS, the spectrum of the difference between 

unfolded and folded species) to characterize the type of DNA structure formed.167 

This shows for each structure where the change in the spectrum occurs. For 

example, in G-quadruplex and i-motif structures, TDS shows a significant 

negative peak at 295 nm, suggesting the wavelength is selectively sensitive to the 

denaturation of quadruplex structure, this is not observed in other DNA structures, 

thus, 295 nm could be a typical wavelength for characterizing the quadruplex 

structure,167 and TDS can be a useful tool to identify the type of DNA structure 

present in solution.167 
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As discussed above, UV absorbance in folded and unfolded DNA is different, 

therefore, a UV spectrometer can be used to perform DNA melting experiments. 

Through monitoring the change in absorbance at a specific wavelength (e.g., 295 

nm for quadruplex) with increasing temperature, this technique can be used to 

describe the thermal stability of DNA structure under different conditions, such 

as different concentrations of DNA, cations, and pHs.151 

 

1.5.1 Methods of Analysis of Thermal Melting Curves 

 

Both melting (Tm) and annealing (Ta) temperatures can be determined from 

thermal curves, there are a number of ways to calculate Tm and Ta, herein, four 

commonly used methods including the baseline method, the first derivative, 

fraction folded analysis, and software fitting will be discussed. 

 

The first method to determine the melting temperature is a manual way using 

baselines.166 The melting and annealing temperature corresponds to the 

temperature at which half of the DNA folded, and half unfolded. The example 

Figure 1.24 presents this method.  

 

Figure 1.24 Example of Tm determination.  Baseline method, UV absorbance at 295 nm, 

1 µM ZFN48-C in 10 mM sodium cacodylate 100 mM sodium chloride pH 7.0. 
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The upper baseline corresponds to folded DNA, the bottom baseline corresponds 

to unfolded DNA, and the baselines are defined to be straight lines. The next step 

is to draw a median line between the two baselines and where the median 

intersects with the melting curve, the x-value of the intersection point can be used 

to determine the melting temperature. This method is the manual way, and 

although it is quite accurate, it would take a lot of time to find baselines and 

median lines, so it is not suitable for anything over medium throughput melting 

curves analysis. 

 

The first derivative is also a widely used method to find the melting 

temperature.168 It corresponds to the change of the melting curve from folded to 

unfolded, Figure 1.25 gives an example of the first derivative, the lowest peak 

reflects the melting temperature. However, the drawback of the first derivative 

method is the quality of the data, and enough points need to be measured for this 

to work properly. For example, in CD melting analysis, where we have a large data 

interval, it is not the most accurate way to determine Tm, it can be used 

successfully when the data interval is lower, for example in our UV melting 

experiments data points are taken every 0.5 degrees. In spite of this, however, 

sometimes when we get a noisy melting curve, due to instrumental issues, if using 

the first derivative method, there can be lots of noise showing in the graph, which 

makes it difficult to find the peak point. When this occurs, sometimes it is better 

to look back to the original melting curve to determine Tm using another method. 
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Figure 1.25 Example of Tm determination.  First derivative method, UV absorbance at 295 

nm, 1 µM ZFN48-C in 10 mM sodium cacodylate 100 mM sodium chloride pH 7.0. 

 

The other method is to normalize an absorbance versus temperature plot into a 

fraction folded θ and temperature, the signal values were normalized between 0 

to 1 from which the fraction folded (θ in the range of 0 to 1), was plotted against 

temperature from 5 – 95°C, when θ = 1, T >> Tm, θ = 0, T << Tm, θ = 0.5, T = Tm. 

the example is presented in Figure 1.26. This method works well for single 

transitions when the melting process is complete. It is difficult to convert to 

fraction folded when the melting is incomplete, also if the melting curve showed 

more than one transition, this method would be hard to determine several melting 

temperatures as they need to be individually determined, so cannot be performed 

in a general batch processing of data.  
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Figure 1.26 Example of Tm determination. Fraction folded method, UV absorbance at 295 

nm, 1 µM ZFN48-C  in 10 mM sodium cacodylate 100 mM sodium chloride pH 7.0. 

 

Software methods of fitting the signal are another option, which is useful when 

the data interval is large (Figure 1.27). For example, within the Waller group CD 

melting is performed by measuring the whole CD spectra across a wide range of 

wavelengths. This has the drawback that the time taken to do this is long, so the 

data interval has been optimized to be a spectrum every five degrees. This enables 

monitoring the whole spectra, so analysis can enable choosing the best wavelength 

for plotting, for example, for i-motif DNA, we normally use the ellipticity at 288 

nm for the plot of the curve, but when a ligand is added sometimes, we observe 

shifts in wavelength that are interesting and useful. As the data interval for these 

experiments is larger than normal, it means that the first derivative method for 

melting point analysis is inaccurate, and fitting the data is more appropriate.  
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Figure 1.27 Example of Tm determination. Fitting method, Bisigmoidal fitting for the plot 

of normalized ellipticity at 288 nm against temperature from 5 – 95°C, 1 µM ZFN48-C in 

10 mM sodium cacodylate 100 mM sodium chloride pH 7.0. 

 

Fitting the melting curves enables the determination of the melting temperatures 

by solving the equations. E.g. for CD melting, normalized ellipticity at 288 nm, the 

characteristic wavelength for i-motif, can be plotted against temperature and then 

fitted using sigmoidal curves of Dose-Response or BiDose Response methods in 

OriginLab, where Top is the response at high dose, Bottom is the response to the 

untreated control, Tm is the dose giving a half-way response between Top and 

Bottom asymptotes, logTm values reflect the X-axis which can be used to 

determine transitional pH or melting temperature. In the BiDose Response 

equation, there are two transitions, so logTm1 and logTm2 would determine pHT1 

and pHT2 or Tm1 and Tm2.  The equations of DoseResp (Equation 6) and 

BiDoseResp (Equation 7) are presented below: 
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Equation 6: Dose-Response method 

y = Bottom + 
𝑇𝑜𝑝−𝐵𝑜𝑡𝑡𝑜𝑚

1 + 10(𝐿𝑜𝑔𝑇𝑚−𝑥) 

Equation 7: BiDose Response method 

y = Bottom + (Top-Bottom) [
𝑝

1+10(𝐿𝑜𝑔𝑇𝑚1−𝑥)ℎ1 + 
1− 𝑝

1+10(𝐿𝑜𝑔𝑇𝑚2−𝑥)ℎ2] 

Each analysis method can be used not only for thermal melting curves but can also 

be used for determining transitional pH (pHT). The fitting method can be used to 

determine Tm from CD melting, especially when the curve has more than one 

transition, however, sometimes the curve cannot be fitted perfectly, therefore, we 

need to try different methods. 

 

In this thesis, the biophysical techniques mentioned above were used in studying 

DNA secondary structures, e.g., using CD to characterize i-motif or G-quadruplex 

in different conditions like cations, also it can be used to determine transitional 

pH (pHT). UV spectroscopy was used to determine the thermal stability of DNA 

structures under different conditions, such as different concentrations of DNA, 

cations, and pH. Also, these techniques were used to study the interaction between 

ligands and DNA structures. The medium-throughput FRET melting assay was 

used to study the effects of ligands on the thermal stability of DNA. The high-

throughput FID assay was used to screen the library in order to discover binding 

hits for i-motif DNA. CD was used to observe the real-time change of ligands on 

DNA topology and UV was used to determine the binding affinity of a ligand to 

DNA. 

1.6 Aims of this work 

The overall purpose of this project was to explore new DNA-binding ligands, with 

a focus on i-motif DNA as there are not enough compounds to target this structure. 

Also, during the exploration of the ligands, we want to investigate the effects of 

ligands on the topology and stability of both G-quadruplex and i-motif DNA 

secondary structures, as many previous studies have only looked at double helical 
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DNA as a control DNA structure. As described in Section 1.4, many existing i-

motif ligands do not show high selectivity to i-motif DNA, thus, we aim to design 

a strategy for specific binding ligands, this will be discussed in Chapters 2 and 3 

including the synthesis of a minor groove binder and exploring i-motif stabilizers 

for dual-purpose targeting combinations. TMPyP4 is a special ligand that 

interacts with both G-quadruplex and i-motif structures, Chapter 4 aims to 

investigate its binding mechanism using biophysical methods, to support 

computational experiments and modelling. As described in Section 1.3, increased 

i-motif forming sequences have been identified to be stable under neutral pH, I 

aimed to characterize one of these i-motif forming sequences from the human 

genome and its potential biological context. Chapter 5 aims to use bioinformatics 

to select potentially biologically important i-motifs, then characterize them using 

biophysical techniques and study their potential biological functions.
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Chapter 2 

Towards Design and Synthesis of a Novel           

i-Motif Ligand 
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2.1 Ligand Design 

There are already a number of ligands that have been described to bind to i-motif 

structures, as described in Chapter 1, and new i-motif ligands continue to be 

discovered. However, there are limitations to the current i-motif ligands to date. 

Most of the ligands have low binding affinity and little selectivity to an i-motif 

structure specifically, so if we want to choose an i-motif forming sequence as a 

target for cancer therapy (or indeed any other diseases where i-motifs may be 

targeted), it’s quite difficult to find a suitable ligand. There is a great need to 

develop a compound that can bind selectively to a specific i-motif structure. Here 

we present the idea of creating a dual-targeting ligand: one that targets a specific 

double helical DNA sequence and also an i-motif structure. To do this we propose 

to design a double helical minor groove binding ligand and attach it to a generic i-

motif binding ligand. This type of ligand could be made specifically for a particular 

sequence of double helical DNA, which could be varied for targeting different i-

motifs across the human genome. To do this successfully, we need to create a minor 

groove binder and combine it with an i-motif ligand that can bind and stabilize the 

i-motif structure. The synthesis of a proof-of-concept minor groove binder is 

described in Section 2.3, and i-motif ligand discovery is discussed in Chapter 3.  

The i-motif structure has several characteristics that could be potential sites for 

ligand binding. In the i-motif structure, there are two minor (also known as narrow) 

and two major (also known as wide) grooves.169 The two minor groves are 

extremely narrow, 3.1 Å compared to  ~5.7 Å for B-DNA51,170 and ligands that bind 

in this region are likely to destabilize the structure. The two wide grooves are 

wider (14.5–16.09 Å)170 than B-form DNA and compounds that bind in this region 

could also be able to interact with the intercalated cytosine-cytosine base pairs. 

For example, the Su group has determined the binding mode of porphyrin 

compound TMPyP4 to i-motif structure, the coexistent binding modes were 

revealed as 80% of intercalation and 20 % of external groove binding.171 

 

Other potential binding sites within i-motif structures include the loops.169 As the 

loops vary between different i-motif forming sequences, these may be targeted to 
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develop selective ligands. If a ligand can be found or designed to bind a specific 

sequence in the loop of an i-motif, this can then provide some selectively to an i-

motif-forming sequence. 

 

Since DNA secondary structures are found to exist within the genome and have 

been implicated to be involved in gene expression, it is significant that potential 

ligands should have both high affinities and selectivity for one target if we want 

to develop them towards becoming a medicine. Therefore, we need to find ligands 

that can be selective for i-motif over other DNA secondary structures, given the 

current state of the art with regards to i-motif ligands in the literature, this is 

obviously challenging. 

 

Dual probes similar to what we envision have been used to target G-quadruplex 

DNA. For example, the Tan group engineered a G-quadruplex-triggered 

fluorogenic hybridization (GTFH) probe (Figure 2.1) that selectively binds a 

specific G-rich region in NRAS mRNA. This probe was assembled with two parts: 

(1) the synthesized molecule LSCH-oa1 combined with the G-quadruplex light-on 

ligand ISCH-1 and an alkyne side chain and (2) an oligonucleotide complementary 

sequence to the selected NRAS G-rich sequence.172 

 

Figure 2.1 Illustration of GTFH G-quadruplex probe. (A) Structure of ISCH-oa1. (B) 

GTFH probe preparation through click reaction. (C) Principle of designed GTFH G-

quadruplex probe. 
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The designed engineered G-quadruplex ligand suggests that it is possible to 

develop a highly specific and selective i-motif binding ligand using a similar 

approach. Inspired by the engineered G-quadruplex ligand, click chemistry can be 

used for designing and developing a specific i-motif ligand, three strategies are 

possible for the i-motif ligand design using this approach. Strategy i is to design 

a compound that can bind to the minor groove in a double helical DNA sequence 

and discover a small molecule that binds and stabilize the i-motif structure, and 

then combine the minor groove binder with the i-motif ligand to get a novel 

conjugate i-motif specific binder that targets only one type of i-motif (Figure 2.2 

i). Similar to the engineered G-quadruplex specific probe mentioned above, 

strategy ii would use a DNA sequence, which could bind the double-helical DNA 

as a tail to the i-motif structure, either to the single strand flanking the i-motif or 

even the double helix in the major groove. This could then be combined with an i-

motif stabilizer, using a click reaction or other similar conjugation. The new 

conjugate would recognize and target an i-motif with a specific sequence (Figure 

2.2 ii). Strategy iii could be appropriate for some repetitive C-rich sequences, and 

tandem repeats, where multiple i-motifs could form alongside each other similar 

to “beads on a string.” In these situations, two i-motif stabilizers could be linked, 

to enable the targeting of closely connected i-motifs (Figure 2.2 iii). As a proof of 

concept, we started with strategy i, as this was the simplest methodologically. 
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Figure 2.2 This schematic picture shows three strategies to design a new i-motif selective 

ligand. i). Illustrated the combination of a minor groove binder and an i-motif stabilizer. 

ii). Illustrated the strategy of the combination of a DNA sequence and an i-motif ligand. 

iii). Described the click reaction between two i-motif ligands. 

 

Strategy i has two requirements: i-motif binding ligands and minor groove binders.  

In this chapter, work focused on the synthesis of a proof-of-concept minor groove 

binder and the investigation of its selective to double-stranded DNA.
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2.2 Minor Groove Binders 

Small molecules that bind specifically to DNA sequences in the human genome 

could potentially be used in human medicine.173,174 The DNA minor groove is a 

potential target for a large number of non-covalent binding molecules.175 Many 

small molecules have been discovered and synthesized that bind to the minor 

groove and are known as minor groove binders. Many of these minor groove-

binding ligands target either AT or GC-rich sequences,176,177 the Fox group 

investigated DNA sequence preferences of some classic minor groove using DNase 

I footprinting,178 they identified the binding preference for distamycin A is 

AATT=TTTT>ATTA/TAAT>ATAT=TATA>TTAA, and for netropsin is 

AATT>TAAT=TTAA=ATAT>TATA, i.e. AT-selective minor groove binders bind 

less well to sequences that contain a TpA step.178 All these compounds show 

several similar features, e.g., most of them are crescent-shaped molecules, and 

provide hydrogen bond donors on the inside edge; they all contain aromatic rings 

and have at least one positive charge.176 

Some minor groove binders also have a high affinity and specificity for particular 

sequence types, and they also show promising biological effects such as antitumor, 

antibacterial, and antiviral properties.179 Much past research on minor groove 

binders has focused on the development of anticancer agents.180 Examples of some 

classic natural or synthesized minor groove binders are presented in Figure 2.3. 
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Figure 2.3 Examples of classic minor groove binders. 

Distamycin A, an N-methypyrrole (Py) polyamide, is a natural antibiotic with 

antiviral and antibacterial activity, it is a classic minor groove binder.181,182 This 

small molecule can bind to AT-rich sequences in the minor groove as 1:1 and 2:1 

DNA-polyamide complexes. Distamycin A, which contains three pyrrole rings, 

binds to AT-rich regions of DNA of at least 4 base pairs in length, in addition, 

extended compound structures can increase the length of AT tract targeted. 

Another classic minor groove binder is netropsin, a pyrrole polyamide that 

contains two pyrrole rings linked by amide bonds, it also binds to AT-rich 

sequences.183 Both distamycin and netropsin bind to AT-tracts which are four 

bases long. Both these minor groove binders can bind in a 1:1 mode with double 

helical DNA,184,185 but only distamycin binds in a 2:1 mode.186 The reason why 

netropsin doesn't bind in the 2:1 mode is because it has positive charges at both 

ends187 (unlike distamycin). AT-selectivity of both ligands is due to the fact that 

the minor groove in AT-sequences is generally lower than GC, which gives a 
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smaller pocket for binding in AT-rich sequences compared to GC-rich sequences. 

Moreover, the binding sites size for distamycin is larger than that for netropsin. 

However, minor groove binders also have to navigate a potential steric clash with 

the 2-amino group of guanines in the minor groove in GC-rich sequences, so AT-

rich sequences are generally preferred. This is the main reason for their AT 

selectivity: GC base pairs are sterically excluded. 

The synthetic compound Hoechst 33258 and its derivatives are widely used as 

fluorescent cytological stains in the regulation of gene expression.173,188–191 Similar 

to other minor groove-binding ligands, it binds preferentially to AT regions.192 In 

addition to this, recent research from the Tokmakoff group, studying the binding 

of  Hoechst 33258 with the sequence d(CGCAAATTTGCG)2, indicated that the 

ligand also strongly destabilizes three CG base pairs adjacent to its binding 

site.193–195  

DAPI and berenil have been shown to specifically bind to AT-rich sequences of 

double-stranded DNA, they bind to the minor groove with phenyl and indole rings 

interacting with a three-base pair ATT sequence.196,197 Pentamidine, an aromatic 

diamidine, has a binding preference for AT-rich regions on minor grooves with at 

least five AT base pairs.198 

To investigate and develop a minor groove binder with high binding affinity, we 

also need to know about specific structures for the recognition of base pairs. Peter 

Dervan and co-workers have spent decades investigating different types of minor-

groove binding compounds. The key development came when they developed 

hairpin pyrrole−imidazole polyamides as a class of programmable small molecules 

that bind to the minor groove of DNA. These compounds essentially mimic a 2:1 

binding mode by combining two small minor groove binders with a linker, so they 

bind in the minor groove as a hairpin. The affinities of these compounds were 

similar to transcription factors and have been shown to alter gene expression in 

cells by interfering with transcription factor/DNA binding sites. In their work 

towards specific DNA recognition, they identified ligand-based pairing rules in the 

minor groove for recognition by N-methylpyrrole (Py) and N-methylimidazole 
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polyamides (Im).199 Dervan’s group designed and investigated a number of 

compounds where Equilibrium association constants were determined at two five-

base-pair sites for a series of four six-ring hairpin polyamides, in order to test the 

relative energetics of the four aromatic amino-acid pairings opposite G·C and A·T 

base pairs in the central position.199 They demonstrated the correlation between 

DNA sequence and Py/Im polyamide sequence (Table 2.1). 

Table 2.1 The pairing codes for minor groove recognition by the Dervan hairpin 

polyamides, Py, Im, and Hp (N-methyl-3-hydroxypyrrole) show the favoured and 

disfavoured recognitions. 

Pair GC CG AT TA 

Im/Py + – – – 

Py/Im – + – – 

Py/Py – – + + 

Im/Im – – – – 

Hp/Py – – – + 

Py/Hp – – + – 

Im/Py pairing specifically recognizes G-C base pairs; the Py/Im shows preference 

to target C-G base pairs; the Py/Py pairing targets A-T/T-A base pairs, and Im/Im 

does not show any preference for any of the DNA base pairs.199 The same team 

then used the N-methyl-3-hydroxypyrrole (Hp) to pair across from Py to study 

thymine recognition.200 They identified Hp/Py pairing showed to distinguish T-A 

from other base pairs, and Py/Hp recognizes the A-T base pair specifically.200 The 

remarkable results guided the further development of minor groove-binding 

molecules. 

In the study of the development of minor groove binders with high binding affinity, 

the Dervan group used a classic hairpin Im/Py polyamide PyPyPyPy-(R)H2Nγ-

ImPyPyIm-β-Dp (Dp is dimethylaminopropylamine) as the reference for the ligand 

design, which was expected to bind the 5′-TCTACA-3′ sequence.201 They developed 

a new polyamide compound PyPyPyPy-(R)H2Nγ-ImPy-β-Im-β-Dp (Figure 2.4). The 
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Im in the Dervan’s hairpin compounds can recognise guanine of the minor groove, 

as it can form a hydrogen bond to the 2-amino group of guanines.202 The aromatic 

Py was replaced by β-alanine (β-Ala), and both polyamides were tested with the 5′-

TCTACA-3′ sequence using quantitative DNase I footprinting titrations. The 

repeat distance between the units of these polyamides doesn’t exactly match the 

repeat distance between the base pairs, thus they come out of alignment for longer 

binding molecules. Since β-alanine is quite flexible and is therefore able to relax 

this constraint, furthermore, it prefers to interact with AT-sequence.202 Hairpin 

polyamide 9 did not show a preference for the sequence, while the new polyamide 

10 showed a 5 to 25-fold selectivity for the DNA sequence.201 The combination with 

β-Ala increases DNA-binding properties of N-terminal pyrrole polyamide,201 thus 

incorporations with β-Ala could be used for developing a good minor binder. 

 

Figure 2.4 Structure of polyamides. Compound 9: PyPyPyPy-(R)H2Nγ-ImPyPyIm-

β-Dp, compound 10: PyPyPyPy-(R)H2Nγ-ImPy-β-Im-β-Dp. 

In our design, we envisaged a minor-groove binding compound coupled with an i-

motif binding compound to form a conjugate capable of potentially targeting a 

single i-motif-forming sequence within the genome. As a proof of concept, we 

initially wanted to start with a simplified minor groove binding compound, and if 

successful, we could then design better ligands using Dervan’s sequence-specific 
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compounds. In this chapter, we describe the synthesis of a distamycin derivative 

with the potential capability to be attached to a linker/i-motif ligand and its 

interactions with DNA.  

2.3 Synthesis of a Minor Groove Binder 

 

The simplified distamycin analogue compound PyPyPyβDp was firstly 

synthesized by the Gu Group in 2002.203 The same team investigated the 

interaction between this ligand and duplex DNA using steady-state absorption 

and fluorescence spectroscopies and time-resolved fluorescence spectroscopy 

methods, and then they verified that PyPyPyβDp interacts and binds into the 

minor groove of double-stranded DNA.186 This compound has the same 

arrangement of pyrroles as distamycin, and we would predict that it should have 

similar sequence binding properties. This compound has advantages synthetically 

in that it can be altered easily, does not take as long to make as the Dervan 

compounds and provides a simplified proof of concept that can be built upon for 

minor groove targeting. Gu and co-workers did not investigate the selectivity of 

the compound to the minor groove, so one of the first things required after 

synthesis would be to examine the specificity towards the minor groove, compared 

to competing DNA structures. Given our conjugate designs, this compound ideally 

should not bind i-motif DNA.  

 

Gu and co-workers previously synthesized PyPyPyβDp in solution. Within the 

Searcey group, there is a lot of experience working with the synthesis of peptides 

using solid phase peptide synthesis, so we made this compound using Fmoc204 solid 

phase peptide synthesis protocols; the scheme is presented in Figure 2.5. 
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Figure 2.5 Scheme depicting the solid-phase synthesis of PyPyPyβDp. Reagents and conditions: (a) Hexafluorophosphate Benzotriazole 

Tetramethyl Uronium (HBTU)/hydroxybenzotriazole (HOBt), and N,N-Diisopropylethylamine (DIPEA), room temperature, 6 hours. (b) 40% 

piperidine in Dimethylformamide (DMF), room temperature. (c) Cleavage of a resin base, 2:8 of trifluoroethanol and dichloromethane (DCM), 

room temperature.
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PyPyPyβDp was synthesized using a standard solid phase peptide synthesis F-

moc-protocol on a Syro II Fully Automated Parallel Peptide Synthesizer, starting 

from 100 mg chlorotrityl chloride resin preloaded with β alanine (1). The resin was 

transferred with immobilized precursor peptide to a fitted syringe and washed 

with DCM three times before coupling. Reagent 12 (996.6 mg, 2.7 mmol, 5 

equivalents) was added into 11, then, HBTU/HOBt (1706 / 608 mg, 4.5 mmol, 

dissolved in DMF), and DIPEA (2068 mg, 16 mmol, dissolved in DMF) were added 

and the reaction mixture was shaken for 6 hours at room temperature to give the 

intermediate 13. Deprotection of the Fmoc group from the N-terminus of the resin-

bound chain was achieved by adding 40% piperidine in DMF and was allowed to 

react for 10 min. The reagents were then drained and replenished to react again 

to give intermediate 14. A further portion of 12 (996.6 mg, 2.7 mmol, 5 equivalents) 

was added into 14 and HBTU/HOBt (1706/608 mg, 4.5 mmol, dissolved in 10 mL), 

and DIPEA (2068 mg, 16 mmol, dissolved in 8 mL DMF) was used again for 

coupling and this mixture shaken at room temperature for 6 hours to give 15. 

Removal of the Fmoc group was performed as described above, using 40% 

piperidine to give intermediate 16. Building block 17 (156.4 mg, 1.2 mmol, 5 

equivalents) was added to 16 and coupled using HBTU/HOBt (758/270 mg, 2 mmol,  

dissolved in 4.5 mL DMF), and DIPEA (1008 mg, 7.8 mmol, dissolved in DMF) as 

coupling reagents, the reaction was shaken at room temperature for 6 hours to 

give intermediate 18. Finally, aliphatic amine 19 was added into the reaction 

coupled with HATU (1520 mg, 4 mmol, 5 equivalents). The final compound was 

cleaved from the resin using 1% trifluoroacetic acid in DCM. The sample was left 

in the TFA solution for 45 mins, drained and the reagents replenished four times 

in total, the final cleavage was left overnight. Purification of the final product 

PyPyPyβDp was achieved by reverse-phase preparative HPLC using 5% MeOH 

in H2O and 0.05% TFA (Appendix 1) in 76% yield. MALDI mass spectrometry 

was consistent with the correct compound (Appendix 2). The mass calculated for 

PyPyPyβDp C26H37N8O4 was 525.29 and 525.2938 was found. 

 

PyPyPyβDp was also characterized by 1H NMR. The 1H NMR was performed in 

methanol-D4 (Figure 2.6). Three singlet peaks at 3.93, 3.91, and 3.87 ppm 
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correspond to the methyl group attached to the N on an aromatic ring. Two methyl 

groups attached to the end of N showed one singlet peak at 2.84 ppm. The seven 

aromatic protons were shown in peaks between 7.2 – 6.1 ppm. The doublet of 

doublets at 6.1 ppm represents one proton at position 34, and the multiplet peaks 

at 6.89 and 6.86 ppm represent the protons at positions 35, and 36. The quintuple 

peak between 1.96 – 1.83 ppm represents the protons at position 13.  

 

 

Figure 2.6 1H NMR of PyPyPyβDp with assignments. 

 

After the synthesis of PyPyPyβDp, the next step was to investigate its preference 

for double-stranded DNA structures, in the next section, several techniques were 

used to examine the compound. 
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2.4 Interaction between Minor Groove Binders and DNAs 

The purpose of this project is to find if our minor groove binder PyPyPyβDp binds 

to double helical structure with high selectivity. The first step is to know its 

binding properties and selectivity profiles with other types of DNAs, for example, 

G-quadruplex and i-motif structures, therefore, PyPyPyβDp was tested with 

different DNA sequences using biophysical techniques. As a control DNA structure, 

we were interested in general B-form DNA binding, so used a previously used 

double helical sequence. However, the sequence that would be best for this minor 

groove binder PyPyPyβDp should contain at least four consecutive AT-base pairs 

and avoid the presence of TpA steps. With the benefit of hindsight, the choice of 

sequence for testing duplex binding in Table 2.2 is not appropriate for an AT-

selective minor groove ligand. For determining the binding of PyPyPyβDp to 

duplex sequence, further experiments are required to be performed in the future 

with additional AT-rich sequences. In addition, to our best knowledge, minor 

groove binders have never been studied with i-motif structures, so this would be 

the first time they have been assessed. The other classic existing well-studied 

minor groove binder, netropsin205 (Figure 2.7) was also chosen for testing with 

DNAs. We intended also to compare with Distamycin, but there were no 

commercially available sources of the compound in stock at the time and the 

material within the Searcey group had degraded. 
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Figure 2.7 Structures of netropsin and PyPyPyβDp used for biophysical examinations.  

We studied the binding of the compounds against a double-stranded (DS) DNA 

sequence (for FRET melting experiments, HEG linker is used to connect both DS 

and DS complementary sequences), the G-quadruplex from the human telomere 

(hTeloG), and i-motif forming sequences from the human telomere (hTeloC) and 

the promoter regions of Nrf2, DAP, ATXN2L, Hif1α and c-MYC (Table 2.2).  
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Table 2.2 Custom oligonucleotide sequences used in the study of minor groove binders. 

Name Sequence 5′ → 3′ 

hTeloCFRET FAM-TAA-CCC-TAA-CCC-TAA-CCC-TAA-CCC-TAMRA 

hTeloGFRET FAM-GGG-TTA-GGG-TTA-GGG-TTA-GGG-TAMRA 

DSFRET FAM-TAT-AGC-TAT-A-HEG(18)-TAT-AGC-TAT-A-TAMRA 

Hif1αFRET FAM-CGC-GCT-CCC-GCC-CCC-TCT-CCC-CTC-CCC-GCG-C-TAMRA 

DAPFRET FAM-CCC-CCG-CCC-CCG-CCC-CCG-CCC-CCG-CCC-CC-TAMRA 

ATXN2LFRET FAM-CCC-CCC-CCC-CCC-CCC-CCC-CCC-CCC-TAMRA 

Nrf2FRET FAM-CCC-TCC-CGC-CCT-TGC-TCC-CTT-CCC-TAMRA 

c-MYCFRET FAM-CCT-TCC-CCA-CCC-TCC-CCA-CCC-TCC-CCA-TAMRA 

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

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

DS GGC-ATA-GTG-CGT-GGG-CGT-TAG-C 

DScomp GCT-AAC-GCC-CAC-GCA-CTA-TGC-C 

Hif1α CGC-GCT-CCC-GCC-CCC-TCT-CCC-CTC-CCC-GCG-C 

DAP CCC-CCG-CCC-CCG-CCC-CCG-CCC-CCG-CCC-CC 

ATXN2L CCC-CCC-CCC-CCC-CCC-CCC-CCC-CCC 

Nrf2 CCC-TCC-CGC-CCT-TGC-TCC-CTT-CCC 

c-MYC CCT-TCC-CCA-CCC-TCC-CCA-CCC-TCC-CCA 

Three biophysical techniques were used to investigate the interactions of the two 

minor groove binders with DNA structures. FRET melting experiments were used 

to observe a change in thermal stability upon the addition of compounds, FID 

assays were used to determine the relative binding affinities of the ligands, and 

CD titrations and melting experiments were used to investigate the effect of the 

ligand on the structure, topology, and the thermal stability of DNA. In the FID 

assay, ATXN2L was not used, as it is not a good candidate for this technique 

because of the low fluorescence enhancement observed after the equilibration of 

thiazole orange.206 To keep our experiments consistent, all the samples were 

prepared in 10 mM sodium cacodylate and 100 mM potassium chloride buffer at 

desired pH (hTeloC in pH 5.5, Nrf2, and c-MYC in pH 6.5, DS, hTeloG, DAP, 

ATXN2L and Hif1α in pH 7.0). This buffer condition was used because sodium 

cacodylate is chemically stable and the pH does not vary with temperature.110,150 
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It is a commonly used buffer for studying nucleic acids, the pH in this solution can 

be maintained in the range of 5.0 – 7.4 and the DNA would be stable under such 

conditions. Additional potassium chloride was used to introduce K+ to mimic the 

physiological cationic conditions. 

Biophysical results  
 

Netropsin and PyPyPyβDp were firstly tested with DNA sequences using FID 

assays (as described in Section 1.5). The experiments were performed with 0.5 

µM of DNA with the ligands over a concentration range from 1 – 100 µM, all the 

experiments were repeated in triplicate (percentage of TO displacement are 

presented in Appendix 3). From the results (Figure 2.8), there is no significant 

displacement for both netropsin and PyPyPyβDp at low concentrations (1, 2.5, 

and 5 µM), however, with increasing the concentration of ligands, the 

displacement by netropsin is observed. However, PyPyPyβDp did not show a big 

difference in displacement for most of the DNA sequences, compared to the change 

in TO displacement by netropsin. After increased concentration up to 50 and 100 

µM, high negative displacement appeared to c-MYC i-motif, indicating enhanced 

fluorescence. The reason could be a high concentration of PyPyPyβDp shifts the 

equilibrium of single-stranded structure to i-motif structure, therefore, more i-

motif species folded and more TO would bind to DNA, then increased fluorescence. 

PyPyPyβDp may interact differently with DNA structures, in a different binding 

mode to TO, which would mean if it does bind, it does not displace the ligand, or 

PyPyPyβDp may bind to TO instead of DNA structures. However, such a high 

percentage of TO displacement only happened at large ratios where the ligands 

were in excess of concentration to DNA, the top concentration of ligand was 100 

µM, which was 200-fold compared to DNA (0.5 µM).  
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Figure 2.8 Percentage of thiazole orange displacement of netropsin (top) and PyPyPyβDp 

(bottom) with different DNA sequences, all experiments were performed in 10 mM sodium 

cacodylate and 100 mM potassium chloride buffer, [DNA] = 0.5 µM.  
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Then both minor groove binders were examined using FRET melting experiments 

to investigate their effects on the thermal stability of the DNAs. The FRET melting 

experiments were performed with the concentration of both 1 µM and 10 µM of 

ligands, each experiment was performed in triplicate, and the change in melting 

temperature (ΔTm) was calculated using the first derivative of each melting curve. 

The change in melting temperature values is shown in Table 2.3. The FRET 

melting curves are presented in Appendix 4. 
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Table 2.3 Tms and ΔTms of netropsin and PyPyPyβDp with selected DNA sequences measured by FRET melting in the presence of 1 µM and 

10 µM of ligands, buffer containing 10 mM sodium cacodylate, and 100 mM potassium chloride. Errors show the standard deviation from 

triplicate experiments. 

 ΔTm (°C) 

 Tm(°C) Netropsin PyPyPyβDp 

Sequence 1µM (5 eq) 10µM (50 eq) 1µM (5 eq) 10µM (50 eq) 

DS 64.2 ± 0.3 1.1 ± 0.5 4.5 ± 0.2 -0.3 ± 0.4 -0.3 ± 1.9 

hTeloG 63.2 ± 0.5 0.2 ± 0.8 4.4 ± 1.6 -0.4 ± 1.0 0.8 ± 1.5 

hTeloC 46.5 ± 0.2 -0.5 ± 0.2 0 ± 0.4 -0.1 ± 0.2 -0.2 ± 0.3 

Nrf2 60.9±0.6/66.9 ±0.7 0.2 ± 0.8/0.4 ± 1.2 -2.0 ± 0.9/-9.8 ± 3.0 0 ± 0.6/0.7 ± 0.7 0 ± 0.4/-3.3 ±1.6 

DAP 28.1 ± 0.5 NA -1.2 ± 0.1 -0.6 ± 0.9 0.6 ± -1.2 

ATXN2L 30.1 ± 0.4 -0.4 ± 0.3 -0.1 ± 0.3 -0.2 ± 0.2 -0.5 ± 0.3 

Hif1α 57.6 ± 0.6 0.9 ± 0.6 -1.4 ± 0.4 3.9 ± 0.7 2.3 ± 0.7 

c-MYC 27.8 ± 0.2/66.2±0.5 -0.5 ± 0.1/-3.7±0.8 -12.2 ± 1.3 -0.2 ± 0.1/-3.5±0.7 -0.2 ± 0.1/0.2±0.3 
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Based simply on the change in melting temperature values, at 1 μM (5 eq) of 

ligands, netropsin showed the ability to slightly stabilize double-stranded DNA 

(ΔTm = +1.1°C), but no change for the rest of the sequences, on the other hand, at 

the same concentration of ligand, PyPyPyβDp displayed stabilization to Hif1α 

with ΔTm +3.9°C, but had no significant effect on the rest of the DNA sequences.  

at 10 μM (50 eq), netropsin shows stabilization to double-stranded (ΔTm = +4.5°C) 

and hTeloG (ΔTm  = +4.4°C), and destabilization to Nrf2 (ΔTm = -2/-9.8°C), DAP 

(ΔTm = -1.2°C) and Hif1α (ΔTm = -1.4°C). There was a large destabilizing effect 

observed for c-MYC in the presence of 10 μM (50 eq) netropsin (ΔTm = -12.2°C), 

furthermore, netropsin changed the shape of this melting curve, the DNA in the 

absence of netropsin showed two clear transitions, which is indicative of two 

different DNA species that could be folded, but the curve with netropsin has only 

one transition, suggesting also some sort of interaction happened (Figure 2.9). 

Analogous experiments with PyPyPyβDp did not switch the shape in the same 

manner. 

 

Figure 2.9 Example of FRET melting curve of 0.2 µM c-MYC with 10 µM (50 equivalents) 

netropsin in 10 mM sodium cacodylate and 100 mM potassium chloride buffer at pH 6.5. 

The black line is DNA control, the red line is DNA with the ligand. 
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While PyPyPyβDp does not show a significant change in melting temperature 

with double-stranded DNA, it only stabilizes the i-motif forming sequence from 

Hif1α (ΔTm  = +2.3°C at 10 μM). This high concentration may show other effects 

other than specific binding, as aggregation effects may also occur. We would like 

to see if there is a real DNA-ligand interaction in that ligands can interact with 

specific binding sites like loops or grooves, and this would happen at small ratios 

of ligand to DNA or with the same equivalent of ligand to DNA.206 Therefore, the 

explanation for the observed stabilization and destabilization could be the ligands 

interact with the labelled fluorophores instead of DNA structures, or some non-

specific interactions occurred that have an impact on melting temperature.  

Biophysical techniques such as FRET melting, and FID assay give a quantitative 

observation of how the ligands affect the thermal stability or bind to DNA 

structures, there is, however, a limit for these two techniques that both techniques 

work based on the folded DNA conformation.207 Small molecules could likely 

interact with a particular site of the sequence rather than the folded DNA 

structure, the conformation of DNA secondary structure may be re-modelled 

during the interaction. Therefore, need to use other techniques to support the 

results e.g., CD.208  

Based on the results of the FRET and FID assay, Hif1α, DAP, Nrf2, and c-MYC i-

motifs were chosen for further study with netropsin and PyPyPyβDp using CD 

spectroscopy. Double-stranded and hTeloG were also examined to compare with i-

motif. DS, hTeloG, Hif1α, and DAP were performed at pH 7.0, and Nrf2 and c-

MYC were prepared at pH 6.5. CD was used first to confirm that these four 

sequences formed featured structures under experimental conditions at desired 

pHs. Under these conditions, ligands were titrated into DNA up to a concentration 

of 50 µM All the CD titrations were corrected by subtracting the CD signal of the 

ligand alone. This was an important procedure to perform as part of the processing, 

to account for any signals from ligand alone, however, the CD of the ligand may 

not be the same in the presence of the nucleic acid, so this could cause artifacts.  
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CD signal of double-stranded DNA showed a positive peak between 270 – 280 nm, 

and a negative one at ~250 nm, indicating a double helical structure formed at pH 

7.0. Upon the addition of netropsin, there was a significant decrease in CD signal 

at ~280 nm, and a bathochromic shift from ~280 nm to ~287 nm was also observed 

(Figure 2.10 a), however, no isoelliptic point was observed, which is indicative of 

not just one bound species formed. CD melting experiments also showed both 

destabilizing and stabilizing effects on the stability of the double-stranded 

structure with ΔTm1 of -5.3°C and ΔTm2 of +1.7°C, respectively (Figure 2.10 b). 

However, PyPyPyβDp did not show a large CD signal change in CD titrations 

(Figure 2.10 c). In CD melting experiments (Figure 2.10 d), it is clear that 

PyPyPyβDp had a small effect on the melting curve, indicating some binding, 

also PyPyPyβDp showed destabilizing to DNA (ΔTm = -1.0°C).  
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Figure 2.10 a). CD titration of 0 – 50 µM netropsin to double-stranded DNA, CD signal of 

ligand was subtracted, b). CD melting of 50 µM netropsin to double-stranded DNA, c). CD 

titration of 0 – 50 µM PyPyPyβDp to double-stranded DNA, CD signal of ligand was 

subtracted, d). CD melting of 50 µM PyPyPyβDp to double-stranded DNA. All experiments 

were performed in 10 mM sodium cacodylate and 100 mM potassium chloride at pH 7.0. 

The CD signal of hTeloG in the absence of ligand showed positive peaks between 

250 – 260 nm and ~290 nm, indicating both parallel and antiparallel topologies 

formed, and the shape of the spectra is consistent with the literature.209,210 Upon 

the addition of netropsin, there was a clear decrease between 250 – 260 nm, but 

no significant change at ~290 nm (Figure 2.11 a), suggesting netropsin alters 

the structure towards the antiparallel form. CD melting showed no effect on the 

thermal stability of hTeloG (Figure 2.11 b), which is consistent with UV melting. 

When hTeloG was titrated with PyPyPyβDp, no significant change for parallel 

structure, while a decrease of CD signal at 295 nm was observed (Figure 2.11 c), 
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CD melting indicated PyPyPyβDp slightly destabilizes hTeloG structure with 

ΔTm of -1.0°C (Figure 2.11 d), however, ΔTm calculated from the UV melting 

suggested no significant stabilization effect (ΔTm = +0.9°C), however, the errors 

showed both CD melting and UV melting results are in the moderate range, 

indicating no significant effect on melting temperature of G-quadruplex structure.  

 

Figure 2.11 a). CD titration of 0 – 50 µM netropsin to hTeloG, CD signal of ligand was 

subtracted, b). CD melting of 50 µM netropsin to hTeloG, c). CD titration of 0 – 50 µM 

PyPyPyβDp to hTeloG, CD signal of ligand was subtracted, d). CD melting of 50 µM 

PyPyPyβDp to hTeloG. All experiments were performed in 10 mM sodium cacodylate and 

100 mM potassium chloride at pH 7.0. 

CD signals of the i-motif forming sequences from Hif1α, DAP, Nrf2, and c-MYC 

showed a positive peak at 288 nm and a negative peak at 260 nm, indicating all 

these sequences folded into i-motif structures.211 With the titration of netropsin 

to Hif1α (Figure 2.12 a), there were both hypochromic and hyperchromic shifts 
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at 288 nm and 255 nm observed, respectively. Also, an iso-elliptic point at ~273 

nm was detected, suggesting the interaction between DNA and ligand. CD melting 

then (Figure 2.12 b) showed netropsin slightly stabilize Hif1α (ΔTm = +1.2°C). 

Compared to netropsin, CD titration of PyPyPyβDp showed comparatively less 

change in both positive and negative ellipticity (Figure 2.12 c), at ~275 nm, there 

was an iso-elliptic point that can be observed, which is indicative of ligand-DNA 

interaction. From CD melting results, PyPyPyβDp presented a stabilization 

effect on DNA melting temperature (ΔTm = +1.5°C).  

 

Figure 2.12 a). CD titration of 0 – 50 µM netropsin to Hif1α, CD signal of ligand was 

subtracted b). CD melting of 50 µM netropsin to Hif1α, c). CD titration of 0 – 50 µM 

PyPyPyβDp to Hif1α, CD signal of ligand was subtracted, d). CD melting of 50 µM 

PyPyPyβDp to Hif1α. All experiments were performed in 10 mM sodium cacodylate and 

100 mM potassium chloride at pH 7.0. 
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Upon the titration of netropsin to the DAP i-motif, a clear increasing CD signal at 

288 nm was observed with the first titration, then slightly decreased, also an iso-

elliptic point at ~275 nm can be detected (Figure 2.13 a), which suggests the 

interaction of DNA and ligand. CD melting experiments were then performed, 

which indicated the destabilization effect of netropsin on the DAP i-motif with ΔTm 

-1.5°C (Figure 2.13 b). Then CD titration with PyPyPyβDp showed only a slight 

change in CD signal at 288 nm, and no iso-elliptic point was observed (Figure 

2.13 c), therefore, this compound may not affect the DAP i-motif, this was 

consistent with the CD melting experiments that no change in melting 

temperature of DAP (Figure 2.13 d). 

 

Figure 2.13 a). CD titration of 0 – 50 µM netropsin to DAP, CD signal of ligand was 

subtracted b). CD melting of 50 µM netropsin to DAP, c). CD titration of 0 – 50 µM 

PyPyPyβDp to DAP, CD signal of ligand was subtracted, d). CD melting of 50 µM 

PyPyPyβDp to DAP. All experiments were performed in 10 mM sodium cacodylate and 100 

mM potassium chloride at pH 7.0. 

 

240 260 280 300 320

-4

-2

0

2

4

6

8

10

12

14

E
lli

p
ti
c
it
y
 (

m
d
e

g
)

Wavelength (nm)

 0 µM

 10 µM

 20µM

 30 µM

 40 µM

 50 µM

Netropsina b 

c d 

240 260 280 300 320

-4

-2

0

2

4

6

8

10

12

14

E
lli

p
ti
c
it
y
 (

m
d
e

g
)

Wavelength (nm)

 0 µM

 10 µM

 20µM

 30 µM

 40 µM

 50 µM

PyPyPyβDp

0 20 40 60 80 100

0

2

4

6

8

10

12

14

0 20 40 60 80 100

E
lli

p
ti
c
it
y
 a

t 
2
8

8
 n

m

Temperature (°C)

 DAP control

 Netropsin

0 20 40 60 80 100

2

4

6

8

10

12

14

E
lli

p
ti
c
it
y
 a

t 
2
8

8
 n

m

Temperature (°C)

 DAP control

 PyPyPyβDp



 

71 
 

CD titrations of both netropsin and PyPyPyβDp to Nrf2 i-motif did not show a 

significant change in CD signals (Figure 2.14 a,c), indicating they may not have 

an effect on the topology of Nrf2 i-motif, but from the CD melting results, both 

minor groove binders showed a small stabilization effect on the i-motif with ΔTm 

+1.3°C and +2.4°C, respectively. 

 

Figure 2.14 a). CD titration of 0 – 50 µM netropsin to Nrf2, CD signal of ligand was 

subtracted b). CD melting of 50 µM netropsin to Nrf2, c). CD titration of 0 – 50 µM 

PyPyPyβDp to Nrf2, CD signal of ligand was subtracted, d). CD melting of 50 µM 

PyPyPyβDp to Nrf2. All experiments were performed in 10 mM sodium cacodylate and 100 

mM potassium chloride at pH 6.5. 

Upon the titration of netropsin to c-MYC i-motif, there was a clear decrease and 

increase in CD signal at 288 nm and 255 nm observed, respectively, and two iso-

elliptic points at ~240 and 275 nm were detected (Figure 2.15 a), furthermore, at 

50 µM of netropsin, the DNA melting curve was changed compared to the one in 
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the absence of ligand (Figure 2.15 b), this was indicative of some interaction 

between netropsin and c-MYC i-motif structure, with a small destabilizing effect 

(ΔTm = -1.3°C). On the contrary, with the addition of PyPyPyβDp, there was no 

change observed in the CD signal, however, the CD melting showed that 

PyPyPyβDp produced a small effect on the c-MYC i-motif (ΔTm = +1.8°C). 

Figure 2.15 a). CD titration of 0 – 50 µM netropsin to c-MYC, CD signal of ligand was 

subtracted b). CD melting of 50 µM netropsin to c-MYC, c). CD titration of 0 – 50 µM 

PyPyPyβDp to c-MYC, CD signal of ligand was subtracted, d). CD melting of 50 µM 

PyPyPyβDp to c-MYC. All experiments were performed in 10 mM sodium cacodylate and 

100 mM potassium chloride at pH 6.5. 
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The results of the change in melting temperature of examined DNA sequences 

with minor groove binders are presented in Table 2.4, determined by both CD and 

UV melting together with the ΔTm values. The UV melting graphs of tested DNA 

sequences are presented in Appendix 5 and Appendix 6.
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Table 2.4 ΔTms of examined DNA sequences measured by CD and UV in the absence and presence of 50 µM of netropsin and PyPyPyβDp. 

ΔTms were calculated from the melting temperature which was derived from the R-square values from sigmoidal curve fitting, errors show 

the standard derivative across two repeats. 

   Netropsin  PyPyPyβDp 

Name  Tm control 

(°C) CD 

Tm control 

(°C) UV 

ΔTm (°C) CD ΔTm (°C) 

UV 

ΔTm (°C) CD ΔTm (°C) UV 

DS 71.1±1.2 72.2±0.3 1.8 ± 0.6 2.1 ± 0.5 -1.0 ± 0.6/-14.0 ± 1.1 -0.7 ± 0.8 

hTeloG 66.5 ± 0.5 64.1±1.2 -0.1 ± 0.3 1.6 ± 1.1 -1.0 ± 0.4 0.9 ± 0.5 

Hif1α 20.3±0.2 20.5±0.6 1.2 ± 0.8 2.1 ± 0.3 1.5 ± 0.3 1.2 ± 0.4 

DAP 27.9 ±0.1 27.4 ±0.1 -1.5 ± 0.7 -2.3 ± 0.2 0.0 ± 0.1 -0.6 ± 0.3 

Nrf2 22.8±0.1 22.8±0.3 1.3 ± 0.4 0.4 ± 0.3 2.4 ± 0.1 1.8 ± 0.1 

c-MYC 21.5±0.3 22.1±0.5 -1.3 ± 0.5/6.1±0.8 0.1 ± 0.3 1.8 ± 0.1 1.8 ± 0.3 
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2.5 Discussion and Conclusion 

Previous work showed that netropsin and PyPyPyβDp interact with double-

stranded DNA,186,212 however, in examination with other types of DNAs, both 

minor groove binders showed an effect on G-quadruplex and i-motif structures 

either on topology or thermal stability. Ligands that target B-form duplex or 

triplex DNA will often intercalate or interact with a groove, while most G-

quadruplex binding ligands can specifically stack onto terminal G-tetrads.213–216 

Nguyen and co-workers identified a dual-specific ligand that can interact at two 

binding sites of a duplex-quadruplex hybrid.217 They achieved this with the 

addition of netropsin and Phen-DC3 to QDH1, this complex showed netropsin 

binding to the AT-rich region of duplex and Phen-DC3 binding to the terminal G-

tetrad of QDH1 simultaneously.217 Interestingly, both Netropsin and 

PyPyPyβDp do not affect the stability of double-stranded or G-quadruplex DNA 

significantly, but they were found to interact with several i-motif structures: Hif1α, 

Nrf2, and c-MYC. Netropsin is a known minor-groove binding compound; the 

reason for the binding data for double helical DNA might not be as good as 

expected is that the duplex sequence (DS/DScomp) has only has (AT)3 tracts and also 

contains TpA steps. Although the duplex sequence used in the experiments was 

not ideal for these specific compounds, both netropsin and PyPyPyβDp have 

already been studied as minor groove binders. The sequence we used allows 

comparison between ligands against a general double helical sequence, to compare 

without favouring to one specific type of sequence. The main purpose for this 

project was to investigate whether minor groove binders interact with i-motifs or 

G-quadruplexes. Although the CD melting results do not show significant changes 

in melting temperature (1-2°C), the fitted data to the points were performed in 

duplicate and the differences were repeatable. This indicates that it may be worth 

examining these further, by performing-by-performing further repeats, and/or 

further concentrations. In addition to the study of G-quadruplex and i-motif with 

netropsin and PyPyPyβDp, some other classical minor groove binders have 

been previously examined with quadruplex structures. The Mayol group 

investigated interaction of netropsin and distamycin A with G-quadruplex and 
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duplex DNAs.218 From the NOESY NMR results, it was suggested distamycin A 

interacts with medium width grooves of G-quadruplexes, and netropsin showed 

low binding affinity with G-quadruplex structures compared with duplex DNA. 

Souvik and co-workers identified that the minor groove binder Hoechst 33258 

binds the G-quadruplex from the promoter region of c-MYC, 219 they also proposed 

the likelihood that binding with the loop formed by AAGGT. Lijun and co-workers 

screened several fluorescent dyes including Hoechst 33258 for developing an i-

motif probe.220 The ligand was added to crystal violet/i-motif system at pH 6.0, the 

fluorescence at 490 nm was significantly enhanced, indicating Hoechst 33258 

interacts with i-motif structure, and it may bind to the narrow groove of i-motif.  

The small molecule ellipticine is a known intercalator but has been shown to 

stabilize i-motif DNA preferentially over G-quadruplex or double helical DNA.63 

This indicates that PyPyPyβDp could also be used to stabilize some i-motifs 

generically. Though it would be better for the stabilization potential to be larger, 

this could be increased with further derivatives. Another interesting point to note 

is that PyPyPyβDp did not affect the stability of the i-motif from the promoter 

region of DAP. This sequence has only single nucleotide loops, whereas the other 

i-motifs have longer loops. This indicates that PyPyPyβDp may bind the loop 

regions of the i-motif structures. However, to understand this, further experiments 

need to be performed, e.g., computational modelling experiments. Job plot or ITC 

could also be used to determine the stoichiometry for the ratio of ligand-DNA 

binding.  

Nevertheless, looking back at our ligand design strategy i, the first step was 

trying to find a good minor groove binder, which meant the candidate should bind 

to double-stranded DNA specifically. Here we have shown that the minor groove 

binding agents also interact with other types of DNA structures, and perhaps even 

as a proof of concept before targeting using the Dervan-style polyamides, these 

compounds would not be a good start for our intended purpose. PyPyPyβDp 

shows potential as a specific i-motif stabilizing agent (ΔTm of 1.5 to 2.4, but does 

not stabilize DS or G-quadruplex), but only provides weak stabilisation.  
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This part of the project was performed in parallel with the discovery of an i-motif 

stabilizing compound (Chapter 3), to conjugate to the minor groove binder. The 

outcome of this part of the project indicates that further work is required, or the 

synthesis of a Dervan-style hairpin polyamide is necessary, even as a proof of 

concept. Regardless, the discovery that PyPyPyβDp binds i-motif is new and 

interesting and this could be useful as a probe for biological experiments. 
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Chapter 3 

Studies on the Effects of Small Molecules
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3.1 Discovery of i-Motif Ligand 

In parallel to Chapter 2 where minor groove binders were studied, at the same 

time, we also focused on i-motif binding ligands. To design a specific i-motif ligand, 

if conjugating to a double-helical sequence targeting moiety there also needs to be 

an i-motif component. The reality of the i-motif field is that there are not yet 

enough compounds to target i-motif well and before developing a conjugate for 

specific targeting a good general i-motif stabilizing compound is also required. 

Although there is a great deal of published literature describing ligands that can 

bind i-motif, most of them do not stabilize the i-motif structure and many are also 

not specific to i-motif,124,221 therefore, there is the need to identify more and better 

small molecules that can interact and stabilize the i-motif. It is significant to 

search for a small molecule that can bind specifically to the i-motif structure, 

because: firstly, as discussed in Chapter 2, we are trying to design an i-motif-

specific ligand. The have been many studies of ligands that bind to the i-motif, but 

i-motif-specific binding ligands are rare. Secondly, i-motif binding ligands can be 

used as tools to understand the biological functions of i-motif structures. 

This chapter will discuss the binding of different sources of potential i-motif 

ligands including compounds from the National Cancer Institute (NCI) Diversity 

Set VI library and synthetic compounds. These compounds were tested with a 

variety of i-motif sequences and double-stranded and G-quadruplex DNAs.  

There are three biophysical techniques used in this chapter: FRET melting assay, 

FID assay, and CD spectroscopy, similar to how they were used in Chapter 2. 

High throughput FID assays were used to investigate the relative binding affinity. 

Medium throughput FRET melting experiments were used to investigate the 

stabilization potential of small molecules with DNA secondary structures. 

Although FID and FRET melting experiments can test a large number of 

compounds at the same time, there are some main drawbacks to each of these 

methods. The FID assay can only establish whether small molecules bind to DNA, 

with no information about their stabilizing ability. In FRET melting experiments, 

two fluorophores attached to DNA were used, so the ligands could bind to the 

fluorophores, not to the DNA structure. Moreover, both experiments are 
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fluorescent experiments, if direct fluorescence quenching occurs, this can interfere 

with the results. Therefore, circular dichroism (CD) was one of the main methods 

to confirm the effects of ligands on the topology and stability of DNA sequences. 

3.2.1 Targeting the Human Telomeric i-Motif with Small 

Molecules from the National Cancer Institute 

In this section, our work focused on investigating i-motif binding ligands from the 

NCI Set VI library. Firstly, computational work was used to mimic small 

molecules binding to i-motif, and in silico screening was performed by Dr. Philip 

Spence.222 The DNA sequence used in this section is the human telomeric i-motif 

(hTeloC, 5′-[TAA-CCC]4-3′).206, 222 The NMR-derived i-motif structure (PDB: 1EL2) 

was used to model the i-motif sequence.223 The structure was edited to remove the 

non-canonical bases used for NMR structure determination and this refined 

model,57 representative of the native sequence, was used for in silico screening 

(Figure 3.1). The molecular structure model of hTeloC was chosen to perform a 

computational docking experiment with the 1584 small molecules from the NCI 

library.222  

 

Figure 3.1 NMR structure of modified human telomeric i-motif (PDB id: 1EL2). 
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The NCI Diversity set VI was selected using defined pharmacophoric centres 

including hydrogen bond donor, acceptor, positive charge, aromatic, acid, base, and 

hydrophobic.224 Over one million molecules were used for the Diversity selection, 

the selection principle is based on the pharmacophores of each molecule and also 

each of its isomers. Then the diversity was set up by only accepting the molecules 

with more than five pharmacophores, all the molecules contain five or fewer 

rotatable bonds, one or fewer chiral centres, or contained undesirable features, e,g. 

obvious leaving groups, weakly bonded heteroatoms or polycyclic aromatic 

hydrocarbons, were also removed, then it was given the final set of 1584 

molecules.224 The NCI molecules were screened against the i-motif structure in 

both the loops and wide grooves,222 using AutoDock Vina.222 The docking methods 

sifted compounds for further biophysical experiments, the top 28 molecules were 

examined using CD titration and melting experiments, and the structures of these 

compounds are presented in Figure 3.2.  
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Figure 3.2 Structures of 28 examined NCI compounds using CD titration and melting 

experiments. 
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3.2.2 CD Titration and Melting Experiments with the i-Motif 

Forming Sequence from the Human Telomere and Ligands 

from the NCI Diversity Set VI. 

 

According to the docking results, the potential binding sites could be three loop 

regions and two wide grooves. We envisaged that 50 μM would provide a decent 

opportunity the caputure potential moderate binding ligands, without the overall 

ligands:DNA ratio becoming too high. All the experiments were performed in 50 

mM sodium cacodylate at pH 6.0 for hTeloC i-motif with the ligands. To determine 

the effects of the compounds on the hTeloC i-motif structure, CD titrations were 

performed to determine any ligand-induced changes in the secondary structure. 

In the absence of a ligand, the CD signal for each sample showed a characteristic 

positive peak at 288 nm and a negative peak at 255 nm, indicating an i-motif 

structure formed. Then with the addition of 1 equivalent of ligand to the DNA each 

time, up to 50 μM. CD melting experiments examined the hTeloC i-motif in the 

presence of 50 μM of ligand, and also measured the DNA in the absence of ligand 

as a control. Monitoring the ellipticity at 288 nm from CD against temperature 

change can directly report the melting curve, melting temperature can be 

determined using sigmoidal curve fitting. Herein, the compounds that showed a 

clear change in titration or melting temperature will be discussed. Out of the 28 

compounds, two compounds showed potential to stabilize the i-motif from the 

human telomere, whereas twelve compounds were found to destabilize the 

structure. seven compounds did not affect the i-motif structure at all. Full results 

are shown in Table 3.1. 
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Table 3.1 Effects of tested NCI ligands on topology and thermal stability of hTeloC i-motif 

structure. ΔTm of 10 µM hTeloC with 50 µM NSC ligands was measured by CD, and 

experiments were performed in 10 mM sodium cacodylate and 100 mM potassium chloride 

pH 6.0 buffer. Tms were calculated using R-square values from the statistics on the data 

fit.  

Ligand (NSC) Effect on CD 

Spectrum 

Effect on shape 

of melting 

curve 

Effect on Tm ΔTm (°C) 

19990 + + + +0.2 / +33.0 

71795 + – + -2.5 / +24.2 

61610 – + + -2.8 

116702 – + + -2.7 

727038 – + + -2.4 

319990 + – + -2.4 

127133 – + + -2.3 

332670 + – + -2.3 

308835 + – + -2.2 

109086 + – + -2.0 

84100 + – + -1.6 

345845 + – + -1.5 

143491 + – + -1.4 

35676 – + – -1.2 

5157 – – – -0.9 

122819 – + – 0.6 

9037 – – – -0.1 

103520 + – – -0.5 

300289 – – – 0.3 

7524 – – – -0.2 

202386 + – – 0.1 

37553 – – – -0.3 

670283 + – – -0.4 

133075 – – – -0.5 

637578 – + – -0.4 

260594 – – – -0.1 

116339 – – – 0.1 

121868 – + – 0.2 
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Six NSC ligands for further discussion as those compounds showed potential 

interaction with hTeloC i-motif forming sequence. The CD titration and melting 

graphs of rest 22 compounds are presented in Appendix 7. A similar decrease in 

the CD signal intensity was found in NSC 670283 (Figure 3.3 a) and NSC 143491 

(Figure 3.3c) with titration up to 50 μM, and one iso-elliptic point observed at 268 

nm, indicating some change to the i-motif structure, from the CD titration 

experiments, NSC 670283 showed no change in melting temperature (Figure 3.3 

b), while NSC 143491 presented a slight decrease in melting temperature of 

hTeloC with ΔTm –1.4°C (Figure 3.3 d), indicating a potential weak destabilizing 

effect, but this would need to be repeated many times to validate as the magnitude 

is small. 

 

Figure 3.3 a). CD spectra of titration experiments of 0 – 50 μM of NSC 670283, CD signal 

of ligand was subtracted, b). CD melting experiment of 50 μM ligand, c).CD spectra of 

titration experiments of 0 – 50 μM of NSC 143491, CD signal of ligand was subtracted, d). 

CD melting experiment of 50 μM ligand, with 10 μM hTeloC in buffer containing 50 mM 

sodium cacodylate at pH 6.0. 
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In contrast, NSC 19990 showed a larger change in the CD spectra intensity of 

hTeloC (Figure 3.4 a), the CD spectra looked relatively unchanged in the presence 

of 10 μM of ligand, then the large decrease of CD signal was obtained from the 

addition of 20 μM of ligand up to 50 μM. An additional signal starts to appear at 

245 nm (Figure 3.4a) but this may be due to an artefact from subtraction of the 

effects of the chiral ligand. The CD melting experiment also showed a large effect 

on the CD melting curve. The CD melting experiment also showed that NSC 19990 

affected the CD melting curve, for which an additional transition which melted 

with a ΔTm of  +33°C is seen in the presence of 50 µM ligand (Figure 3.4 b). It is 

not clear why this only affects a fraction of the melting. It might indicate a strong 

stabilizing effect on a sub-population of DNA structures, though since this is such 

a large effect it is unusual that it does not affect the entire melting curve. We must 

therefore consider that this is an experimental artefact. 

 

 

Figure 3.4 a). CD spectra of titration experiments of 0 – 50 μM of NSC 19990, CD signal 

of ligand was subtracted, b). CD melting experiment of 50 μM ligand, with 10 μM hTeloC 

in buffer containing 50 mM sodium cacodylate at pH 6.0. 

 

The hTeloC CD spectrum was also affected by the addition of 10 μM of NSC 71795 

(Figure 3.5 a) and the CD signal decreased above 20 μM of ligand, indicating a 

possible change in i-motif structure. The CD melting with 50 μM of NSC 71795 

(Figure 3.5 b) showed as small decrease in melting temperature (ΔTm = -2.5°C), 

for the majority of the melting transition. However, as seem the NSC 19990, a 
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small proportion melted at a higher temperature (ΔTm = +24.2°C). This may be 

consistent with work by Smith and coworkers,225 where they observed a second 

transition on addition of ellipticine with the i-motif forming sequence from c-MYC. 

The presence of the second transition may suggest that NSC 71795 is able to 

stabilise a minor sub-population of i-motif in solution. However, the lack of effect 

on most of the melting transition means that this may be an experimental artefact.  

 

 

Figure 3.5 a). CD spectra of titration experiments of 0 – 50 μM of NSC 71795, CD signal 

of ligand was subtracted, b). CD melting experiment of 50 μM ligand, with 10 μM hTeloC 

in buffer containing 50 mM sodium cacodylate at pH 6.0 

 

Upon titration of up to 50 μM NSC 116702 into hTeloC (Figure 3.6 a), there was 

no significant change in the CD signal intensity, however, interestingly, the CD 

melting showed decreasing in melting temperature (ΔTm = -2.7°C), showing a 

destabilizing effect on i-motif structure. 
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Figure 3.6 a). CD spectra of titration experiments of 0 – 50 μM of NSC 116702, CD signal 

of ligand was subtracted, b). CD melting experiment of 50 μM ligand, with 10 μM hTeloC 

in buffer containing 50 mM sodium cacodylate at pH 6.0 

 

The ligand NSC 61610 did not show a big change in CD signal with titration experiments 

up to 50 μM (Figure 3.7 a). While the CD melting experiment (Figure 3.7 b), 

showed a change in melting temperature (ΔTm = -2.8°C), which suggests that this 

ligand destabilizes the hTeloC i-motif structure. 

 

Figure 3.7 a). CD spectra of titration experiments of 0 – 50 μM of NSC 61610, CD signal 

of ligand was subtracted. b). CD melting experiment of 50 μM ligand, with 10 μM hTeloC 

in buffer containing 50 mM sodium cacodylate at pH 6.0 

 

In addition to the example ligands discussed above, some other compounds also 

showed effects on the structure or stability of the hTeloC i-motif. CD titration and 

melting graphs for the rest of the NCI ligands are presented in Appendix 8. 
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3.2.3 Discussion 

 

Overall, the correlation between the in silico screening and CD spectra was shown 

to be moderate, the 28 NCI ligands from the top one hundred in silico assays were 

examined, and 20 of them showed a small interaction with hTelo i-motif structure, 

suggesting around 71% of success rate, with results matched the modelling 

experiments. From both CD titration and melting results, those ligands (NSC 

103520, 202386 and 670283) showed a slight change in the intensity of the bands 

in the CD titration and no significant effect on the melting temperature of the 

hTeloC structure, indicating that there might be a weak interaction with i-motif 

structure. For the ligands (NSC 116702, 35676, 727038, 61610, and 127133) that 

showed no change in titration experiments but have effects on the stability of the 

i-motif structure, all these seven ligands destabilize the i-motif. The ligands (NSC 

143491, 19990, 71795, 109086, 332670, 308835, 345845, 319990, and 84100) 

that showed both interactions on i-motif topology and a change in melting 

temperature appear to stabilize or destabilize the i-motif structure. The way the 

experiments were performed means that small changes in stability are difficult to 

determine with confidence. The melting experiments were performed using a 

whole spectrum scanning method. This means that the whole spectrum can be 

monitored across the temperature range, providing lots of information of potential 

changes in topology or induced CD effects. For these experiments, each spectrum 

is scanned from 320 nm to 230 nm and the average of four scans for each spectrum 

are taken. This method was used because this provides the opportunity to observe 

changes in topology over the temperature range, but also because CD melting 

which are followed at a single wavelength have high signal to noise, compared to 

UV-based melting experiments. Full scans were taken every five degrees, 

providing a data set of 19 points across the 5-95°C range. The data interval is too 

large to determine the melting temperatures by the first derivative method and 

these data were instead fitted to either a sigmoidal or bi-sigmoidal curves to 

determine the melting temperatures. What we observe from this is exceptional 

detail in what is happening to the topology over the temperature range, but does 

mean that the melting data relies on the quality of data fitting. It also means that 
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small transitions, of smaller populations within a larger bulk solution can be 

missed. For example in Figure 3.5 we observed a second transition on addition of 

NSC 71795, which could be put down to an artefact, but this secondary transition 

has also been observed by others. For example, NSC 71795 has already been an 

identified i-motif stabilizer that showed stabilizing effect for i-motif (ΔTm = +23°C) 

at pH 7.4 by Smith and co-workers.63 Importantly, this compound was shown in 

separate experiments to stabilise i-motifs and induce i-motif formation at neutral 

pH.63 Although in the paper, for hTeloC at pH 6.0, there was only one transition 

measured on the melting curve for hTeloC at 50 μM ligand, however, when looking 

closer at the melting curve in the presence of NSC 71795, it is possible to see that 

there is a slight second transition, indicating a potential stabilizing 

effect63(Figure 3.8), however, due to the data interval in these experiments this 

had been missed. In this study, as we used different buffer conditions, the second 

transition is more clear, and the stabilizing effect was strong (ΔTm = +24.2°C). 

 

Figure 3.8 CD melting of hTeloC in the presence of 50µM NSC 71795, in 10 mM sodium 

cacodylate buffer at pH 6.0. These experiments were performed by Dr. Rupesh Chikhale. 

 

NSC 19990 also showed two transitions in the melting curve (Figure 3.4), and it 

is the largest change in the melting curve compared to other ligands (ΔTm = +33°C). 

The second melting temperature showed the biggest stabilization effect on the 

stability of the i-motif. As this compound is chiral this does mean that the ligand 
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itself has a CD signal. Although these signals were subtracted off appropriately, 

it might be that some effects observed in the spectrum could be put down to 

artefacts due to differences in subtraction. Regardless of this 19990 shows the 

same additional population as 71795, which has no CD signal of its own. Therefore, 

both NSC 29990 and 71795 could be used as potential candidates for i-motif 

stabilizers for the ligand design project, but further binding studies and repeats 

would be needed to ensure the compounds are not false positives caused by the 

data processing pipeline. 

 

In addition to this, there was a concern that some of these ligands may only work 

for the human telomeric i-motif, rather than i-motifs in general, which is what we 

wanted for the design of a ligand-conjugate. Also, some of the ligands could have 

potential effects on other i-motifs. For example, NSC 9037 did not show an effect 

on hTeloC, but it does have a stabilization effect on ILPR i-motif (5′-

TGTCCCCACACCCCTGTCCCCACACCCCTGT-3′) with ΔTm = +2.0°C (Figure 

3.9), which has been reported by Dr. Dilek Guneri, and it has biological effects on 

insulin-secreting cell lines.   

 

Figure 3.9 CD melting experiment of 10 μM ILPR with 50 μM NSC 9037, this experiment 

was performed by Dr. Dilek Guneri.  
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Equation

double span = A2 - A1;
double Section1 = span*p/(1+p

ow(10,(LOGx01-x)*h1));
double Section2 = span* (1-p)/
(1+pow(10,(LOGx02-x)*h2));
y=A1 + Section1 +Section2;
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The outcomes from this study indicated a few compounds that could work by 

stabilizing the i-motif structure. Ligand 71795 showed interesting properties that 

were dependent on the buffer conditions, indicating that the environment where 

these compounds are being examined is critical to whether a hit is identified. 

Indeed in many cases where there were compounds that showed very small effects 

in the CD experiments and stabilized a secondary population of i-motif (in the case 

of 71795 and 19990). What species is this? Is it the difference between the 5′E and 

3′E? Further work using NMR spectroscopy or X-ray crystallography would be 

required to determine this. Regardless, this work showed a number of compounds 

that could potentially be used to stabilize i-motif for further studies in this area. 

 

3.3.1 The Study of Metal Complexes of Bis(pyridyl)allenes 

Parts of this section have been published and are presented in the appendix. 

Natural products or synthetic compounds with allene functional groups have been 

suggested to have biological activity, therefore, some attempts have been made in 

recent years to combine the allenic moiety with pharmacologically active 

molecules to increase their interaction with biological targets.226 Additionally, in 

comparison with traditional organic compounds, metal complexes have some 

advantages.227 From recent studies, it has been suggested that metal complexes 

(27%) are more likely to be active antifungal and antibacterial agents than just 

organic compounds (2%).228 Herein, a series of Pd(II), Pt(IV), and Au(III) 

bis(pyridyl)allene-containing compounds were synthesized by Dr, Hanna 

Maliszewska from the Munoz group at UEA229 (Figure 3.10), and these 

compounds were explored in their potential metallodrugs in three 

characterizations, as anticancer drugs, as antibacterial agents and their 

interaction with different DNAs. 
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Figure 3.10 Eight allene compounds, two free ligands (20 and 21), and six complexes used 

to be studied in interaction with different DNAs. 

As for many metal-based drugs, the mechanism of drug action is potentially 

around their interaction with DNA as an intracellular target, similar to oxaliplatin, 

cisplatin, and carboplatin.230–234 The mechanism of Pt complexes bind to DNA 

would be they could covalently react with N7 of guanine,235 which would be 

different to the examined NCI ligands showed above. This project intended to 

investigate the possible source of activity of allenic metal compounds in anticancer 

assays by studying interactions with different DNA structures, as well as the 

common double-stranded structure, other DNA secondary structures including i-

motif and G-quadruplex was also chosen.236  

3.3.2 Biophysical Results 

FID assays 

The FID assay can quickly determine whether ligands bind to DNA, so herein, the 

novel synthetic compounds 22, 23, 24, 25, 26, and 27, and the free ligands 20 and 

21 were treated with different types of DNA: double-stranded DNA (DS), the i-

motif (hTeloC) and G-quadruplex (hTeloG) sequences from the human telomere 

and the i-motif sequences from promoter regions Hif1α and DAP. Thiazole orange 

(TO) was used as a fluorescent probe in assays. The ratio of ligand to DNA was 5:1 



 

95 
 

(0.5 μM DNA, 2.5 μM ligand), and mitoxantrone was used as a positive control as 

it has previously been shown to displace thiazole orange effectively from i-motif 

DNA.113,137 In the assay, the free ligands 20 and 21 did not show any significant 

change in TO displacement with all DNA sequences, which was consistent with 

the lack of activity in anticancer and antimicrobial assays carried by the Munoz 

group.237 However, these two complexes showed slight negative displacement to 

hTeloC (20 = -0.9%, 21 = -8.9%) and DAP (20 =-15%, 21 =-7%) which is indicative 

the fluorescence was enhanced. The reason could be these complexes switch the 

equilibrium from any remaining single stranded DNA to folded i-motif species, 

therefore, more folded i-motif species in the solution and enhanced fluorescence. 

The other possible reasons could be these complexes are fluorescent or they could 

become fluorescent when they bind to DNA. The Pd (II)-complexes 22 and 23 

showed displacement of TO from hTeloG, with moderate affinity for G-quadruplex 

structure. Moreover, these two compounds were also the most active binders for 

all three selected i-motif sequences, with 87% of displacement for 23 with hTeloC. 

The percentage of TO displacement was displayed in Table 3.2. The graph of TO 

displacement of allene ligands with different DNA sequences is presented in 

Appendix 9. 

 

 

 

 

 

 

 

 



 

96 
 

Table 3.2 FID results for allene ligands and allene-containing complexes. Experiments 

were performed in 10 mM sodium cacodylate and 100 mM KCl at pH 7.0 for dsDNA and 

hTeloG, pH 6.8 for Hif1α and DAP, and pH 5.5 for hTeloC, [DNA] was 0.5 µM, [TO] was 

1 µM, and [ligands] was 2.5 µM, errors show the standard deviation across three repeats. 

TO displacement (%) 

Compound dsDNA hTeloC Hif1α DAP hTeloG 

20 9.8 ± 2.8 -0.9 ± 8.8 4.9 ± 0.8 -8.9 ± 3.7 -1.7 ± 3.3 

21 8.1 ± 0.9 -14.8 ± 10.0 2.8 ± 3.5 -7.4 ± 2.2 -1.1 ± 4.8 

22 13.0 ± 3.7 80.8 ± 6.8 45.6 ± 6.5 62.5 ± 2.5 34.5 ± 3.9 

23 24.7 ± 0.5 87.6 ± 1.1 49.2 ± 2.1 62.1 ± 3.3 47.9 ± 4.8 

24 8.0 ± 2.6 0.8 ± 12.2 1.6 ± 3.0 -8.9 ± 8.0 -1.6 ± 7.4 

25 11.5 ± 3.8 9.2 ± 8.1 5.9 ± 3.7 -3.6 ± 1.7 0.7 ± 1.4 

26 10.6 ± 1.1 17.6 ± 6.0 9.8 ± 8.2 30.0 ± 3.6 -10.0 ± 4.1 

27 9.3 ± 2.2 16.5 ± 11.7 6.2 ± 5.1 20.6 ± 3.0 -2.1 ± 2.9 

Pt(IV) complexes 24 and 25 presented inactivity on the same level as the free 

allene compounds 20 and 21, and Au(III) complexes 26 and 27, also showed 

displacement with DAP i-motif with 30% and 20%, respectively. However, Au(III) 

ligands 26 and 27 showed much less interaction with DNA compared to ligands 

22 and 23. This would be consistent with other Au(III) complexes that are more 

likely to interact with protein targets.238–242  

FRET melting experiments 
 

FRET melting experiments were used to measure complex-induced stabilization 

or destabilization of DNA.113 This was performed with the ratio of DNA and 

ligands of 1:5 (0.2 µM of DNA, 1 µM of ligands), and the change in melting 

temperature (ΔTm) was calculated for each DNA-ligand pair. Through the FRET 

melting assays, as the start temperature was 25°C, for some unstable i-motifs, for 

example, the DAP i-motif, the melting process has already been proceeding before 

running the experiments, so the melting temperature of DAP was not determined, 

and the ΔTms of the rest DNA are shown in Table 3.3. 
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Table 3.3 ΔTm of bis(pyridyl)allenes complexes with different DNA sequences measured by 

FRET melting experiments. 0.2 μM DNA and 1 μM ligands in 10 mM sodium cacodylate, 

100 mM potassium chloride at pH 5.5 (hTeloC), 6.8 (Hif1a) and pH 7.0 (hTeloG, DS) 

Errors show the standard deviation from three repeats. 

ΔTm(°C) ± error(°C) 

Compounds  hTeloC Hif1a hTeloG DS 

20 0.1 ± 0.7 -0.1 ± 0.5 -0.7 ±1.3 0.0 ± 0.4 

21 -0.3 ± 0.8 0.0 ± 0.3 -1.2 ±1.0 -0.4 ± 0.0 

22 0.0 ± 0.5 0.2 ± 0.2 1.9 ± 0.2 -0.1 ± 0.3 

23 -0.2 ± 0.6 0.1 ± 0.2 -1.0 ± 1.3 0.1 ± 0.5 

24 -0.2 ± 0.6 -0.4 ± 0.5 -0.7 ± 0.2 -0.4 ± 0.0 

25 -0.1 ± 0.7 0.0 ± 0.3 -0.8 ± 0.2 -0.2 ± 0.2 

26 0.1 ± 0.6 0.0 ± 0.3 -0.6 ±1.0 -0.2 ± 0.2 

27 -0.2 ± 0.6 0.1 ± 0.4 -0.9 ± 0.9 -0.2 ± 0.2 

Based on the change in melting temperature values, it looked like none of these 

compounds stabilize or destabilize i-motif and double-stranded DNA, compounds 

21 and 23 seemed to destabilize hTeloG (ΔTm = -1.2°C and ΔTm = -1.0°C), while 22 

stabilizes hTeloG with ΔTm = +1.9°C. In these experiments, hTeloC and Hif1α were 

performed at different pHs, because compared to Hif1α, hTeloC is more stable 

under acidic condition, but this did not give a fair comparison of effects of the 

ligands.  At the higher pH, it would be easier disrupt the structure, however, this 

is the drawback of working with i-motifs where each structure has different pH 

properties. Also, in FRET melting experiments, the ligand concentrations are 

much too low (1 µM). These are probably a long way below the Kd, this would be 

another drawback in using ratios rather than ligand concentrations for 
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experimental planning. Most FRET melting temperatures for DNA in the 

literature are typically quoted at 1 μM,243 however, this is for strong ligands. The 

state of the art for targeting i-motif DNA structures is significantly behind that of 

the G-quadruplex field, so a higher concentration should be used as a screening 

standard, to enable measurement of weaker ligands prior to development. FRET 

is a preliminary technique to study the interaction of DNA and ligands as it only 

presents the fluorescence, thus more detail needed to be investigated by other 

methods. 

CD titration and melting experiments. 

Combining the FRET melting and FID results from Table 3.2 and Table 3.3, it is 

suggested that Pd complexes 22, and 23 had some interactions with DNA. From 

FID assay, both ligands show high TO displacement from 45% - 87% of i-motif 

forming sequences, they also show 13%-48% TO displacement of double stranded 

and G-quadruplex. FRET melting results indicate ligand 22 slightly stabilizes 

hTeloG (ΔTm = 1.9°C) and ligand 23 shows destabilization effect of hTeloG (ΔTm = 

-1.0°C ). Therefore, both complexes were further studied using CD spectroscopy.7 

There have been a few previous reports of Pd compounds that bind to G-

quadruplexes.244,245,246 To the best of our knowledge, there is no evidence that Pd 

complexes have been studied with i-motif DNA. 

CD titrations were performed with the complexes 22 and 23 against the i-motif 

forming sequences from the human telomere (hTeloC), and the promoter regions 

from DAP and Hif1α as well as the G-quadruplex forming sequence from the 

human telomere (hTeloG). The ratio of ligand to DNA was kept constant at 5:1. 

After the titrations, CD melting experiments were performed. All the changes in 

melting temperature in the presence of complexes 22 and 23 are presented in 

Table 3.4. 
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Table 3.4 Change in melting temperature (ΔTm) of hTeloC, DAP, Hif1α, and hTeloG 

measured by CD melting experiments for Pd complexes 22 and 23. Errors indicated 

standard deviations from duplicate experiments. 

ΔTm / °C 

Compound  hTeloC DAP Hif1α hTeloG 

22 -8.1 ± 0.8°C -1.0 ± 0.1°C -0.1 ± 0.3°C -0.3 ± 0.8°C 

23 -2.1 ± 0.1°C -0.7 ± 0.6°C -0.3 ± 0.9°C -0.7 ± 0.6°C 

The positive peak for characterizing i-motif was observed at 288 nm, while the 

negative peak was at 255 nm.211 With the addition of 22 into the hTeloC solution, 

a visible hypochromic shift on both peaks happened, which could be attributed to 

precipitation, however, no signals for scattering at 320 nm were observed, 

indicating there was no precipitation. Following titration with the compound, the 

DNA-ligand complex was melted. The ellipticity at 288 nm was plotted against 

temperature and the melting temperatures were calculated by fitting the data to 

a sigmoidal single dose-response curve using Origin (Figure 3.11). For compound 

22 with hTeloC, the change in melting temperature (ΔTm) was found to be -8.1°C, 

indicating destabilization of the i-motif from the human telomere by Pd complex 

22.  
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Figure 3.11 Interaction of compound 22 with i-motif DNA. (a) CD titration of hTeloC (10 

μM) in 10 mM sodium cacodylate buffer, 100 mM potassium chloride, pH 5.5. 0–50 μM of 

compound 22, CD signal of ligand was subtracted. (b) CD melting experiment with hTeloC 

in the absence and the presence of 5 equiv. of compound 22. 

With the addition of complex 23, only a small decrease at 288 nm was observed 

compared to 22, and an iso-elliptic point at ~273 nm was found, this suggested 

that complex 23 showed less interaction with hTeloC i-motif structure compared 

to complex 22. This was also consistent with the CD melting, complex 23 showed 

destabilization of hTeloC with ΔTm = -2.1°C, less than complex 22 (ΔTm = -8.1°C) 

(Figure 3.12).  
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Figure 3.12 Interaction of compound 23 with i-motif DNA. (a) CD titration of hTeloC (10 

μM) in 10 mM sodium cacodylate buffer, 100 mM potassium chloride, pH 5.5. 0–50 μM of 

compound 23, CD signal of ligand was subtracted. (b) CD melting experiment with hTeloC 

in the absence and the presence of 5 equiv. of compound 23. 

Upon the titration of 22 and 23 to the i-motif from the promoter region of DAP, 

there was also a large decrease in the signals at both 288 and 255 nm observed, 

moreover, iso-elliptic points at ~270 nm were detected for both complexes, 

respectively (Figure 3.13), indicating interactions with the DNA. CD melting 

experiments were then performed, and the melting curve was changed in the 

presence of 50 μM complex 22, however, compared with hTeloC i-motif, the change 

in melting temperature was quite small (ΔTm = -1.0°C). Complex 23 also showed a 

change in melting temperature, but again was relatively modest (ΔTm = -0.9°C). 
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Figure 3.13 Interaction of compounds 22 and 23 with i-motif DNA. (a) CD titration of 

DAP (10 μM) 0–50 μM of compound 22, CD signal of ligand was subtracted. (b) CD melting 

experiment with DAP in the absence and the presence of 50 μM of compound 22. c). CD 

titration of DAP (10 μM) with 0–50 μM of compound 23. d). CD melting experiment with 

DAP in the absence and the presence of 50 μM of compound 23. All experiments were 

performed in 10 mM sodium cacodylate buffer, 100 mM potassium chloride, pH 6.8. 

Both complexes were then also examined with Hif1α i-motif. From the titration 

experiments, there was a very clear decrease in the signals at 288 and 255 nm, 

respectively. However, these two complexes did not affect the thermal stability of 

the Hif1α i-motif structure. In the presence of complex 23, the shape of the melting 

curve of Hif1α was significantly changed, although there was no change in melting 

temperature, this indicates that the complex still had an effect on Hif1α i-motif 

(Figure 3.14). 
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Figure 3.14 Interaction of compounds 22 and 23 with i-motif DNA. (a) CD titration of 

Hif1α (10 μM) 0–50 μM of compound 22, CD signal of ligand was subtracted. (b) CD 

melting experiment with Hif1α in the absence and the presence of 50 μM of compound 22. 

c). CD titration of Hif1α (10 μM) with 0–50 μM  of compound 23. d). CD melting experiment 

with Hif1α in the absence and the presence of 50 μM of compound 23. All experiments were 

performed in 10 mM sodium cacodylate buffer, 100 mM potassium chloride, pH 6.8. 

Then complexes 22 and 23 were tested with the G-quadruplex structure from the 

human telomere (Figure 3.15). The CD spectra of hTeloG showed positive peaks 

at both 245-260 nm and 290 nm, indicating parallel and antiparallel G-quadruplex 

species formed. Upon the titration of 22, a large decrease at 245-260 nm and a 

little increase at 290 nm was detected, which suggested this ligand unfolds the 

parallel G-quadruplex topology and induces antiparallel structure formed. With 

the titration of complex 23, a decrease in CD signal for both parallel and 
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antiparallel structures was observed. However, the quality of data in the presence 

of ligands are quite noisy, the reason might be subtracting the CD data of ligand. 

Furthermore, there is no significant change at 295 nm might also be the lost in 

the noise during the subtract of ligand CD signal. Although CD melting showed 

both ligands have no change in melting temperature of hTeloG structure, 22 and 

23 altered the melting curves, which suggested some sort of interaction happened, 

but the stability of the DNA remained the same. 

 

Figure 3.15 Interaction of compounds 22 and 23 with G-quadruplex DNA. (a) CD 

titration of hTeloG (10 μM) 0–50 μM of compound 22, CD signal of ligand was subtracted. 

(b) CD melting experiment with hTeloG in the absence and the presence of 50 μM of 

compound 22. c). CD titration of hTeloG (10 μM) with 0–50 μM of compound 23. d). CD 

melting experiment with hTeloG in the absence and the presence of 50 μM of compound 23. 

All experiments were performed in 10 mM sodium cacodylate buffer, 100 mM potassium 

chloride, pH 7.0.  
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3.3.3 Discussion  

This was the first investigation, to the best of our knowledge, of the interaction of 

Pd complexes and i-motif structures.237 Following biophysical experiments testing 

these compounds with DNA sequences, the results indicated that the two Pd 

analogues 22 and 23 interact with different DNA structures. FID assays showed 

much less TO displacement for double-stranded and hTeloG DNA, suggesting 22 

and 23 have a preference to bind i-motif structures. CD titration experiments 

suggested both Pd complexes affect the topologies of both i-motif and G-

quadruplex DNAs. In FID assays, DNA structures were carefully annealed and 

left sufficient time for equilibrating. However, when ligands are added, there is 

still an equilibrium that will exist between the ligand and oligonucleotide. For this 

experiment, 96-well plates were used, therefore, the equilibration time may not be 

exactly the same for each ligand. In addition, as the measurement was performed 

immediately after adding ligand, any slow structural changes would not be 

captured in this experiment. This might cause inaccurate fluorescence results. 

From CD melting experiments, with three i-motifs (hTeloC, DAP, and Hif1α), 22 

showed destabilizing effects on hTeloC. Ligand 23 only showed destabilization of 

hTeloC, indicating it has a preference for stabilization of the i-motif from the 

human telomere. Furthermore, the Pd complexes 22, and 23 presented no change 

in melting temperature for hTeloG, suggesting these two complexes might have 

selectivity to i-motif over other DNA structure types. As described in Section 3.2, 

we have found many ligands from the NCI that have destabilizing effects on 

hTeloC i-motif, but the destabilization effects were quite less (ΔTm between -1 to -

3°C) compared to complex 22 (ΔTm = -8.1°C). Also, in the literature, the Waller 

group identified some G-quadruplex ligands that destabilize i-motif structures, 

e.g., berberine destabilizes the i-motif forming sequences from the promoter 

ATXN2L and DAP with ΔTm = -1.2°C and -3.4°C, respectively, BRACO-19 showed 

a quite strong destabilizing effect on DAP i-motif (ΔTm = -11.6°C). RHPS4 

destabilizes ATXN2L and DAP relatively strongly (ΔTm = -7.5°C and ΔTm = -8.7°C, 

respectively). And TMPyP4 strongly destabilizes DAP i-motif with ΔTm of -

16.0°C.97,211 The study of i-motif destabilizers could be used in aiding the 
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understanding of the mechanism of the DNA-ligand binding process. In anticancer 

studies, it has been suggested that DNA replication might be influenced by drug-

induced destabilization, as DNA opening needs less energy when the double 

helical structure is destabilized by the ligand.247 In the line with i-motif, could also 

play an essential role in gene expression. Hurley’s work from 2014 showed that 

destabilization of the i-motif forming sequence from the promoter region of BCL2 

resulted in a reduction in the expression of the gene.248 Given that up to 69% of all 

oncogenes contain a putative quadruplex forming sequence in the promoter region, 

the i-motif destabilizers described may be used to downregulate these genes and 

could be used to develop potential antitumour agents. 

3.4.1 The Study of an Iron Cylinder Binding to Quadruplex 

DNA Structures  

As discussed in Chapter 1, i-motif forming sequences could be a potential target 

for genetic diseases treatment, and small molecules that bind to i-motif can be 

potential drugs to treat cancer or other diseases. The synthetic metallo-

supramolecular cylinders were designed by the Hannon group, and each of them 

has a similar size and shape to the zinc finger motifs in DNA-recognition proteins. 

249–252 These metal cylinders are thought to bind B-DNA in the major groove as 

they are predicted to be too large to fit into the minor groove. The cylinders can be 

designed with different metal ions, but herein, the focus is on the interaction 

between DNA and di-iron (II) cylinder [FecL3]4+, [Fe2(C25H20N4)3]Cl4 (Figure 3.16), 

which has a deep purple colour. From the Hannon group’s study, they investigated 

the effect of an iron cylinder on proliferation and survival in tumour and normal 

healthy cell lines.253 The iron complex was found to reduce the mitochondrial 

activity of cell cultures and inhibit the cell cycles, furthermore, promoting 

apoptosis and leading to increased cell death. In addition, compared to the existing 

anticancer drug, the iron cylinder is not genotoxic, therefore, the iron cylinder 

could have potential anticancer properties with no genotoxicity for 

chemotherapy.253 
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Figure 3.16 Chemical structure of Fe-cylinder (top) and the crystal structure254 (bottom). 

Hannon and co-workers identified that Fe-cylinder has biological effects that 

increase cell death and inhibits the cell cycle,253 they also suggested that it cannot 

only bind to the major groove of B-form DNA, but it can fit into three-way 

junctions.249,251,255 however, we were curious its ability to interact with other types 

of DNA structure, such as GC-rich quadruplexes, therefore, in this project, we 

studied the interactions between Fe-cylinder and different DNA sequences, 

including i-motif forming sequences from human telomere (hTeloC) and promoter 

region of Hif1α and DAP, double-stranded and G-quadruplex from the human 

telomere (hTeloG). Several biophysical methods were performed to investigate the 

effects of Fe-cylinder on DNA, including CD titration, CD melting, and Job Plot. 

3.4.2 CD Titration 

The first experiments performed were CD titration to determine the effect of the 

small molecule on DNA structure, the buffers used contained 10 mM sodium 

cacodylate and 100 mM potassium chloride buffer at desired the pH for each DNA 

sequence (pH 5.5 for hTeloC, pH 6.8 for Hif1α and DAP, pH 7.0 for hTeloG and 

DS). 
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The CD spectra of double-stranded DNA (pH 7.0) showed a characteristic positive 

peak at ~280 nm and a negative peak at 251 nm,256 suggesting a double helical 

structure formed. With the addition of Fe-cylinder (Figure 3.17), there is a 

decrease in CD signal intensity when titrated up to 30 µM, after the titration up 

to 40 µM, there was a hypsochromic shift from ~280 nm to ~275 nm, also an iso-

elliptic point was observed ~263 nm, suggesting the interaction between Fe-

cylinder and double-stranded DNA, which is consistent with the previous work 

that the cylinder binds to double helical DNA. 

 

Figure 3.17 CD spectra of titration experiments of 0 – 50 μM of Fe-cylinder with 10 μM 

DS in buffer containing 10 mM sodium cacodylate and 100 mM potassium chloride at pH 

7.0. CD signal of ligand was subtracted. 

 

After the titration of Fe-cylinder with double-stranded DNA, this ligand was also 

examined with hTeloG (pH 7.0). In the CD signal (Figure 3.18), hTeloG showed a 

positive peak at 250 – 260 nm (parallel G-quadruplex form) and 290 nm (anti-

parallel G-quadruplex form),209,210 indicating the mixed species existed in the 

solution. Upon titration of up to 50 µM of Fe-cylinder, there was a slight decrease 

of CD signal at 290 nm, but a clear decrease at 250 nm was observed that indicated 

a possible unfolding parallel G-quadruplex structure, however, compared to the 

loss of the parallel form, there is no significant change in antiparallel species. 
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Figure 3.18 CD spectra of titration experiments of 0 – 50 μM of Fe-cylinder with 10 μM 

hTeloG in buffer containing 10 mM sodium cacodylate and 100 mM potassium chloride at 

pH 7.0. CD signal of ligand was subtracted. 

The Fe-cylinder was then examined with i-motif forming sequences from the 

human telomere and Hif1α i-motif up to 50 µM of ligand. In Hif1α, there was a 

large decrease in CD signal at 288 nm, two iso-elliptic points at 235 and 275 nm 

were observed, and a hypsochromic shift from 288 nm to 280 nm, which indicated 

the ligand significantly unfolds Hif1α structure. While in the titration with the 

hTeloC sequence, only a slight decrease was found in the CD signal at 288 nm. 

Although compared to Hif1α and hTeloC had big difference in titration, they were 

performed at different pHs, as they have different pH properties, therefore, if 

Hif1α was repeated at low pH where could form quite stable i-motif structure, the 

Fe-cylinder may not have such huge effect on the highly stable i-motif structure. 

The additional CD titrations were also performed, we would like to add more Fe-

cylinder until the CD signal reaches to plateau or no further change (Figure 

3.19). 
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Figure 3.19 CD spectra of titration experiments of 0 – 50 μM of Fe-cylinder with 10 μM 

i-motif DNA a). Hif1α at pH 6.8, b). hTeloC at pH 5.5, all experiments were performed in 

a buffer containing 10 mM sodium cacodylate and 100 mM potassium chloride. CD signal 

of ligand was subtracted. 

A further CD titration of Hif1α showed a positive peak around 288 nm and a 

negative one at 260 nm, indicating an i-motif structure formed. Upon titration of 

up to 5 µM of Fe-cylinder into Hif1α solution (pH 6.8), there was a decrease in 

CD signal at 288 nm, then upon titration up to a higher concentration of Fe-

cylinder, the CD signal intensity at 288 nm kept decreasing in a dose-dependent 

fashion until ~ 100 µM in which no further reduction in ellipticity was observed. 

At this point, it was observed that some purple precipitation was visible within 

the cuvette, so this was the maximum concentration this was performed. During 

the titration, there was a hypsochromic shift of around 10 nm from 288 nm to 278 

nm observed (Figure 3.20), both decreases in the CD signal and hypsochromic 

shift suggested ligand-dependent disruption or unfolding of the i-motif 

structure,257 the precipitation suggests DNA-complex aggregation could form. 
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Figure 3.20 CD spectra of titration experiments of 0 – 100 μM of Fe-cylinder with 10 μM 

Hif1α in buffer containing 10 mM sodium cacodylate and 100 mM potassium chloride at 

pH 6.8. CD signal of ligand was subtracted. 

In contrast, the Fe-cylinder had no significant effect on the CD spectrum of 

hTeloC  (Figure 3.21), and the spectrum as unchanged in the presence of 100 µM 

Fe-cylinder. For example, the hypochromic shift of ~5.8 mdeg in Hif1α at 35 µM 

was observed, while in the hTeloC, only ~1.7 mdeg at the concentration of 100 µM 

was detected. Moreover, in this case, there was no significant hypsochromic or 

bathochromic shift, indicating Fe-cylinder had little interaction with hTeloC i-

motif structure. It is, however, considered that hTeloC was performed at pH 5.5, 

so further experimental controls could be performed to determine the general 

effect of pH on the interaction.  
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Figure 3.21 CD spectra of titration experiments of 0 – 100 μM of Fe-cylinder with 10 μM 

hTeloC in buffer containing 10 mM sodium cacodylate and 100 mM potassium chloride at 

pH 5.5. CD signal of ligand was subtracted. 

 

The i-motif forming sequence from the promoter DAP was also studied with the 

Fe-cylinder. This time Fe-cylinder was titrated to DNA directly up to 100 µM, 

and no precipitation was observed. Although there was no significant 

hypsochromic shift at 288 nm (1 nm) compared to Hif1α (10 nm), a large loss in 

the CD signal at both 288 and 265 nm, and two iso-elliptic points at ~235 and ~276 

nm were detected (Figure 3.22). As in the solution, an equilibrium between single-

stranded and i-motif species exists at the same time, such a large loss in signal (8 

mdeg)  indicates upon the addition of Fe-cylinder, the equilibrium was shifted 

towards single-stranded species,  which suggested the Fe-cylinder also showed 

some of the unfolding effects on DAP i-motif structure. However, at pH 7.0, the 

DNA i-motif is not completely unfolded, in order to observe the spectrum of an 

totally unfolded strand, the experiments could be performed at higher pH 

conditions such as 8.0 or higher. 
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Figure 3.22 CD spectra of titration experiments of 0 – 100 μM of Fe-cylinder with 10 μM 

DAP in buffer containing 10 mM sodium cacodylate and 100 mM potassium chloride at 

pH 6.8. CD signal of ligand was subtracted. 

 

3.4.3 Unfolding and Destabilization of i-Motif Structure from Hif1α  

According to the CD titration experiments, it was suggested that the Fe-cylinder 

seems to unfold the Hif1α i-motif structure but has less interaction with the 

hTeloC sequence. After plotting the molar ellipticity at 288 nm of Hif1α, hTeloC, 

and DAP against the concentration of Fe-cylinder (Figure 3.23), there was a 

clear decrease from the point at 70 µM, indicating precipitation starting 

aggregated, therefore, the further fitting used the curve from 0 – 70 µM. 
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Figure 3.23 CD plot of molar ellipticity at 288 nm of Hif1α (■ red squares), hTeloC (●blue 

circle), and DAP (▲black triangle) against Fe-cylinder. The arrow indicates precipitation 

formed in Hif1α. Error bars showed the standard deviation across two repeats. 

The plot of the molar ellipticity of Hif1α against the concentration of the Fe-

cylinder showed a sigmoidal curve, indicating a cooperative effect258 that the Fe-

cylinder at one binding site changes the binding affinity at other sites, which 

suggested Hif1α i-motif has potentially more than one binding site for Fe-

cylinder, therefore, when the increased concentration of ligand, Fe-cylinder 

would possibly bind to multiple sites thus to unfold the i-motif structure (Figure 

3.24).  

The sigmoidal curve showed a cooperative relationship between the ligand and 

DNA. This suggests that as the ligand binds DNA it creates more binding sites 

and induces unfolding. These data were therefore fitted using the Hill1 equation 

(Equation 8), where θ is the fraction of ligand binding sites filled, n is the Hill 

coefficient and [L] is ligand concentration, KA is ligand concentration occupying 

half of the binding sites. 
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Equation 8 Hill Fit. 

θ = 
[𝐿]𝑛

[𝐾𝐴]𝑛+[𝐿]𝑛 

 

Figure 3.24 CD plot of molar ellipticity at 288 nm of Hif1α (■ red squares), hTeloC (●blue 

circle) and DAP (▲black triangle) against the concentration of Fe-cylinder. Ellipticity at 

288 nm against ligand concentration of Hif1α was fitted by the Hill equation, errors bars 

showed the standard deviation across two repeats. 

In general, cooperative binding may be positive (n > 1) or negative (n < 1) 

depending on the way ligand binding increases or decreases the binding affinity of 

other binding sites. From the Hill fitting, the Hill coefficient of 2.1 was determined 

for Fe-cylinder to Hif1α, which has identified Fe-cylinder has positive 

cooperativity of Hif1α. In addition, [DC]50 value, the concentration of Fe-cylinder 

required to get a 50% of reduction in molar ellipticity, was also calculated to be 

17.2 ± 2.2 µM for Hif1α, indicating a relatively strong unfolding effect on Hif1α. In 

contrast, the plot for Fe-cylinder and hTeloC (Figure 3.24), did not present 

strong evidence of cooperative effect, because the corresponding binding curve 

gave a comparative linear loss of signal. For the plot of DAP and the Fe-cylinder, 

although it seems a binding curve, the ligand for these experiments were not from 
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the exact same stock, to allow for the difference in concentration range, therefore, 

it could be that these differences may cause a discrepancy here in the results. 

From the CD titration and an analysis of the correlation between molar ellipticity 

and the concentration of ligand, Hif1α was selected for further study. This 

sequence was identified as forming a stable structure at neutral pH and thus may 

be more physiologically relevant.62 It also had the largest effect observed from 

titration experiments. These results suggest that the Fe-cylinder can unfold the 

Hif1α i-motif, so the next step was to explore its effects on the thermal stability of 

the i-motif. As precipitation was observed at 70 µM in the CD titrations CD 

melting experiments were performed and melting temperatures were calculated 

in the absence and presence of 50 μM of the compound. The plot of normalized 

molar ellipticity at 288 nm (fraction folded) gave the sigmoidal curves for Hif1α 

with and without Fe-cylinder (Figure 3.25), and they were fitted using the Dose-

Response sigmoidal fitting in OriginLab to reveal the melting temperatures. The 

ΔTm was found to be -17.3°C, indicating a strong destabilizing effect on the thermal 

stability of Hif1α i-motif. 

 

Figure 3.25 CD melting of Hif1α in the absence (black square) and the presence (red circle) 

of 50 μM Fe-cylinder, with 10 μM Hif1α in the buffer containing 10 mM sodium 

cacodylate and 100 mM potassium chloride at pH 6.8. 
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3.4.4 Stoichiometry 

To examine the potential binding sites on Hif1α for the Fe-cylinder, a continuous 

variation binding analysis (Job Plot) was performed.259260 A group of samples was 

prepared in which the ratio of Fe-cylinder:Hif1α-i-motif varied between 1:9 and 

9:1, but the whole concentration of ligand + DNA in each sample was kept constant 

at 20 µM, and then the CD spectra were measured for each sample. Also, a series 

of samples with the same concentration of DNA but in the absence of Fe-cylinder 

were examined, for the analysis, this data was subtracted from the first set to get 

the change in molar ellipticity. The plot of the change in molar ellipticity at 288 

nm against the ratio of DNA gave a graph (Figure 3.26) that would correspond to 

the stoichiometry. 

 

Figure 3.26 Job Plot presenting the stoichiometry of the interaction between Hif1α and 

Fe-cylinder in 10 mM sodium cacodylate and 100 mM potassium chloride at pH 6.8. The 

error bars show the standard deviation across 2 repeats. 
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To determine stoichiometry, the plotted points were fitted by two linear lines that 

intersect each other. The intersection point reflects the X-axis giving the molar 

ratio of DNA, which can be converted into stoichiometry. From the analysis, the 

graph gave an average stoichiometry of 2.3:1, which equals to roughly 2:1 of Fe-

cylinder:DNA. We considered that there might be the possibility that the 

stoichiometry may be higher than 2:1 but analysis of the two intersecting linear 

standard curves indicates that the stoichiometry of 2.3:1 is within error of 2:1. The 

2:1 stoichiometry also seems reasonable, given the size of the Fe-cylinder, it is 

likely that it would target the larger potential binding sites in the structure, and 

these might be the major grooves. Other options could be end-stacking or 

interaction with the loops, however, as Fe-cylinder destabilises Hif1α at pH 7.0, 

this is indicative that the ligand might bind other structures or single-stranded 

DNA rather than the i-motif structure.  

3.4.5 Discussion 

From the CD titration experiments, the Fe-cylinder showed interaction with 

double-stranded DNA. This result was not surprising as the previous reports in 

the literature showed that the Fe-cylinder binds to the major groove of duplex 

DNA.250The CD titration indicated that it might unfold the parallel G-quadruplex 

structure of hTeloG. Although this effect was modest, it could be worth 

investigating the unfolding ability further in the future. However, it was clear that 

there was a much stronger interaction and effect with i-motif DNA. In the 

examination with i-motif structure, among the tested three sequences, Hif1α 

showed a much stronger effect in the presence of Fe-cylinder compared with DAP 

and hTeloC, suggesting it has selectivity to Hif1α i-motif. CD melting showed that 

the Fe-cylinder gave the largest decrease in melting temperature (-17.3°C) of all 

ligands that have been presented in this thesis. From the data, the unfolding of 

the i-motif seemed relatively easy compared to the unfolding G-quadruplex. In fact, 

in general, within this thesis and the literature there seem to be more 

destabilizing compounds for i-motif compared to G-quadruplex. The 

destabilization of the G-quadruplex by comparison is more unusual. The classic 

ligand TMPyP4 has also been identified to unfold both G-quadruplex and i-motif 
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structures,97  the next chapter, will discuss some of TMPyP4’s properties and 

unfolding effects. 

3.5 Conclusions 

Overall,  we have identified many ligands that interact with i-motif structures. 

The outcomes from this project were two NCI compounds 71795 and 19990 could 

be used as potential i-motif stabilizers for i-motif conjugate design. While from the 

last chapter, we have not investigated a double-stranded selective minor groove 

binder, therefore, currently, we cannot proceed with the proof of concept. In the 

study of metal complexes, Pt(I) complexes 22 and 23 showed selectivity to human 

telomeric i-motif rather than other types of DNA structures, and 22 showed a 

significant destabilization effect on the stability of hTeloC rather than 23. Both Pb 

complexes also showed interactions with other i-motif and G-quadruplex 

structures, but no moderated effect on their thermal stability. The Fe-cylinder 

was examined with several i-motif sequences, it shows strong destabilizing effect 

on Hif1α while no significant effect on hTeloC. The reason could be different pHs 

were used for Hif1α and hTeloC experiments, and it is easier for Fe-cylinder to 

destabilise the i-motif structure at higher pH, therefore, if the tested i-motif 

sequences were repeated at pH 5.5, Fe-cylinder may not have such huge 

destabilising effect on Hif1α. In the the future work, it will be worth to investigate 

it. For the many ligands that showed destabilizing effects on i-motif structure, 

although they are not suitable for i-motif conjugate synthesis, they all contributed 

to the study of the interaction between ligands and i-motif DNA structures.
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Chapter 4 

Unfolding RNA G-Quadruplex by TMPyP4 
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4.1 Introduction 

This chapter is as part of the paper “Mechanistic Insights into the Ligand-Induced 

Unfolding of an RNA G-Quadruplex” in JACS.145 

In the previous chapter, an abundance of i-motif unfolders has been identified, 

further supporting other previous work from the literature.97 This work identified 

some small molecules that could slightly destabilize and unfold G-quadruplex 

DNA. There is not much known about G-quadruplex unfolding compounds, despite 

there being thousands of well-characterized G-quadruplex ligands.261 Prof. Shozeb 

Haider led work to investigate the unfolding effects of TMPyP4 on RNA G-

quadruplex using well-tempered metadynamics (WT-MetaD).  The Waller group 

has already previously characterized the binding properties of TMPyP4, which 

had been shown to destabilize i-motif and could significantly unfold i-motif from 

the promoter regions of DAP and ATXN2L compared to other compounds at pH 

7.0.97 Also previous work on ligand-DNA unfolding (Chapter 3) gave me the 

necessary experience to study the unfolding of G-quadruplexes. Thus, we were 

able to collaborate and support Prof. Haider’s computational study of TMPyP4 

binding RNA G-quadruplex with the necessary biophysical characterization.  

As discussed in Chapter 1, G-quadruplex forming sequences play an important 

role in regulating gene expression. Wide human genomic analyses have 

identified >500,000 DNA and >6,000 RNA putative G-quadruplex forming 

sequences (PQFS).32,262–264 Their existence has potential important functions in 

regions involved in telomere maintenance and DNA damage response in aging.265 

For instance, both human telomeric DNA d(TTAGGG) and telomeric repeat-

containing RNA r(UUAGGG) can form into G-quadruplex structures and are 

significant to telomere biology and epigenetics regulation.266 Thorough mapping of 

the DNA replication origins has indicated that almost 90% of start sites contain 

RNA G-quadruplex structures.267 With a high population of PQFS in gene 

transcription start sites, indicates a role of the G-quadruplex in regulating the 

transcription process.268,26 Recent research indicated that an RNA G-quadruplex 

plays a role in the regulation of RNA expression in mitochondria,269 and leads to 



 

122 
 

the formation of epitranscriptomics270 and membrane-less organelles.271,272 It has 

been reported that a G-quadruplex may be involved in the regulation of translation 

because of the high frequency of PQFS in the regions of 5′ untranslated regions 

(5′-UTR) of encoded mRNA.273,274 Furthermore, it has been shown that RNA G-

quadruplex in cells is involved in translation, replication, and transcription.275  In 

addition to the human genome, PQFS also widely exists in bacteria276 and 

viruses.277  

The studies of G-quadruplex binding ligands are mostly focused on the 

stabilization of the G-quadruplex structure.278–280 However, the importance of 

unfolding the G-quadruplex structure is not fully apprehended, the study has 

shown unfolding of the G-quadruplex structure can enhance the efficiency of 

translation in the FMR1 gene and also the 5′UTR of FMR1 mRNA in Fragile X 

syndrome.281,282 In addition, age-related changes or genetic loss in the proteins 

with G-quadruplex modulation, have been suggested to promote neurological 

disorders and brain aging.283 Therefore, destabilization of the G-quadruplex 

structure can be significant in controlling gene expression and in developing 

applications of treatment for age-related neuro-disorders. A number of small 

molecules have been reported to destabilize the G-quadruplex structure, for 

example, TMPyP4 is identified to disrupt the G-quadruplex structures in Fragile 

X FMR1 gene282 and the MT3 endopeptidase mRNA sequence.284 These results of 

G-quadruplex destabilising by TMPyP4 are unusual, as it is normally considered 

to be a quadruplex stabiliser. 285,286 

In comparison with other classical G-quadruplex binding ligands, TMPyP4 

(Figure 4.1) is quite special as it can either stabilize or destabilize G-quadruplex 

structures, depending on the sequences studied. It has been shown that TMPyP4 

stabilizes the G-quadruplex structure and also has antitumor285,286 and antivirus 

activity.287 TMPyP4 was reported to stabilize c-MYC Pu24I sequence stacking on 

the top of G-tetrad using NMR (PDB 2A5R).288 The mechanism of binding mode 

between human telomeric G-quadruplex and TMPyP4 is stacking with the loop 

TTA instead of G-quartet (PDB 2HRI).289 In contrast, there is also research 

suggesting that TMPyP4 can destabilize and unfold G-quadruplex structures, for 
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example, the Basu group identified that TMPyP4 unfolds the extreme stable M3Q 

G-quadruplex structure of MT3-MMP mRNA, and results in enhanced translation 

of mRNA.284  

 

Figure 4.1 Structure of TMPyP4. 

In this study, we investigated the interaction between TMPyP4 and one RNA G-

quadruplex forming sequence PQS18-1 r(GGCUCGGCGGCGGA) from the non-

coding region of the pseudorabies virus (PRV).290 It’s a parallel G-quadruplex 

structure consisting of four-stacked tetrads stabilized by three potassium cations 

on the central axis. The crystal structure of the complex of TMPyP4 and G-

quadruplex PQS18-1 has previously been published (PDB id 6JJH, 6JJI).291 From 

the structure, there are two molecules of TMPyP4 bound to the G-quadruplex, 

one intercalated in the G-tetrad and one external to the RNA G-quadruplex 

(Figure 4.2). 
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Figure 4.2 Crystal structure of the PQS18-1 RNA-TMPyP4 complex (PDB ID 

6JJH).  

Herein, this project was part of a collaboration with the Haider group, and the 

mechanism of the unwinding of the G-quadruplex RNA structure by a porphyrin 

compound TMPyP4 was studied using WT-MetaD enhanced sampling 

simulations.145 The work built from the crystal structure of TMPyP4 bound to the 

PQS18-1 RNA and TMPyP4 was simulated to bind on the top of the face and in 

one of the grooves of G-quadruplex RNA.291 To support and access the reliability 

of the theoretical results, several biophysical experiments were performed, and 

CD, UV absorbance, and FRET titrations were used.  

4.2 CD Spectra Results  

CD spectra were used to investigate nucleic acid structure and folding.159 The RNA 

PQS18-1 samples were prepared in 10 mM lithium cacodylate and 100 mM 

potassium chloride buffer, as PQS18-1 RNA was identified to form parallel G-
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quadruplex in the presence of K+.291 Lithium-based cacodylate buffer, rather than 

sodium cacodylate, was used to prevent the formation of antiparallel topology,41 

and avoid competition between Na+ and K+ in coordinating with the G-tetrad. As 

discussed in Chapter 1, the type of cations plays a key role in G-quadruplex 

topology. The size of Li+ is very small, compared to other monovalent cations from 

group I,41  therefore, using a lithium-based buffer will ensure only K+ could 

coordinate with G-tetrad and avoids the unnecessary complication of mixtures of 

G-quadruplex topologies.  

CD was used to measure the spectrum of PQS18-1 RNA between 200 and 650 nm. 

Typically, CD spectra on nucleic acids would be measured between 200 and 320 

nm. An extended range of wavelengths was used as previous studies of TMPyP4 

with a G-quadruplex forming sequence from Bcl2, showed an induced CD signal 

at 436 nm.292 With the additions of TMPyP4 to RNA PQS18-1, a continually 

concentration-dependent decrease in CD signal at 264 nm was observed (Figure 

4.3), it decreased down to a plateau at around 60 – 70 µM (6 – 7 eq), and the purple 

precipitation was observed, consistent with unfolding effect. A bathochromic shift 

of the positive band at 264 nm was observed, also the iso-elliptic point at around 

248 nm was observed. Thes data suggested that TMPyP4 was interacting with 

the PQS18-1 RNA G-quadruplex structure. The hypochromic change suggested 

that the ligand was unfolding the G-quadruplex structure, furthermore, TMPyP4 

induced a bathochromic shift at low concentration, which suggests that other 

structures were adopted. On the other hand, there was no CD signal observed at 

295 nm in the absence of TMPyP4, after the addition of 10 µM (1 equivalent), a 

small peak appears at this wavelength, suggesting an antiparallel G-quadruplex 

formed. With the increased concentration of TMPyP4, this signal reaches a 

plateau at 15 µM (1.5 equivalents) of TMPyP4 added.  
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Figure 4.3 CD spectra of titration experiments of 0 – 70 μM of TMPyP4  with 10 μM 

PQS18-1 RNA in buffer containing 10 mM lithium cacodylate and 100 mM potassium 

chloride at pH 7.0. CD signal of ligand was subtracted. 

We considered that this may be an important indicator for ligand binding, and we 

wanted to see whether TMPyP4 had the same effect on RNA G-quadruplex. We 

performed a CD titration where we titrated small aliquots of TMPyP4 into the 

RNA (Figure 4.4 a). The CD titration of the PQS18-1 DNA G-quadruplex 

sequence (Figure 4.4 b) with TMPyP4 was also performed to directly compare it 

to RNA G-quadruplex. Typically, the CD would usually be performed with 10 μM 

of nucleic acids, but we found the signal for the DNA d(GGCTCGGCGGCGGA) 

was very poor. This is due to the fact that RNA G-quadruplexes are much more 

stable than DNA G-quadruplexes. In this case, we had to use double the quantity 

of DNA, so the CD titration of DNA was performed at 20 µM.  
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Figure 4.4 a) CD titration of 10 μM PQS18-1 RNA in the presence of 0–70 μM (0 -7 

equivalents) TMPyP4. b) CD titration of 20 μM PQS18-1 DNA in the presence of 0–100 μM 

(0 – 5 equivalents) TMPyP4. Both experiments were performed in 10 mM lithium 

cacodylate and 100 mM KCl buffer, pH 7.0. CD signal of ligand was subtracted. 

During the whole scanning wavelength, for TMPyP4 with PQS18-1 RNA, there 

was no significant CD signal observed between 320 – 650 nm. In the CD titration 

of TMPyP4 with DNA, the DNA in the absence of TMPyP4, showed a positive 

peak at 295 nm and a negative one at ~240 nm, which had the same features as 

anti-parallel G-quadruplex structure. No unfolding was observed after adding 

TMPyP4,  though, a significant signal appeared at 445 nm that increased in CD 

intensity with the addition of the compound. This was indicative of binding 
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between DNA G-quadruplex and TMPyP4 and it altered the DNA conformation, 

which is consistent with previous studies of DNA G-quadruplex with TMPyP4.293–

295 On the contrary, there is only weak induced exciton splitting in RNA G-

quadruplex titration. These results suggest the formation of dimers or high-order 

complexes, through groove binding or external stacking-binding mode, which is 

consistent with molecular dynamics studies.144,296,297 The CD titrations between 

PQS18-1 DNA and RNA show that TMPyP4 can unfold PQS18-1 RNA G-

quadruplex structure and interact with PQS18-1 DNA G-quadruplex, however, 

TMPyP4 seemed not to unfold PQS18-1 DNA G-quadruplex structure. 

From the CD titrations, it can be observed that TMPyP4 unfolds parallel G-

quadruplex RNA. The plot of the ellipticity at 264 nm against the concentration of 

TMPyP4 (0 – 70 µM) showed a sigmoidal-shaped curve (Figure 4.5), indicating a 

cooperativity binding process,258 this sigmoidal curve was fitted using the Hill 

equation (Equation 8), a Hill coefficient (n) of 4.1 which suggests the positive 

cooperativity (n > 1) of the binding of TMPyP4 to PQS18-1 RNA G-quadruplex. 

The half-denaturing concentration [DC]50 was also identified to be 42 ± 0.5 µM.  

 

Figure 4.5 Plot of molar ellipticity at 264 nm against the concentration of TMPyP4 and 

corresponding Hill fit. 
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Job Plot experiments were performed to determine the stoichiometry of TMPyP4 

to RNA. A set of samples were prepared where the ratio of TMPyP4 to RNA was 

between 1:9 and 9:1 the whole concentration of TMPyP4 + RNA in each sample 

was 20 µM, then the CD spectra were measured for each sample between the 

wavelength 200 – 320 nm, and the set of samples of RNA but without ligand was 

measured, then the change in molar ellipticity at 264 nm was plotted against the 

ratio of RNA, two linear lines intersected to get the stoichiometry (Figure 4.6). 

The stoichiometry of TMPyP4 to RNA is around 1.5:1, which is between 1:1 and 

2:1, indicating there may be more than one binding site for TMPyP4. The Haider 

group identified the stoichiometry to be 2:1 for TMPyP4 and RNA using ITC,145 

and the modelling indicated 2:1 binding so this result is broadly in-line with these. 

We also reanalyzed the linear curves by removing the point with a large error 

(Appendix 10), a range of stoichiometry was calculated between 2:1 – 1.4:1, and 

2:1 was within the error. 

 

Figure 4.6 a), Job plot of PQS18-1 RNA G-quadruplex and TMPyP4 in 10 mM lithium 

cacodylate and 100mM potassium chloride buffer at pH 7.0. b), reanalyzed Job Plot linear 

curves. The black and red symbols represent the points used for fitting the respective linear 

best fits to determine the intercept. 
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4.3 UV Spectra of TMPyP4 and PQS18-1 RNA G-Quadruplex  

During the CD titration, when increasing the concentration of TMPyP4 up to 70 

µM, aggregation and precipitation were observed, so we considered some CD 

signal losses might be due to aggregation, rather than unfolding and disruption of 

RNA G-quadruplex structure, therefore, during the CD titration, the UV 

absorbance spectra were also recorded (Figure 4.7) to investigate the behaviour 

of TMPyP4 in solution. 

 

Figure 4.7 Example UV titration spectra RNA PQS18-1 in the presence of TMPyP4. 

Experiments were performed at 10 μM RNA in 10 mM lithium cacodylate and 100 mM of 

potassium chloride buffer at pH 7.0, and 0 to 70 μM of TMPyP4.  

In a plot of the absorbance at 217 nm against increased concentration up to 70 µM 

(Figure 4.8 a), as can be seen, after 50 µM the data starts to plateau, this suggests 

that above this concentration, aggregation occurs. The plot of absorbance with a 

concentration of TMPyP4 (0 - 50 µM) gave a linear correlation (Figure 4.8 b), 

which is consistent with the Beer-Lambert Law, thus suggesting there was no 

aggregation at a such concentration under the conditions examined.  
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Figure 4.8 Plot of UV absorbance of the addition of different concentrations of the ligand 

to the RNA G-quadruplex complex. a) A plot of UV absorbance at 217 nm against the 

concentration (0 – 70 µM) of TMPyP4. b) Linear plot of UV absorbance at 217 nm against 

the concentration (0 – 50 µM) of TMPyP4. 

From the UV data, at 440 nm, hyperchromic and hypsochromic shifts were 

observed, indicating a strong effect could be detected at such a wavelength. The 

change in absorbance at 440 nm was converted into a fraction bound between 0 to 

1, then a plot of the fraction bound of UV absorbance at 440 nm against 

concentration gave a binding curve. One to one and two to one binding models 

(Equation 9 and 10) were used to fit the curve (Figure 4.9). Ka is the equilibrium 

association constant, K1 and K2 are the association constants for the first and 

second binding sites, respectively. Kd is the reciprocal value of Ka. 

Equation 9: one to one binding mode 

θ = 
Ka[ligand]

1 + Ka[ligand] 
 

Equation 10: two to one binding mode 

θ = 
K1[ligand] + 2K1K2[ligand]^2

1 + K1[ligand] + 2K1K2[ligand]^2
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.

Figure 4.9 Graph shows the fraction bound with increasing concentration of TMPyP4 

from the change in UV absorbance at 440 nm. Experiments were performed at 10 μM RNA 

in 10 mM lithium cacodylate and 100 mM of potassium chloride buffer at pH 7.0, and 0 to 

70 μM of TMPyP4. Data is fitted with 1 to 1 and 2 to 1 binding models using Slover. Error 

bars show the standard deviation across two repeats. 

The dissociation constants were then determined. From the 1 to 1 binding model, 

Kd is 10 ± 1.2 µM, 2 to 1 binding model gives Kd1 = 19 ± 0.7 µM and Kd2 = 188 ± 19 

µM. The 2 to 1 binding model may give a much better fit. This indicates that 

TMPyP4 has a moderate binding affinity to the RNA G-quadruplex binding sites, 

potentially with a higher binding affinity for the first binding site and a weaker 

affinity for the second binding site. This is consistent with the stoichiometry and 

computational work by the Haider group. 

4.4 CD melting 

CD melting experiments were performed to assess the effect of TMPyP4 on the 

stability of the PQS18-1 RNA G-quadruplex structure. The melting curve of RNA 
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PQS18-1 showed two transitions, indicating there were two melting temperatures, 

one at 45°C and another at 73°C, this suggested that the PQS18-1 RNA structure 

may have more than one conformation. When 10 µM of TMPyP4 was added to 

RNA, the shape of the curve slightly changed while the change in melting 

temperature did not change (Figure 4.10).  

 

Figure 4.10 CD melting of PQS18-1 RNA (10 μM) in the presence of 0 μM (black), 10 μM 

of TMPyP4 (red) in 10 mM lithium cacodylate and 100 mM KCl, pH 7.0. The plot was 

fitted using bisigmoidal curve fitting. 

Then we did the CD melting of RNA in the presence of 20 µM of TMPyP4, and the 

shape of the curve changed again, tending towards a single transition instead of 

two separate ones (Figure 4.11), suggesting TMPyP4 altered the structure of 

RNA G-quadruplex. The melting temperature was around 71°C, indicating the 

change in melting temperature of -2°C, which showed a slight destabilization 

effect on RNA structure. The shape of the graph could be interpreted to give a 

transition at the midpoint between the folded and unfolded, but the overall change 

in melting temperature across the two melting experiments is between -2 and -

5°C. 
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Figure 4.11 CD melting of PQS18-1 RNA (10 μM) in the presence of 0 μM (black), 20 μM 

of TMPyP4 (red) in 10 mM lithium cacodylate and 100 mM potassium, pH 7.0. The plot 

was fitted using bisigmoidal curve fitting. 

When the concentration of TMPyP4 was increased further, up to 50 µM, the 

change in the shape of the melting curve also increased again (Figure 4.12), also 

there were again two clear transitions at 37 and 70°C, which indicates ΔTm values 

of -8 and -3°C.  
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Figure 4.12 CD melting of PQS18-1 RNA (10 μM) in the presence of 0 μM (black), 50 μM 

of TMPyP4 (red) in 10 mM lithium cacodylate and 100 mM potassium, pH 7.0. The plot 

was fitted using bisigmoidal curve fitting. 

The CD melting results showed a decrease in the melting temperature of RNA G-

quadruplex, indicating TMPyP4 causes the destabilization of PQS18-1 RNA G-

quadruplex structure. All the melting curves are biphasic which indicates more 

than one complex is formed. The possible reason could be there are potentially two 

species (parallel and antiparallel species). As in the CD titration experiments, an 

initial shift from parallel towards antiparallel can be observed before unfolding. 

TMPyP4 changed the shape of the RNA melting curve, consistent with TMPyP4 

altering the structure of RNA G-quadruplex, and the RNA-ligand complex being 

less stable than the free-RNA. 

Meanwhile, we also did a study on the corresponding annealing analysis in the 

absence and presence of TMPyP4. Figure 4.13 shows the CD melting and 

annealing for RNA PQS18-1 in the absence of TMPyP4.The thermal CD spectrum, 

the melting and annealing process only showed a positive peak at ~264 nm, which 

was consistent with parallel G-quadruplex structure. However, in the plots of 

ellipticity at 264 nm against temperature, both thermal curves showed two clear 

transitions, indicating more than one species formed during heating and 

annealing processes. 
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Figure 4.13 Example CD melting (a) and annealing (b) of RNA PQS18-1 and thermal 

curves (c). Experiments were performed at 10 μM RNA in 10 mM lithium cacodylate and 

100 mM potassium chloride buffer, pH 7.0. 

The CD melting and annealing of RNA PQS18-1 in the presence of 20 µM 

TMPyP4 (Figure 4.14), during the melting process, showed two transitions that 

were similar to the melting curve in absence of TMPyP4 shown in Figure 4.14 c, 

however, during the cooling process, the annealing curve changed and only one 

transition was observed, indicating TMPyP4 interacted with RNA and altered the 

RNA structure, furthermore, at the end of annealing, dark purple precipitation 

was observed, suggesting ligand-RNA aggregation formed. 
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Figure 4.14 Example CD melting (a) and annealing (b) of RNA PQS18-1 and thermal 

curves (c). Experiments were performed at 10 μM RNA in the presence of 20 μM TMPyP4 

in 10 mM lithium cacodylate and 100 mM potassium chloride buffer, pH 7.0. 

Then the CD melting and annealing of RNA with 50 µM TMPyP4 were performed 

(Figure 4.15). In the annealing spectra, there was a decrease in CD signal at 295 

nm, and unlike the other two annealing of RNA control and RNA with 20 µM 2 

TMPyP4 at which a clear decrease was observed at 264 nm, the annealing of RNA 

with 50 µM ligand did not show a significant decrease at this wavelength. Then in 

the thermal curves, the melting curve showed clear two transitions, but the 

annealing curve still showed one transition, and significantly changed the shape, 

there was a significant right shift in annealing. Interestingly there is a clear 

increase in the annealing temperature of the RNA with each progressive addition 

of TMPyP4. For example, the PQS18-1 RNA in the absence of TMPyP4, the 

annealing temperature (Ta1 = 40°C, Ta2 = 57°C) was lower than the melting 

temperature (Tm1 = 46°C, Tm2 = 73°C); then PQS18-1 RNA with 20 µM TMPyP4, 
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the Ta and Tm were roughly the same. However, in the experiment where we 

examined PQS18-1 RNA with 50 µM of TMPyP4, the annealing temperature was 

significantly more than the melting temperature (Tm1 = 34°C, Tm2 = 69°C, Ta = 

90°C). During the annealing process, re-folding occurred when the temperature 

decreased to around 58°C, but the signal then started to decrease again (Figure 

4.15 d). There was also precipitation observed at the end of the annealing, this 

indicates the annealing experiments were complicated by precipitation and ligand-

RNA aggregation processes. The CD melting and annealing curves do not look very 

clean, because there is high signal to noise. The PQS18-1 RNA G-quadruplex is a 

2-tetrad G-quadruplex structure so it has not as much signal, we had tried to use 

higher concentration of RNA for the experiments, but the solubility of the 

TMPyP4-RNA complex is quite low, therefore, we proceeded to continue using 10 

µM RNA, in spite of the signal to noise issues. 
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Figure 4.15 Example (a) CD melting and (b) annealing of RNA PQS18-1, (c) thermal 

curves, and (d) annealing curve. Experiments were performed at 10 μM RNA in the 

presence of 50 μM TMPyP4 in 10 mM lithium cacodylate and 100 mM potassium chloride 

buffer, pH 7.0. 

4.5 FRET Titration Results of TMPyP4 with PQS18-1 RNA G-

Quadruplex 

To further investigate the change in structure observed in CD experiments, FRET 

titration was performed to explore the apparent unfolding, using FRET labelled 

RNA PQS18-1 with FAM at 5′-end and TAMRA at 3′-end. In this design, the 

fluorophores would be close together when the G-quadruplex folded, and energy 

will be transferred from FAM to TAMRA, then the FRET would occur. The FRET 

labelled RNA PQS18-1 was excited at 490 nm and the emission spectrum was 

recorded from 500 to 650 nm, the fluorescence of FAM and TAMRA can be detected 

at 515 and 585 nm respectively. Unlike the FRET melting experiments, FRET 
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titration allows us to observe the folding in real-time using a fluorimeter. In this 

experiment with (Figure 4.16) when the RNA G-quadruplex was folded as 

expected the signals from TAMRA were high (at 585 nm) while FAM (515 nm) was 

low, consistent with the fluorophores being in close proximity and FRET occurring. 

Upon the addition of 0 – 0.5 µM (0 – 5 equivalents) of TMPyP4, there was no 

significant decrease in the emission of FAM at 515 nm. On the contrary, the 

emission of TAMRA was observed to decrease at 585 nm to the folded PQS18-1 

RNA (0.1 µM), indicating TAMRA emission is decreasing and could be indicative 

of less FRET occurring and thus also the unfolding of RNA G-quadruplex structure. 

However, compared to the conditions of CD experiments, the conditions of FRET 

titrations are quite different, as much lower concentration of RNA and ligand were 

used, the concentration differences are important, therefore, the fraction bound 

could be very different. 

 

Figure 4.16 a) Example fluorescence spectra of 0.1 μM RNA PQS18-1 labelled with FAM 

and TAMRA in the presence of TMPyP4 RNA in 10 mM lithium cacodylate and 100 mM 

of potassium chloride buffer, pH 7.0. b) fluorescence of RNA in the absence of TMPyP4 (red) 

and the presence of 0.5 μM of TMPyP4 (green). 

The change in fluorescence can be used to calculate the relative FRET efficiency 

using Equation 3, where IA is the fluorescence intensity of acceptor fluorophore 

TAMRA and ID is the fluorescence intensity of donor fluorophore FAM, when RNA 

is fully unfolded, the plot of Erel. gives a decreasing curve indicating the unfolding 

process. 
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Equation 3 Erel. = 
𝐼𝐴

𝐼𝐷  + 𝐼𝐴
 

 

The FRET efficiency was fitted using the Hill equation (Equation 8) to determine 

[DC]50 of TMPyP4 at which half RNA is unfolded and the cooperativity of the 

interaction (Figure 4.17). The error bars are larger at higher concentrations of 

ligand. This could be as the concentration of both RNA and ligand were quite low 

during FRET titration experiments, thus the error of pipetting would be greater 

than normal, or the RNA might have denatured, this should be checked in future 

studies. 

 

Figure 4.17 FRET efficiency showing unfolding of 0.1 µM RNA PQS18-1 G-quadruplex 

with increasing concentration of TMPyP4 (0 – 0.5 µM) in 10 mM lithium cacodylate and 

100 mM potassium chloride at pH 7.0. Also corresponding to Hill fit. Error bars show the 

standard deviation across 3 repeats.  

Using the fitting method, a value for [DC]50 of 0.35 µM was determined, and low 

positive cooperativity (n >1) of n = 1.42 was calculated. These values are roughly 

in-line with those observed in the CD titration. Thus, the concentration-dependent 

decrease in EFRET also happened with the addition of TMPyP4, which is consistent 

with the unfolding of the PQS18-1 RNA G-quadruplex structure with TMPyP4 

but monitored by a complementary method. 
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4.6 Conclusions 

According to the biophysical data presented in this project, TMPyP4 showed the 

ability to unfold RNA PQS18-1 G-quadruplex structure. The computational work 

performed by the Haider group showed that, in addition to having stabilizing 

properties for some G-quadruplexes, the ligand could also act as an unfolding 

agent on G-quadruplex, depending on the type of G-quadruplex structure.145 As 

there is not much information on the dynamic structure of the ligand binding mode, 

biophysical characterization was important. The Job Plot indicated binding to 

more than one site, which is consistent with computational experiments showing 

that there are high- and low-affinity binding sites at the top-face and major groove-

bound sites, respectively.145 This “two independent sites” model also showed in 

ITC and UV titration experiments performed by the Haider group.145 The 

concentration-dependent biophysical difference indicates the formation of a 

ligand-RNA intermediate during the titration process. The CD melting and 

annealing results supported the titration that TMPyP4 interacts with RNA G-

quadruplex and could form a ligand-RNA complex, and with the addition of 

TMPyP4, annealing temperatures were significantly increased. All the 

biophysical experiments were performed at a large range of concentrations of 

PQS18-1 RNA from 0.1 µM (in the FRET titration) to 10 µM (in the CD titration 

and melting), indicating the folding effects can occur at a wide range of RNA 

concentrations and there is no limit with high concentrations of RNA.  

Although from the previous study, the binding mechanism of TMPyP4 to G-

quadruplex is controversial, some studies showed it stabilizes G-quadruplex 

structure under high potassium concentration,286,288 while some others suggest 

that TMPyP4 destabilizes G-quadruplex,281,284,298 and a few reports that 

TMPyP4 can alter the topology of G-quadruplex.299 From our biophysical 

experiments, both destabilizing and alteration G-quadruplex structure exist, 

which depends on the concentration ratio and temperature. According to the 

results, it is difficult to predict the interaction between G-quadruplex and ligands, 

therefore, the approaches for ligands design cannot only be based on the structure 

but dynamic interaction should also be considered. This understanding of the 
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unfolding effect of TMPyP4 on RNA G-quadruplex will be helpful to further study 

the i-motif or G-quadruplex ligands binding process.  
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Chapter 5 

Study of Repetitive GC-rich Sequences from 

Promoter Region of ALOX5 
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5.1 Introduction  

 

As discussed in Chapter 1, DNA can adopt multiple topologies, for example, G-

quadruplexes and i-motif structures, and they also have potential biological 

functions. G-quadruplexes have been identified as involved in the regulation of 

gene expression.300–304 The structure of complementary C-rich sequences can be 

more complicated than G-quadruplex forming sequences. It has been suggested 

the equilibrium in the solution of C-rich sequence exists between single strand, i-

motif, duplex, and hairpin, this has indicated that i-motif structure could be 

relevant to the regulation of transcription.69,248,305  Many ligands bind to the i-motif 

and then affect gene expression, for example, the Hurley group identified that the 

ligands IMC-48 and IMC-76 affect the BCL2 expression,248 suggesting the i-motif 

is not just a special structure and can only be used in biotechnological 

applications,306,307 but can also alter biological effects by targeting molecules or 

proteins. The Christ group also showed the relevance of this structure through 

their experiments using an i-motif specific antibody iMab. They used this antibody 

to visualize the presence of i-motifs in celluo in the nuclei of human cells and 

showed that the formation of i-motifs in cells is both pH and cell-type dependent.308 

In addition, the Feng group identified the existence of i-motif structures in the 

testis cell of silkworms,309 it was the first time that the in celluo i-motif structures 

were observed in invertebrate cells. The in celluo i-motifs found exist in both 

vertebrate and invertebrate cells, suggesting the potential significance of i-motif 

as a modulatory mechanism in gene transcription across different organisms.  

 

I have a great interest in leukaemia; therefore, I was interested in studying a 

specific i-motif sequence from the promoter region related to leukaemia. In a 

previous study on leukaemia, other DNA structures were used as a target, for 

example, the G-quadruplex structure is widely used and well-studied in studying 

as a target for leukaemia chemotherapy.310 Many G-quadruplex ligands (e.g. 

TMPyP4,98 ATTP-253,311 telomestatin312 and SYUIQ-5313) were used to examine 

their effects on leukaemia cell growth, and most of the tests identified that 

leukaemia cell growth was inhibited when G-quadruplex structure stabilized by 
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ligands in vitro and in vivo.311,312,314 From the Ohyashiki group, G-quadruplex 

stabilized by telomestatin can cause apoptosis in leukaemia cells in four acute 

myeloid leukaemia (AML) patients.315 Furthermore, other DNA secondary 

structures were also studied as a target for leukaemia, the work from the 

Yoshikawa group, for example, selected an actual DNA sequence from the 

promoter region of Stat5 at which murine leukaemia retrovirus (MLV) commonly 

integrates,316 and from the promoter region of c-MYC that is one of the common 

integration sites317 for the study. In in vitro assays, both sequences adopted 

cruciform DNA secondary structures and successfully integrated MLV into the 

target DNA.318 As discussed in Chapter 1, the i-motif also plays a role in gene 

expression, thus i-motif sequence could also be a potential target for cancer 

therapy. Herein, the project aims to identify potential i-motif targets that could be 

characterized by their potential ability for developing chemotherapy and 

diagnostics for leukaemia.  

 

In this project, we selected a series of i-motif sequences from the human genome, 

investigating the stability and folding potential of different DNA structures. 

Several biophysical methods were used to characterize the oligonucleotides, 

including CD,160 UV,319 and TDS.167 This study would enable us to observe which 

sequences can fold under neutral conditions and are more likely to have potential 

biological functions.  

 

5.2 Exploring GC-Rich Sequences from the Human Genome 

Involved in Leukaemia using Bioinformatics 

 

The Waller group previously found 637 predicted i-motif sequences that overlap 

gene promoters.54 To explore leukaemia-related i-motif sequences, I used this 

known list of i-motifs that have already been found and narrowed these down 

based on whether an i-motif sequence is a cancer or leukaemia related. Basic Local 

Alignment Search Tool (BLAST) authorized by National Centre for Biotechnology 
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Information (NCBI) was the main search engine and SnapGene was the analysis 

software used in the bioinformatics study.  

Firstly, we investigated how many sequences in the list can overlap or are partially 

similar to the Sp1 (specificity protein 1) transcription factor, because Sp1 is one of 

the best-characterized transcription factors of a family including Sp2, SP3, and 

SP4.320 It binds GC-rich sequences which could be involved in expression and 

regulation in numbers of genes.321 Sp1 and other transcription factors of this 

family have been identified as over-expressed in several cancers In addition, Sp1 

binding to gene promoters could be a target for DNA binding ligands that show 

binding preference to GC-rich region in DNA.322 Therefore, when a sequence from 

the i-motif list has a similar sequence to the Sp1 binding site (which has the 

consensus sequence of 5'-(G/T)GGGCGG(G/A)(G/A)(C/T)-3')), it could be a 

potential target for cancer chemotherapy or diagnostics. To find the similarity 

between i-motifs and the DNA sequence which Sp1 binds, NCBI and SnapGene 

were used to compare i-motif sequences and the DNA sequence which Sp1 binds 

sequence identity was also calculated,323 which refers to the percentage of two 

DNA sequences that have the same residues at the same position in the alignment. 

All the 637 sequences were checked to determine any overlap with the Sp1 gene, 

the result is presented in Table 5.1. The alignment identity results of all 637 i-

motif sequences with Sp1 transcription factor binding sites are presented in 

Appendix 25. 

Table 5.1 Sequence alignment results of 637 i-motifs overlapping promoter regions against 

Sp1 transcription factor binding site. 

Identity  >80% 70 – 80% 65 – 70% <65% 

Number of sequences 35 119 137 346 

percentage 5.94% 18.68% 21.51% 54.32% 

     

From the results, we selected the sequences with higher than 65% identity for the 

next study as these sequences showed a moderate similarity to the target Sp1 gene. 

Then using NCBI search engine to find the main biological functions of these genes 

corresponding to the GC-rich sequences. 39 genes have been identified related to 



 

148 
 

cancer, and among these genes, nine were found involved in leukaemia (Table 

5.2). 
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Table 5.2 Leukaemia-related GC-rich sequences from the i-motif list that overlap Sp1 transcription factor from bioinformatics 

study. 

Gene  Chromosome Transcription start site Sequence 5′ → 3′ Identity (%)  

ALOX5 10 45374175 GGG-GGC-GGG-GGC-GGG-GGC-GGG-GGC-GGG-GGC-GGG-

GG 

 

84 

HOXB9 17 48627356 CCC-CCC-CAG-CCC-CCC-ACC-CTC-CCA-CCC-CCA-CCC-CC 

 

81 

CCND1 11 69641086 CCC-CCT-CCC-CCT-GCG-CCC-GCC-CCC-GCC-CCC-C 

 

80 

SATB1-AS1 3 18445023 GGG-GGG-GGG-AGA-AGG-GGG-AGG-GGG-CGG-CGG-CGG-

GGG-CGG-GAG-GGG-G 

 

68 

SH3GL1 19 4401547 CCC-CCG-TCC-CTG-CCC-CCG-TCC-CTG-CCC-CCG-TCC-CCG-

CCC-CGT-CCC-CGC-CCC-CGC-CCC-CGC-CCC-CGT-CCC-

CGC-CCC-C 

 

68 

PEG10 7 94656324 CCC-CCA-CCC-CCA-TCC-CCC-ATC-CCC-GCA-CCC-CCC-TCC-

ACC-CCC 

 

66 

PUS1 12 131929199 CCC-CCA-CCC-CCT-AGT-CTC-CGC-CCC-CAT-CAC-CCC-C 

 

66 

TLE1 9 81690305 GGG-GGG-CGC-GAG-CGC-GGA-GCC-GGC-GGG-GGA-CGT-

GAG-CCC-GGG-AGG-TTG-GGG-GGT-GGG-GGG-GGG-G 

 

65 

RSPO3 6 127118603 CCC-CCG-AGC-TCC-CCC-CCG-CCC-CCC-ACA-GCC-ATC-CCC-

CCT-CCT-CTC-CCC-CTC-CCT-GCC-CTC-CTC-TCC-CTC-CCC-

CC 

65 
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Among these nine leukemia-related sequences, the sequence of ALOX5 only 

contains GC bases, which is special, as this tandem repeat sequence is similar to 

the already identified i-motif sequences DAP and MSMO1, therefore currently we 

are focused on ALOX5. Figure 5.1 shows a flow chart overview of the pathway 

toward this target. 

 

Figure 5.1 The flow chart shows the process of selecting our interested i-motif ALOX5. 

The reason that ALOX5 was firstly selected as it showed the highest identity 

(84.38%) with Sp1 transcription factor binding site among the top nine leukaemia-

related i-motif sequences, it also has a similar sequence to the previously described 
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i-motif forming sequences DAP and MSMO1 (Table 5.3), they shared the same 

repeat motif sequence. It was interesting because these sequences are common 

across the genome, aside from DAP and MSMO1, they are present in a lot of places. 

This confirms that they overlap with the sequence for a master regulator protein 

or transcription factor, such as Sp1. We hypothesize that these are therefore 

critical regions where the i-motif structure may play an important role in 

transcription factors binding the DNA and thus biological function. From the i-

motifs examined previously by the Waller group,54 we already knew about DAP 

and MSMO1 that have tandem repeat sequences of CCCCCG, but we were curious 

how prevalent sequences of this type are across the genome and whether the 

length of these is important for their properties, especially if they are at points of 

regulation by Sp1. Overall, we looked at sequence lengths for this repeat between 

three and seven tracts of cytosines (Table 5.3). The sequence from MSMO1 has 

four stretches of cytosines, DAP has five, ALOX5 has six. We also included 

sequences with three C-tracts (found in the promoter region of MADD, MAP 

kinase-activating death domain protein) and also seven C-tracts (ZNF480, zinc 

finger protein 480), which were not previously characterized by the Waller group. 

BLAST searches of the human genome did not find sequences longer than seven 

repeats in length. 

Table 5.3 Tandem repeats C-rich sequences and number of cytosine tract. 

Sequence name Sequence 5′ – 3′ Number of C-tract 

MADD-C (CCCCCG)2CCCCC 3 

MSMO1-C (CCCCCG)3CCCCC 4 

DAP-C (CCCCCG)4CCCCC 5 

ALOX5-C (CCCCCG)5CCCCC 6 

ZNF480-C (CCCCCG)6CCCCC 7 

 

Mutations in the 5-lipoxygenase (ALOX5) promoter region contribute to a reduced 

response to antileukotriene drugs used in the treatment of asthma and may also 

be involved in atherosclerosis and cancers including leukaemia.324 The Li group 

found the ALOX5 gene to be a regulator for leukaemia stem cells in BCR-ABL-

induced chronic myeloid leukaemia (CML). They demonstrated, using a mouse 
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model, that in the absence of ALOX5, BCR-ABL failed to induce CML in mice.325 

ALOX5 protein is also a key enzyme in the biosynthesis of allergic reaction 

responses, mediators in inflammation, and leukotrienes.326 ALOX5 has also been 

implicated to contribute towards atherosclerosis.327 The ALOX5 gene promoter 

contains 8 GC boxes as the major transcription initiation site, five of these GC 

boxes are tandem repeats.328 The Radmark group showed that gene expression of 

ALOX5 was reduced by the small molecule mithramycin, which inhibits the 

binding of Sp1 to GC boxes.329 This indicates that the GC boxes are important for 

the transcription of the ALOX5 gene. In the ALOX5 promoter, natural mutations 

are related to the number of GC boxes in tandem. For example, in HeLa cells 

addition and deletion of GC boxes in tandem resulted in reduced reporter gene 

activity, while in Drosophila SL2 cells, addition and deletion of GC boxes resulted 

in decreased or increased activity respectively.330 A novel Sp1-binding site was 

observed close to the major transcription start site, it was also indicated that the 

GC-rich core region including Sp1 and Egr-1 sites is significant for ALOX5 

promoter activity.328 Sp1 binds the G-rich region and is well known that Sp1 binds 

G-quadruplex forming sequences.329 Egr-1 and Sp1 interact functionally with the 

5-Lipoxygenase promoter and its naturally occurring mutants. Although the 

transcription factor Egr-1 binds the C-rich region,329,331,332 Egr-1 protein may be 

binding i-motif structure as opposed to the C-rich sequence alone. Or it may be 

possible to find ligands that disrupt this binding process, similar to mithramycin. 

To investigate this fully, we must first characterize the repeat sequences to 

understand the potential structural consequences of deletion events on the 

number of C-tracts. 

 

5.3 Study of the C-Rich Repeat Sequences (CCCCCG)n 

5.3.1 Circular Dichroism of C-Rich Sequences 

To give a broad overview of the stability of the different length C-rich sequences 

(CCCCCG)n we first used CD spectroscopy to determine their folded state and 

their transitional pH. For all experiments, oligonucleotides were diluted in a 

buffer containing 10 mM sodium cacodylate and 100 mM sodium chloride at the 
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pH as detailed. These conditions were to enable us to compare directly with the 

sequences which had been previously studied.54 Then the work continued to 

characterize the different numbers of C-tracts. MADD with three C-tracts (n = 3), 

MSMO1 has four C-tracts (n = 4) and DAP has five C-tracts (n = 5), ALOX5 has 

six C-tracts (n = 6) and a longer sequence ZNF480 with seven C-tracts (n = 7). pHT 

values were measured by CD spectra, pH range was from pH 4.0 – 9.0 because, 

from the previous study, the pH stability of i-motif depends on the number of C-

tracts, n = 6 showed a positive peak at 288 nm and a negative peak at 264 nm at 

pH 4.0, indicating it formed i-motif structure. With increased pH, the folded n = 6 

structure started to unfold, and it reached a plateau at pH 8.5. The plot of 

ellipticity at 288 nm against pH gave a bisigmoidal curve (Figure 5.2), there were 

two transitions observed, suggesting n = 6 has two transitional pHs due to 

potential different i-motif populations, therefore, in this case, the curve was fitted 

with bi-sigmoidal fitting. In the literature, most pHs changes have been single 

transitions, but the Smith group also used the bisigmoidal fitting method to 

analyze the CD data of an i-motif forming sequence from c-MYC in the presence 

of a ligand.225 

 

Figure 5.2 a) CD spectrum of n = 6 (ALOX5) at pH range 4.0 to 9.0. b) Plot of molar 

ellipticity at 288 nm with pH for n = 6 C-rich sequence and corresponding Bisigmoidal 

fitting. [DNA] was 10 µM, and the sample was prepared in 10 mM sodium cacodylate and 

100 mM sodium chloride buffer. 
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Similar to n = 6, two transitions were also observed in n = 3 and 7 (Figure 5.3 a, 

d), all these three CCCCCG repeat sequences showed two pHTs, however, the 

previous study of DAP and MSMO1 showed only one pHT using single sigmoidal 

curve fitting, so we were curious whether the curves could be bisigmoidal fitted as 

they have similar sequences, therefore, the CD data of n = 4 and n = 5 were 

reanalyzed (Figure 5.3 b, c), using bisigmoidal fitted the data set better than Dose 

Response which can be seen both sequences had two transitions, indicating their 

sequences can adopt more than one i-motif topology. All CD spectra of the selected 

C-rich sequences in different pH conditions and bisigmoidal fitted data are 

presented in Appendix 11. 

 

 

Figure 5.3 Plot of molar ellipticity at 288 nm with pH for C-rich sequence and 

corresponding Bisigmoidal fitting. 
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From the results, all these C-rich sequences have two transitional pHs (Table 5.4), 

suggesting in some environments they could fold multi-conformation DNA 

structures. For example, n = 3 is a very short C-rich sequence that may be difficult 

to self-fold intramolecular i-motif and possibly be more likely to form bimolecular 

i-motif, therefore, the DNA sample could be mixed with both species; in contrast, 

the number of C-tract of 6 and 7 have a long repetitive sequence, so it may form a 

huge i-motif with long loops or two small i-motif “beads on a string”, therefore, 

different i-motif structures may have different features and result in more than 

one transitional pH. However, from CD, we cannot identify what the different 

topologies are, therefore, further experiments need to be performed, such as using 

X-ray crystallography to get crystal structures of these sequences. Then we plotted 

the relationship between transitional pH and number of C-tract (Figure 5.4).  

 

Figure 5.4 Relationship between transitional pHs and number of C-tract. The black 

square presents the first pHT, red one shows the second pHT. 

 

From the result, it suggests with increasing numbers of C-tracts, the transitional 

pH also increased, indicating long GC-repeat i-motifs are more stable at higher 

pHs. However, the maximum pHT reaches a maximum around pH 7.0 after n = 6 

a plateau in pHT was observed. This is supported by the literature from the Waller 

group that increasing the number of C-tracts raises the transitional pH up to pH 

7.4, but not much above this pH.54 The Burrows group has identified that the 
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number of cytosines in a single tract (i.e. poly dC) increases the stability of the i-

motif, with increasing length of sequence, up to 30 cytosine bases, however beyond 

30 was found to cause destabilization.333 This study found dCn strands of length 

15, 19, 23, and 27 nucleotides (i.e., 4n–1) to have pHT values >7.2 and thermal 

stabilities >37 °C at pH 7.0.). Nevertheless, many of these C-rich sequences were 

shown to form i-motif structures at neutral conditions and even the less stable 

ones still had pHT values above pH 6.5.333 

 

CD melting experiments were then performed. Two sets of DNA samples were 

prepared, one set was at pH 5.5 (Figure 5.5 a) at which all the selected sequences 

should form an i-motif, and another was at pH 7.0 (Figure 5.5 b) to observe 

whether these sequences could be stable at neutral pH,54 the melting temperature 

results are shown in Table 5.4. The CD melting graphs of c-rich sequences at pH 

5.5 and pH 7.0 are presented in Appendix 12 and Appendix 13, respectively. 

 

Figure 5.5 Example of CD melting of C-rich sequence. a), CD melting of n= 6 sequence at 

pH 5.5 and corresponding bisigmoidal curve fitting. b), CD melting of n= 6 sequence at pH 

7.0 and corresponding sigmoidal curve fitting.  
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Table 5.4 pH and melting temperature of GC-repeat i-motif sequences measured by CD, 

all experiments were performed in 10 mM sodium cacodylate and 100 mM sodium chloride 

buffer, pH range 4.0 – 9.0. Tm, pHT, and error values were calculated using R-square 

values from Sigmoidal fitting. 

Name Bases C-

tract 

Tm(°C) 

pH 5.5 

Tm(°C) 

pH 7.0 

pHT1 pHT2 

MADD-C 18 3 55.1±0.4 52.1±0.8 5.6±0.3 6.6±0.1 

MSMO1-C 23 4 53.6±7.6/74.5±0.2 15.7±0.2 5.6±0.4 6.7±0.0 

DAP-C 29 5 66.4±8.7/79.7±0.2 25.7±0.1 6.3±0.1 7.1±0.2 

ALOX5-C 35 6 38.8±2.9/65.8±0.1 29.6±0.4 5.7±0.1 7.3±0.0 

SNF480-C 42 7 61.8±4.6/76.3±0.2 33.1±1.7/60.5±0.6 6.1±0.2 7.1±0.1 

 

From the results, Tm increases with increasing number of repeats of C-tracts 

starting from n= 4, which is consistent with previous work on CCCT repeat 

sequences.334 However, n= 3 showed unusual behavior in that it has the shortest 

number of C-tracts, but it showed Tm (52.1°C) much higher than n= 4, 5, and 6. 

This may indicate other DNA structures might have formed, the CD still appears 

like an i-motif, but there are not enough C-tracts to form the same type of 

intramolecular i-motif as the analogues with more C-tracts. It might be there is a 

mixture of populations in this sample, both intramolecular and intermolecular. n 

= 7 showed two melting temperatures of 33.1°C and 60.5°C, potentially indicating 

more than one DNA structure formed. Intermolecular quadruplex structure 

formation is very slow, taking often days for the four strands to come together.152 

Therefore, in this case, it is likely that most of the species observed are 

intramolecular. Further experiments using gel electrophoresis may help with 

this,335 which would indicate whether there are any intermolecular species formed 

in solution and provide an estimate of the proportions of each type of species in 

solution. 
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5.3.2 Ultraviolet Melting and Annealing of C-Rich Sequences 

 

UV was used to perform DNA melting and annealing experiments. Compared with 

CD, UV is higher throughput as the instrumentation in the lab has a 6-cell 

changer and the sensitivity is much higher, allowing a range of concentrations to 

be measured. DNA absorbs light at 260 nm when it is irradiated, but folded DNA 

structure absorbs differently to unfolded DNA due to different π-π stacking 

interactions, therefore, UV absorbance can be used to monitor the DNA folding 

and unfolding process. Both melting and annealing temperatures can be 

determined for each i-motif sequence. All the sequences were thermally melted 

and annealed at concentrations between 0.5-10 μM, to allow assessment for any 

concentration-dependent effects. We used two different pHs, pH 5.5, where most 

i-motifs are stably folded, and pH 7.0 (neutral pH). At both pHs, most of the 

selected C-rich sequences showed both melting and annealing curves (Figure 5.6) 

indicating they all have folded and unfolded states, the melting (Tm) and annealing 

(Ta) temperatures were determined using the first derivative method. The results 

are shown in Table 5.5 and the melting and annealing curves are presented in 

Appendix 14 – 18.  

 

Figure 5.6 Example of UV melting (red line) and annealing (blue line) process for 2.5 µM 

ALOX5 in buffer containing 10 mM sodium cacodylate and 100 mM sodium chloride at 

pH 5.5. The small graphs show the plot of the first derivative of melting (red) and 

annealing (blue) against temperature. 
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Table 5.5 GC-repeat i-motif sequences and data for their melting temperature (Tm) and annealing temperature (Ta) at 2.5 µM. Hysteresis 

shows the difference between melting and annealing temperatures. All UV experiments were performed in 10 mM sodium cacodylate and 

100 mM sodium chloride at pH 5.5 and 7.0. Errors show the standard deviation across three repeats. 

 2.5 µM pH 5.5 2.5 µM pH 7.0 

Sequence name Number of C-tract Tm (°C) Ta (°C) Hysteresis (°C) Tm (°C) Ta (°C) Hysteresis (°C) 

MADD-C 3 51.3 ± 2.3 42.3 ± 2.5 9.0 ± 0.7 16.2±0.2 <5 ND 

MSMO1-C 4 62.3 ± 2.5 59.3 ± 2.5 3.0 ± 0.5 16.7±0.5 14.9±0.6 1.8±0.3 

DAP-C 5 63.3 ± 3.5 59.7 ± 2.1 3.7 ± 0.9 25.6±0.3 21.8±0.1 3.8±0.1 

ALOX5-C 6 65.3 ± 2.5 61.3 ± 1.5 4.0 ± 0.9 30.0±0.2 25.5±0.2 4.5±0.2 

ZNF480-C 7 65.0 ± 3 62.0 ± 2.6 3.0 ± 0.5 30.1±0.2 24.2±0.1 5.9±0.2 
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The melting and annealing temperatures for sequences at 2.5 µM, pH 7.0 are 

shown in Table 5.6. Under both pH 5.5 and 7.0 experimental conditions, the Tm 

was found to increase with an increasing number of C-tracts (Figure 5.7 a). In 

the cases at pH 5.5, the increase in Tm from n= 3 to 4 was quite large (11°C), but 

from lengths from n= 4 through to 7, the increase in Tm was marginal with each 

incremental C-tract added. A similar pattern was observed for the Ta. At pH 7.0, 

the Tm from n= 3 to 4 C-tracts only increased slightly (0.5°C), whereas the increase 

in Tm from four to five C-tracts was a lot larger (8.9°C). The increase in Tm from 

n= 5 to n=6 was 4.4°C then after this, no further significant changes were observed. 

The same pattern of change in annealing temperature was also observed (Figure 

5.7 b), which is consistent with the results from the Waller group published in 

2022.334 Interestingly, the plot of Tm and Ta against the number of C-tracts at pH 

7.0 can be fitted perfectly using a sigmoidal curve, indicating that five tracts are 

an inflection point in behavior of these types of sequences. 

 

Figure 5.7 Thermal stability of C-rich sequences with an increasing number of C-tracts. 

The experiments were performed in 10 mM sodium cacodylate and 100 mM potassium 

chloride at the indicated pH. a) Tm pH 5.5 (black), pH 7.0 (red). b) Ta pH 5.5 (blue), pH 7.0 

(dark yellow). Error bars show the standard deviation across three repeats. 

 

From the determination of the transitional pH, all selected sequences presented 

two transitions, that could form more than one subset of structures, these could 

be intermolecular or intramolecular. From the previous G-quadruplex studies, in 

the case of intramolecular equilibrium, the melting temperature is concentration-

dependent336 as multimolecular reactions are concentration dependent, while 
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unimolecular (intramolecular) are not. Intramolecular quadruplex (both G-

quadruplex or i-motif) structures may have different stabilities from 

intermolecular ones. In comparison with the Tms derived from CD melting were 

observed to be slightly different to those derived from UV melting experiments. 

For example, for sequences with C-tract length n=3 the Tm was found to be 52.1°C 

by CD whereas the analogous experiment in the UV was found to be 16.2°C. 

Similarly, the analogous sequence where there are seven repeats, n=7, there are 

two melting transitions observed in the CD (Tm1 33.1°C, Tm2 60.5°C ) whereas 

there is only one in the UV experiments (30.1°C). The reason for this might arise 

from the fact that CD and UV measured different things in DNA. For example, in 

the CD, the signal at 288 nm might signify a different aspect of i-motif structure 

than the signal at 295 nm in the UV. Another possible reason might be the 

difference in concentration of DNA, as 10 µM sample used in CD while 2.5 µM in 

UV, in higher concentration solution, a more single strand would have more 

chance to form different DNA structures, for example, intermolecular or GC 

duplex structure, therefore, the next experiments performed UV melting and 

annealing for C-rich sequences at different concentration, including 0.5, 1.0 and 

10 µM The melting and annealing temperatures of different concentration are 

presented in Table 5.6. 
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Table 5.6 GC-repeat i-motif sequences and data for their melting temperature (Tm) and annealing temperature (Ta) determined by UV 

melting experiments at 0.5 µM, 1 µM, 2.5 µM, and 10 µM. Tm and Ta values are derived from the first derivative. Hysteresis shows the 

difference between melting and annealing temperatures, all UV experiments were performed at pH 7.0. Errors show the standard deviation 

across three repeats. 

 

  0.5 µM   1 µM   2.5 µM   10 µM  

DNA Tm Ta hysteresis Tm Ta hysteresis Tm Ta hysteresis Tm Ta hysteresis 

MADD-C <5 <5 ND <5 <5 ND 16.2±0.2 <5 ND 17.8 ± 0.1 <5 ND 

MSMO1-C 19.0±0.7 15.1±0.6 3.9±0.3 19.0±0.6 16.1±0.2 2.9±0.2 16.7±0.5 14.9±0.6 1.8±0.3 18.6 ± 0.1 14.5 ± 0.1 4.1±0.1 

DAP-C 26.6±1 22.9±0.6 4.2±0.5 27.3±0.8 21.9±0.1 5.4±0.1 25.6±0.3 21.8±0.1 3.8±0.1 25.7 ± 0.2 21.7 ± 0 4.0±0 

ALOX5-C 30.1±0.01 24.6±0.4 5.5±0.3 29.8±0.1 24.8±0.2 5±0.1 30.0±0.2 25.5±0.2 4.5±0.2 29.8 ± 0 25.8 ± 0 4.0±0 

ZNF480-C 30.6±1 24.5±0.2 6.1±0.1 30.1±0.5 24.7±0.2 5.4±0.3 30.1±0.2 24.2±0.1 5.9±0.2 30.0 ± 0.1 25.5 ± 0.1 4.5±0.1 
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All the selected C-rich sequences were studied using UV melting and annealing in 

the same buffer at pH 7.0. According to the results, at each concentration of DNA, 

the Tm values increased with an increasing number of C-tracts. The Tm and Ta 

values of different DNA concentrations, in general, are roughly the same.  

 

The relationship between the number of C-tracts and hysteresis337 was also 

measured (Figure 5.8). Hysteresis happened when a melting curve is not 

overlapped ideally on its corresponding annealing curve, typically caused when 

the rate folding/unfolding is slower than the temperature ramp in the experiment. 

The difference between the two thermal curves is hysteresis. The presence of 

hysteresis shows the kinetics of association and dissociation are slower than the 

temperature ramp of the experiment. If the hysteresis is concentration 

independent, this indicates that formation of structures is a slow intramolecular 

process.338,337  

 

Figure 5.8 The effect of the number of cytosine tracts on hysteresis. a) Hysteresis of 2.5 µM 

DNA at pH 5.5 (red) and pH 7.0 (blue) b) Hysteresis of different DNA concentration at pH 

7.0.  All samples were prepared in 10 mM sodium cacodylate and 100 mM sodium chloride. 

At pH 5.5, the size of hysteresis decreased from cytosine tracts to n= 4, and then 

from 4 to 7, there was no further change, this indicates that n= 3 has a different 

type of population compared to the other lengths, possibly evidence of 

intermolecular structures. At pH 7.0, we examined the hysteresis at different 
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concentrations for each number of C-tract repeats. The hysteresis was found to 

vary with concentration of DNA, for all the different sequences examined but the 

overall differences in hysteresis were only up to 2.5°C, which although is minimal, 

is significant. This indicates that the folding of DNA structures at neutral pH is 

complex, and the association kinetics are slower than the experimental conditions. 

In a biological context, the formation with slow kinetics might inhibit any 

regulatory functions in genomic C-rich sequences but could be influenced by any 

chemical interaction or protein binding.54 

 

5.3.3 Thermal Difference Spectra of C-Rich Sequences 

The thermal difference spectrum was used to determine the dominant species of 

each folded DNA sequence. TDS were measured at both pH 5.5 and 7.0 at 2.5 µM 

DNA concentration. TDS at pH 7.0 were also measured for DNA concentrations of 

0.5, 1.0, and 10 µM. UV absorbance was measured for each sequence at 5°C where 

DNA was completely folded and at 95°C in which DNA was unfolded. The 

difference between these two UV spectra can be calculated and the plot of the 

difference in absorbance against wavelength gives an indicative spectrum that can 

be used for characterizing DNA structure.167 At pH 5.5, the TDS (Figure 5.9) of 

all the selected C-rich sequences showed a characterized positive peak at around 

240 nm and a negative one at around 295 nm, the result was consistent with the 

previous TDS of characterized folded i-motif structures167,54, indicating all these 

C-rich sequences were folded into i-motif structures at pH 5.5.  
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Figure 5.9 Thermal difference spectra of 2.5 μM C-rich sequences in 10 mM sodium 

cacodylate and 100 mM sodium chloride at pH 5.5. 

At pH 7.0, the absorbance of 10 µM DNA samples was high and exceeded the 

maximum value of the machine, so the TDS could not be determined for this 

concentration. In the case of 0.5 µM of DNA (Figure 5.10), all the sequences 

showed featured negative peaks at 295 nm, for the sequence with C-tract from 4 

to 7, the positive peaks at ~240 nm167 were also observed, indicating these four 

sequences can form i-motif structures. In the case of n= 7, another positive peak 

at ~270 nm was observed, which looks different to the other i-motif species. 

According to the TDS spectra of the i-motif from the Mergny group, the shape of n 

= 7 TDS is within the error of an i-motif TDS, which is indicative of the 

predominated species for n= 7 were i-motif structures. The TDS for n= 3 seemed 

different from others, as it showed a positive peak at ~280 nm and a negative one 

at ~262 nm, which was similar to the duplex TDS.167  
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Figure 5.10 Thermal difference spectra of 0.5 μM C-rich sequences in 10 mM sodium 

cacodylate and 100 mM sodium chloride at pH 7.0. 

In the case of 1.0 µM of DNA (Figure 5.11), as the concentration was increased, 

so the spectrum signal was clearer. It was observed that n= 4 to 7 C-tract 

sequences had clear positive peaks at ~240 nm and negative peaks at ~295 nm, 

suggesting they all can fold into an i-motif. However, in n= 4 and 7 C-tract 

sequences, a clear positive peak at ~270 nm was detected, and 6 C-tracts also had 

a weak positive peak at this wavelength, however, the CD spectra for these three 

sequences showed the wavelength for i-motif, indicating the dominated species 

were i-motif. For n= 3, at this concentration, it showed more strong peaks at both 

~262 and 280 nm, this was consistent with a duplex TDS.  
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Figure 5.11 Thermal difference spectra of 1.0 μM C-rich sequences in 10 mM sodium 

cacodylate and 100 mM sodium chloride at pH 7.0. 

From the TDS of 2.5 µM DNA (Figure 5.12), all the sequences showed positive 

peaks at ~240 nm and negative ones at ~295 nm, indicating that i-motif structures 

formed. For n= 3 another positive peak was presented at ~280 nm and a negative 

one at ~262 nm, suggesting it had mixed species in a solution of i-motif and duplex. 

Table 5.7 presents the wavelength for each C-rich sequence at different DNA 

concentrations. 
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Figure 5.12 Thermal difference spectra of 2.5 μM C-rich sequences in 10 mM sodium 

cacodylate and 100 mM sodium chloride at pH 7.0. 

Table 5.7 Wavelength and possible species for each C-rich sequence according to 

TDS. 

Sequence pH [DNA](μM) Positive peak 

(nm) 

Negative peak 

(nm) 

Dominant 

Species 

 

MADD-C 

3 C-tracts 

5.5 2.5 240 295 i-motif 

 

7.0 

0.5 280 262 / 297 duplex 

1.0 279 nm 261 / 295 duplex 

2.5 239 / 279 264 / 298 i-motif/duplex 

 

 

5.5 2.5 237 294 i-motif 

 0.5 239 295 i-motif 
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MSMO1-C 

4 C-tracts 

7.0 

 

1.0 239 / 269 260 / 295 i-motif 

2.5 239 295 i-motif 

 

 

DAP-C 

5 C-tracts 

5.5 2.5 239 295 i-motif 

 

7.0 

 

0.5 239 295 i-motif 

1.0 239 295 i-motif 

2.5 239 295 i-motif 

 

 

ALOX5-C 

6 C-tracts 

5.5 2.5 239 295 i-motif 

 

7.0 

 

0.5 239 295 i-motif 

1.0 239 / 267 260 / 295 i-motif 

2.5 239 295 i-motif 

 

 

ZNF480-C 

7 C-tracts 

5.5 2.5 240 295 i-motif 

 

7.0 

 

0.5 239 /270 260 / 295 i-motif  

1.0 239 / 267 260 / 295 i-motif 

2.5 239 295 i-motif 

 

From the CD data, all the sequences with C-tracts n=3 to 7 showed two 

transitional pHs, suggesting an equilibrium of different i-motif structures such as 

intermolecular and intramolecular i-motif, hairpin, and duplex. UV melting and 
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annealing experiments showed no correlation between melting temperature and 

different DNA concentrations for n= 4–7, which suggested these sequences are 

more likely to form intramolecular structures at neutral pH. However, the n= 3 

sequence is more likely to form an intermolecular i-motif structure at high DNA 

concentration. The TDS were consistent with i-motif structures at pH 5.5. At pH 

7.0, n= 3 showed different properties, as its spectrum was consistent with GC 

duplex, which indicated the dominated species of n= 3 was potentially not i-motif.  

 

5.4 Study of G-Rich Repeat Sequences (GGGGGC)n 

5.4.1 Circular Dichroism Spectra of G-Rich Sequences 

The mechanisms of i-motif and G-quadruplex folding have been used to study the 

propensity of their formation across the genome and representation in regulatory 

regions.54,339 The i-motif and G-quadruplexes have been widely used as targets for 

the design of ligands that stabilize i-motif and G-quadruplex structures and thus 

regulate gene expression.236,303,340 Most G-quadruplexes have been identified as 

inhibitors of transcription,302 while, more and more evidence has shown that i-

motifs may play a role in activating gene expression.248,340 Therefore, 

understanding the i-motif and G-quadruplex dynamics relative to each other is 

important for developing targeted therapeutics in this field. For example, work in 

2020 indicated in cell-based experiments that i-motif and G-quadruplex are highly 

dependent on the formation of each other.225 This study has implications 

indicating that the study of both i-motif and G-quadruplex at the same time is 

important. Thus, following on from the study of the C-rich repeat sequences, 

having established the characterization for i-motif sequences, the complementary 

sequences to C-rich ones were also studied (Table 5.8). 
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Table 5.8 Tandem repeats G-rich sequences and number of guanine tract. 

Sequence name Sequence 5′ – 3′ Number of G-

tracts 

MADD-G (GGGGGC)2GGGGG 3 

MSMO1-G (GGGGGC)3GGGGG 4 

DAP-G (GGGGGC)4GGGGG 5 

ALOX5-G (GGGGGC)5GGGGG 6 

ZNF480-G (GGGGGC)6GGGGG 7 

 

G-quadruplex structures can adopt a wide range of topologies broadly defined as 

parallel, antiparallel or mixed, and these are dependent on the sequence and 

length of the strand and loops.341 As discussed in Section 1.2.1, the formation of 

G-quadruplex has a typical cation dependency,342 so within this study, different 

salt conditions were used to characterize the sequences and identify whether these 

G-rich sequences had typical G-quadruplex forming behaviours. Potassium and 

sodium ions are physiologically relevant monovalent ions involved in cell 

function343 and both have a stabilizing influence (K+ > Na+) on the stability of the 

G-quadruplex. Lithium ions, within the same group in the periodic table, are too 

small to coordinate the G-tetrad,344,345 therefore, all these G-rich sequences were 

prepared in 10 mM lithium cacodylate, and 100 mM of additional monovalent 

cations in the form of either potassium, sodium or lithium chloride at pH 7.0. The 

Fox group previously studied some short oligonucleotides sequences with short 

loops (d[G3T]4, d[G3T2]4 and d[G4T]4). In the presence of potassium and sodium 

cations they all adopt parallel structures,346 as the short loops are not sufficient to 

fold into antiparallel structures. For some longer G-rich sequences, a folded G-

quadruplex therefore need to have G residues in the loops, as when you increase 

the stack of G-tetrads the distance to form parallel G-quadruplex obviously also 

increases with each additional stack. For example, where the G-tracts were longer 

e.g. d[G5T]4, d[G6T]4 and d[G7T]4, it was found that a single T was not sufficient to 

bridge the gap between the top and bottom of seven G-quartets.346 For comparison 

with the data for the i-motif, experiments were also performed in sodium 
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cacodylate. The CD spectra showed the G-tract repeat sequences can adopt 

different topologies in K+, Na+, and Li+.  

Using the same buffer conditions that were used for the the i-motif forming 

sequences (including 100 mM potassium cations, Figure 5.13), all the G-rich 

sequences showed positive peaks at 260 nm, which is indicative of a parallel G-

quadruplex.42  Sequence repeat n = 3 only showed a parallel G-quadruplex 

structure with a positive peak at 260 nm and a negative minimum at 240 nm,159 4 

and 5 showed positive peaks at 260 and 295 nm, indicating they are mixed types 

with roughly equal parallel and antiparallel, 6 and 7 are mainly parallel but do 

have some antiparallel species.  

 

Figure 5.13 CD spectrum for each 10 µM G-tract sequence in buffer containing 10 mM 

sodium cacodylate and 100 mM potassium chloride at pH 7.0 

In buffers containing 100 mM NaCl (Figure 5.14), there were also a wide variety 

of different DNA topologies formed.  The sequence with 3 G-tracts mainly showed 

a positive peak at 260 nm and a negative one at 240 nm, also only a very slight 

peak at 295 nm was observed, suggesting it mainly formed a parallel G-

quadruplex structure and a small amount of antiparallel. Note that the sequence 

with 3 G-tracts, although it is not possible to fold this sequence into an 
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intramolecular structure with a stack of five G-tetrads, the sequence is long 

enough still to fold into other intramolecular G-quadruplexes. For example, there 

is the potential to fold a G-quadruplex with two G-tetrads (i.e. 

GGGGGCGGGGGCGGGGG or another analogous combination of G2-tracts as the 

sequence is long enough for there to be a few different potential combinations), or 

a G-quadruplex with three tetrads, with bulges347 (i.e. 

GGGGGCGGGGGCGGGGG, where the two cytosines indicated in bold would be 

bulges). So this sequence is expected to behave differently compared to others in 

the series. The sequences with 5 and 6 G-tracts had a single positive peak at 295 

nm, respectively, indicating the predominated formation of antiparallel G-

quadruplex folded, this is consistent with the previous work. The first 

intramolecular G-quadruplex was identified by the Patel group in 1993, they found 

the sequence AGGG(TTAGGG)3 could form antiparallel structures in the presence 

of Na+
.
348  4 and 7 displayed positive peaks at both 260 nm and 295 nm, and a 

negative one at 240 nm, this is indicative of the mixture of parallel and antiparallel 

G-quadruplex topologies. 

 

Figure 5.14 CD spectrum for each 10 µM G-tract sequence in buffer containing 10 mM 

sodium cacodylate and 100 mM sodium chloride at pH 7.0 

 In buffers containing 100 mM LiCl (Figure 5.15), 3, 6, and 7 clearly showed a 

positive peak at 260 and a negative peak at 240, indicating they only formed a 
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parallel G-quadruplex structure. The other two 4 and 5 showed a positive peak at 

260 nm and a negative one at 240 nm, but they also displayed a slight positive 

peak at 295 nm, indicating a small population of antiparallel species existed in Li+ 

conditions. It is important to note that in this buffer there is still 10 mM Na+ 

cations, from the cacodylate, so any observed amount of antiparallel species may 

be due to the presence of sodium in the conditions. 

 

Figure 5.15 CD spectrum for each 10 µM G-tract sequence in buffer containing 10 mM 

sodium cacodylate and 100 mM lithium chloride at pH 7.0 

The CD spectrum of each sequence was put with three cations respectively, shown 

in Figure 5.16.  
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Figure 5.16 CD spectra of selected G-rich sequences. Each sequence was performed in 10 

mM sodium cacodylate and 100 mM potassium chloride / sodium chloride / lithium 

chloride buffer at pH 7.0 with concentration of DNA 10 µM.  

From the graphs, 4, 5, 6, and 7 seemed special, as they all showed mixed species 

of parallel (260 nm) and antiparallel (295 nm) topologies in the presence of K+ and 

Na+, even 7 also had a very small peak at 295 nm in K+. The reason could be these 

sequences are quite long, so they were able to adopt different topologies. Marin 

and co-workers had studied long G-rich sequences G5H1G5H1G5H1G5 and 
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G6H1G6H1G6H1G6 (H is any nucleotide except G) with single nucleotide loops. 

According to their CD spectra experiments, in the presence of K+, five and six 

stacked quartets showed two peaks at 264 and 296 nm, which means 5G and 6G 

sequences could fold into both parallel and antiparallel quadruplex structures.349 

The other study by the Panyutin group, used 125I-radioprobing to probe the human 

telomeric sequence and showed that it formed an antiparallel G-quadruplex 

structure in the presence of K+ and Na+.350 Herein, our G-rich sequences all 

contained five guanines that could stack  to form quadruplex (G5C)nG5, there is no 

surprise that they can also adopt mixed species in K+. Interestingly, however, the 

sequences showed the highest ellipticity for parallel G-quadruplex in Li+ solution, 

which is quite unusual. 

As the effects of cations on the topology of G-quadruplex structures were discussed 

in Section 1.2.1, the topology of G-quadruplex affected by these three cations 

would be K+ > Na+ > Li+, depending on their size of ion radius,351 so the CD signal 

intensity should show the same spectra, as strongest spectra are K+, then Na+ and 

the less strong is Li+. The study in G-quadruplex topology indicated that Na+ 

induces the formation of an antiparallel structure rather than K+, however, this 

was strongly dependent on the DNA sequence.352,353 In this case, it was observed 

that there were mixed species in the 100 mM KCl buffer, and in some cases only 

antiparallel in the 100 mM NaCl buffer. The reason for the mixed species in the 

KCl buffer, and the appearance of quadruplex CD signatures in the presence of 

100 mM Li, might be due to the 10 mM Na from the cacodylate. Therefore, these 

were repeated using a fresh stock solution of lithium cacodylate: the samples were 

prepared in 10 mM lithium cacodylate and 100 mM potassium/sodium/lithium 

buffer at pH 7.0 (Figure 5.17). 
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Figure 5.17 CD spectra of selected G-rich sequences. Each sequence was performed in 10 

mM lithium cacodylate and 100 mM potassium chloride / sodium chloride / lithium 

chloride buffer at pH 7.0 with 10 µM DNA.  

In the new buffer conditions, with the exception of n= 4, the sequences showed the 

highest CD signal in the K+ solution, which is consistent with the previous G-

quadruplex study.38 n= 3 displayed a positive peak at 260 nm and a negative one 

at 240 nm in all three cations, indicating the formation of a parallel G-quadruplex. 
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n= 4 exhibited two positive peaks at 260 nm and 295 nm in K+ and Na+, which 

resulted from the mixed conformations of parallel and antiparallel structures. In 

the presence of Li+ there was only a positive peak at 260 nm and a negative peak 

at 240 nm, indicating parallel quadruplex topology formed. For most of the 

sequences, the strongest CD signal at 260 nm was in the presence of K+ cations. 

However, it is worth noting that this was not the case for the sequence where n= 

4, where the strongest signal was actually observed in Li+ cations. In Na+, there 

was only a positive peak at 295 nm and a negative one at 260 nm, indicating only 

antiparallel structure formed. n= 6 and 7 showed a positive peak and negative 

peak at 260 nm and 240 nm respectively in three buffers, indicating the formation 

of a parallel structure, though in Na+, another positive peak appeared at 295 nm 

for both sequences, which suggested the mixed species existed in Na+ condition.  

One interesting observation is that when the number of G-tract increases, the 

amount of parallel topology also increases from n=4-7. This means that the stacks 

of G-tetrads in these species cannot be 4-7 stacks high respectively. One could 

easily imagine the sequence (GGGGGC)7 to exist has a G-quadruplex with a stack 

of seven tetrads, but as Fox and co-workers have shown,346 this is not possible as 

the theoretical distance between the top and bottom tetrads is too far to connect 

with a single nucleotide loop, the same can be said for anything higher than five 

tetrads. At a tract length of seven, we observe mostly parallel folding, but the loops 

will have to be longer and incorporate guanines, so the stack of G-tetrads will be 

less than seven.  

 

5.4.2 Thermal Stability of G-Rich Sequences 

After investigating the topologies of the G-rich sequences in different cation 

conditions, then the thermal stability of these was examined in the presence of 10 

mM sodium cacodylate with 100 mM K+, Na+ and Li+ using CD and UV melting 

experiments. 
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In the CD melting experiments (Figure 5.18), it is clear that these sequences have 

not finished melting under the conditions of the experiment Appendix 19–21.  

 

Figure 5.18 CD melting of G-rich sequences in 10 mM sodium cacodylate and 100 mM 

KCl, NaCl, and LiCl buffer at pH 7.0. 
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Then UV melting experiments of G-rich sequences were also performed with three 

different cations, the melting curves are presented in Figure 5.19.  Examples of 

both UV melting and annealing processes of G-rich sequences in K+, Na+ and Li+ 

buffers are presented in Appendix 22 – 24. 

 

Figure 5.19 UV melting curves and UV absorbance at 295 nm of G-rich sequences in 10 

mM sodium cacodylate and 100 mM a). KCl, b). NaCl and c). LiCl at pH 7.0 

These data show that all the G-rich sequences were very stable, regardless of the 

conditions in which they were examined. Even in Lithium cations, the transitions 

are not complete at the highest temperature of the experiments (i.e. the Tm >95°C). 

The melting and annealing curves did not overlap (examples of UV melting and 

annealing curves are presented in Figure 5.20), thus the hysteresis occurs 

between melting and annealing temperatures of G-tract sequences in different 

cations, demonstrating the slow kinetics of folding and/or unfolding. It is likely 
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that these sequences still fold into intramolecular species as it has been shown 

that intermolecular G-quadruplex formation is extremely slow.152 

 

Figure 5.20 Examples of UV melting and annealing curves of n= 6. [DNA] was 2.5 µM, 

and experiments were performed in 10 mM sodium cacodylate and 100 mM a). KCl, b). 

NaCl and c). LiCl at pH 7.0. 

We calculated the estimated hysteresis for the G-rich sequences in three different 

cations conditions, and the results are presented in Table 5.9. The relationship 

between hysteresis and the number of G-tract was also plotted (Figure 5.21).  
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Table 5.9 Estimated hysteresis between Tm and Ta of G-tract sequences performed in 10 

mM sodium cacodylate and 100 mM KCl, NaCl, and LiCl at pH 7.0. 

    Hysteresis (°C) 

Notation Bases n Sequence 5′ → 3′ KCl NaCl LiCl 

MADD-G 18 3 (G5C)2G5 >28.6 >29.6 >25.0 

MSMO-G 23 4 (G5C)3G5 >28.9 >19.7 >25.4 

DAP-G 29 5 (G5C)4G5 >21.3 >8.3 >28.2 

ALOX5-G 35 6 (G5C)5G5 >24.6 >11.4 >29.3 

ZNF480-G 42 7 (G5C)6G6 >20.1 >14.1 >24.2 
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Figure 5.21 The effect of G-tract number on estimated hysteresis in the presence of 

K+(black), Na+ (red), and Li+ (blue). 

The hysteresis shows a slow association and/or slow dissociation process, The 

kinetics of intermolecular structure association will also depend on the DNA 

concentration. All these G-quadruplex structures are very stable, which is 

unsurprising as in previous studies with G-rich sequences with smaller tract 

lengths, have been shown to be exceptionally stable. For example, the Fox group 

identified the sequence (G3T)4 is exceptionally stable even in 1 mM potassium 

solution and doesn’t form a double stranded structure with its complementary 
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strand.65 From the hysteresis data, in lithium cations the hysteresis remains 

approximately constant, when varying the number of repeats. Whereas in sodium 

and potassium cations, the, hysteresis decreases from C-tract repeats n= 3 to 5, 

then plateaus. The hysteresis showed that Tm from the melting curve is always 

higher than Ta, this is indicative that the DNA molecules are not at 

thermodynamic equilibrium due to the slow folding and unfolding processes. 

5.4.3 Thermal Difference Spectra of G-Rich Sequences 

After investigating the thermal stability of G-rich sequences in different cations, 

then TDS was performed to further characterize what structures they fold into. 

UV absorbance at 5°C and 95°C were measured and UV difference was calculated. 

TDS of G-rich sequences in K+ are shown in Figure 5.22.  

 

Figure 5.22 Thermal difference spectra (TDS) calculated between 95 °C and 5 °C for each 

G-rich DNA sequence at pH 7.0 in 10 mM sodium cacodylate and 100 mM potassium 

chloride buffer, the concentration of oligonucleotide is 2.5 µM. 

From the graph, although all the sequences had positive and negative peaks at 

~270 and 295 nm respectively, the spectrum shapes were quite different from the 

literature, this might be because from the UV melting experiments, these G-rich 

sequences were not completely melted, which means when taking TDS at 95°C, 
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the sequences were not unfolded completely (refer to Figure 5.19 a). The reason 

that G-tract sequences did not show clear G-quadruplex TDS could be too much 

K+ in the solution, so the thermal stability of G-quadruplex is beyond what can be 

measured under these conditions. Therefore, an additional TDS was performed, 

this time, all the sequences were prepared in 10 mM sodium cacodylate and 25 

mM potassium chloride at pH 7.0 (Figure 5.23).  

 

Figure 5.23 Thermal difference spectra (TDS) calculated between 95 °C and 5 °C for each 

G-rich DNA sequence at pH 7.0 in 10 mM sodium cacodylate and 25 mM potassium 

chloride buffer, the concentration of oligonucleotide is 2.5 µM. 

The samples in the lower concentration of K+, n=4-7 G-rich sequences showed a 

featured positive peak at ∽273 nm and a negative one at 295 nm,167 indicating 

the formation of G-quadruplex. n = 3 presented a different TDS shape compared 

to others, suggesting it may form other DNA species. However, the CD spectra of 

n= 3 showed it formed a parallel G-quadruplex structure, but these experiments 

were performed at a different concentration of DNA and higher cation 

concentration (100 mM). 

Then TDS were performed in the presence of Na+ and Li+ buffers (Figure 5.24), 

and all the G-rich sequences exhibited a positive peak ~273 nm and a negative one 
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~295 nm,167 this is indicative of G-quadruplex structures formed in both cation 

conditions.  

 

Figure 5.24 Thermal difference spectra (TDS) calculated between 95 °C and 5 °C for each 

G-rich DNA sequence at pH 7.0 in 10 mM sodium cacodylate and 100 mM a). sodium 

chloride b). lithium chloride buffer, the concentration of oligonucleotide is 2.5 µM. 

Overall based on the current TDS results, in the presence of 100 mM Na+ and Li+, 

all the G-rich sequences can form G-quadruplex structures, in 100 mM K+, n= 4–

7 can adopt G-quadruplex structures, but n= 3 may adopt different DNA secondary 

structures depending on the DNA concentration. However, to determine the exact 

structure they form, additional experiments using X-ray crystallography or 

NMR266 are required. 

 

5.5 Exploring ALOX5 Binding Ligands  

 

After finishing the characterization of selected GC-repeat sequences, the next step 

was investigating potential ligands that bind to the i-motif sequence. As the 

ALOX5 i-motif was the first time it was identified, there are no published ligands 

bound to this i-motif. To get a suitable starting point, we decided to screen the NCI 

Set VI library. 
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FID assays were used for this project, as a high throughput screening technique 

was that it enabled the screening of a huge number of ligands. The conditions for 

the screening experiments were optimized by myself and the screening was 

performed by Robert Yuan, under my supervision. The FID screening experiments 

were performed with the whole library of 1584 small molecules (Figure 5.25).  

 

Figure 5.25 Results of TO displacement of ALOX5 i-motif against NCI Set VI library. All 

the experiments were performed in 10 mM sodium cacodylate and 100 mM potassium 

chloride buffer at pH 7.0, the concentration of DNA was 0.5 μM, the concentration of TO 

was 1 μM, and the concentration of ligands was 2.5 μM (5 equivalents). 

From the results it can be observed that seven compounds gave a displacement of 

50% or above, 1 compound gave a displacement between 40% to 50%, four 

compounds showed a displacement between 30% to 40%, six compounds had 20% 

to 30% displacement and thirty-one compounds showed 10% to 20% displacement. 

Given the number of ligands in the whole library, and the fact that the most potent 

compounds may not be the most specific115 it was decided that hits would be 

defined as anything that gave a percentage displacement of 10% or above. 

However, there were also some ligands with high negative displacement values. 

This was observed also with the minor groove binding ligands in Chapter 2. This 

could indicate either ligands show fluorescence themselves. However, it is 
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important to consider that folding of DNA structures is an equilibrium, and 

depending on the conditions, the equilibrium will be a mixture of folded, partially 

folded and unfolded species. For i-motifs in particular there is often some unfolded 

species, due to the variability between individual i-motifs, which have different 

transitional pHs. A ligand could shift the equilibrium between single-strand DNA 

and folded i-motif structure, therefore increasing the amount of TO capable of 

binding DNA and therefore increasing the fluorescence. Therefore, an additional 

control experiment was also performed to determine whether ligands are 

fluorescent, by examining their fluorescence in buffer only. However, it is also 

possible that ligands could act as fluorescent probes similar to TO, and become 

fluorescent on binding DNA. Then 34 compounds that displayed more than 10% 

displacement were finally selected as potential ALOX5 i-motif binding hits 

(Figure 5.26). Table 5.10 presents the structure of hits and the percentage of TO 

displacement. 

 

Figure 5.26 Hits from FID screening, all the compounds showed over either positive or 

negative 10% TO displacement. 
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Table 5.10 Structures of hits from NCI library and percentage of TO displacement against 

the i-motif forming sequence from ALOX5. All experiments were performed in 10 mM 

sodium cacodylate and 100 mM KCl at pH 7.0, [ALOX5-C] was 0.5 µM, [TO] was 1 µM, 

and [ligands] was 2.5 µM. Positive displacement values represent displacement of TO 

from the DNA. Negative displacement represents enhanced fluorescence on addition of 

the ligand. 

NSC Structure TO Displacement (%) 

13487 

 

-64.4 ± 2.4 

5426 

 

-45.6 ± 2.7 

151888 

 

-34.1 ± 4.4 

177866 

 

-25.2 ± 5.2 

8675 

 

-18.4 ± 6.5 

7218 

 

-17.1 ± 3.2 

129929 

 

-15.5 ± 2.7 
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5907 

 

-15.0 ± 2.3 

50654 

 

-14.9 ± 2.4 

41092 

 

-13.0 ± 6.0 

71795 

 

-13.0 ± 1.9 

638432 

 

-12.0 ± 1.7 

143491 

 

60.0 ± 1.5 

345647 

 

51.3 ± 3.3 

311153 

 

50.5 ± 1.0 
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317003 

 

39.9 ± 3.0 

177365 

 

38.1 ± 2.2 

11668 

 

29.5 ± 11.5 

73735 

 

22.9 ± 7.2 

159566 

 

22.0 ± 2.5 

260594 

 

20.3 ± 2.0 

379099 

 

17.8 ± 6.9 
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75241 

 

16.3 ± 2.7 

205912 

 

16.1 ± 1.7 

60037 

 

16.0 ± 3.9 

319990 

 

14.8 ± 1.9 

65537 

 

14.5 ± 3.7 

11667 

 

14.0 ± 3.8 

107582 

 

13.9 ± 3.0 

46492 

 

13.4 ±0.9 

156565 

 

12.9 ± 2.0 
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80735 

 

12.7 ± 2.5 

679525 

 

11.8 ± 6.8 

73170 

 

11.6 ± 2.4 

 

From the ranking of the hits, 12 ligands were found to show negative displacement 

of TO, which is indicative of those ligands may either fluorescent or can shift the 

equilibrium between single strand and folded i-motif structure, so that when the 

ligands were added to ALOX5-C solution, more i-motif species could form. NSC 

12487 was found to be the highest negative TO displacement ligand for ALOX5 

with -64% TO displacement, compared to other ligands which showed negative TO 

displacement. NSC 12487 seems significantly induce more i-motif species formed. 

NSC 143491 (daunomycin) showed the highest TO displacement with 60%, 

suggesting high binding affinity to ALOX5 i-motif, interestingly, in Chapter 3, 

this compound has been found to destabilize i-motif forming sequence from the 

human telomere (ΔTm = -2.4°C). NSC 143491 is an anticancer medication, 

especially used for AML,354 thus it could be a good example for the further study 

of interaction with ALOX5 quadruplex DNAs. Ligand 143491 is a known and well 

characterised duplex binding drug, daunomycin, which binds to the minor groove 

by intercalation.355 It has also been shown to interact with G-quadruplex DNA.356 

Ligand 319990 (ΔTm = -2.4°C) was previously identified to have a destabilizing 

effect on hTeloC i-motif, as discussed in Chapter 3, also demonstrated more than 

10% TO displacement (15%) against the ALOX5 i-motif. Compound 71795 showed 

13% displacement of TO; this compound has already been identified as interacting 

with the i-motif forming sequence from the human telomere,63 and was also 
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studied in Chapter 3, where it was shown to have a stabilizing effect on the i-

motif hTeloC. NSC 71795 has already been shown to have a potential preference 

for i-motif structures, this shows that it could potentially be a useful molecule in 

studying the biology of ALOX5. NSC 260594 showed 20% TO displacement to 

ALOX5 i-motif, while in Chapter 3, from both CD titration and melting 

experiments, 260594 did not affect hTeloC i-motif, indicating this ligand may show 

some selectivity to the ALOX5 i-motif structure, but these experiments were also 

performed at different pHs.  

 

5.6 Conclusions 

 

In the first part of this chapter, we used bioinformatics to investigate interesting 

i-motif forming sequences from the human genome. Eight leukaemia-related 

genes were selected, as they all partially overlap Sp1 transcription factor binding 

sites, which suggested they may be possible sites for modulation of gene expression 

through altering the DNA structures. The sequence from the promoter region of 

ALOX5 was the first to be studied, and other analogous C-rich repeat sequences 

with different number of repeats were also investigated. CD and UV were used to 

investigate their pH and thermal stability. The study showed all these C-rich 

sequences have two transitional pHs, indicating they all potentially exist in at 

least one different population in solution. UV melting experiments at different 

concentrations suggested the DNA C-rich sequences with n= 4 to 7 C-tracts are 

more likely to adopt intramolecular species, whereas n= 3 does not but can form 

intermolecular i-motif structures. TDS showed all these sequences can fold into i-

motif structures at acidic conditions, however, at neutral pH, n = 3 was not able 

to form an i-motif structure and may form alternative DNA conformations, such 

as a hairpin.  

The complementary G-rich sequences were also studied. CD spectra were 

performed in different cations, and aside from the G-rich sequence with n = 3 G-

tracts, the rest of the G-rich sequences were shown to adopt both parallel and 
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antiparallel structures in the presence of K+, Na+, and Li+. As the buffer conditions 

were performed in sodium cacodylate to compare with the i-motif sequences, this 

resulted in the use of mixed cationic conditions in some cases. To remove the 

potential competition from the sodium within the cacodylate, all the CD spectra 

were repeated in lithium cacodylate buffer. In these conditions we observed that 

when increased the number of G-tracts, the proportion of parallel G-quadruplex 

species also increased. The TDS results clearly showed that these sequences form 

G-quadruplex topologies in the presence of 100 mM Na+ and Li+. The TDS shapes 

in 100 mM K+ seemed abnormal, but this is because the G-rich sequences are 

thermally stable in K+ even at high temperatures so at 95°C, the structures are 

not completely unfolded. However, when the reduced concentration of K+ to 25 mM, 

n= 4–7 showed G-quadruplex features, although even at this concentration of 

potassium cations, the G-quadruplexes may still not fully melt. Regardless, it 

suggests all the G-rich sequences adopt G-quadruplex species. 

As both the G-rich and C-rich sequences fold into alternative DNA secondary 

structures this does pose some questions with regard to what Sp1 and Egr1 

transcription factors bind to. It is well known that Sp1 can bind G-quadruplex 

DNA.355 The results here indicate that above three tracts, the C-rich sequences 

adopt stable i-motif structures at neutral pH. Further work to determine the 

binding properties of Egr1 against these sequences is now required to determine 

whether this transcription factor binds the i-motif itself, rather than the double-

helical DNA sequence. 

The initial ligands that have been screened showed many potential hits for ALOX5. 

We do not yet know whether they are specific for the ALOX5 i-motif, and whether 

they also bind to other types of DNAs, thus other sequences need to be examined 

and complementary techniques need to be performed. Among these hits, NSC 

71795, 319990, and 143491 also showed interaction with human telomeric i-motif 

as discussed in Chapter 3, which suggests these four might have some sort of 

preference to bind i-motif structures. The next steps would be to investigate their 

effect on the thermal stability of the i-motif structure. Thus, FRET or CD melting 

experiments should be carried out. These ligands could potentially be used for 
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disrupting protein-DNA interactions between Egr1 and ALOX5 and they could be 

used for modulation of ALOX5 gene expression. This work is now being continued 

by a different Ph.D. student within the group, who is now characterizing the 

ligands further, expressing Egr1 for binding experiments, and making a reporter-

gene construct to study the effects of GC-tract length on gene expression as well 

as the effects of the hit ligands.  

Aside from ALOX5, from the original bioinformatics search, there were other eight 

sequences involved in leukaemia that have been identified (refer to Table 5.2) and 

these could also be studied further.  
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Chapter 6 

Conclusion and Future Work 
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6.1 Conclusions 

Initially, my Ph.D. study aimed to investigate and design a novel specific, and 

selective i-motif ligand, and to study interactions between ligands and DNA 

secondary structures. At the current stage, although we only made one minor 

groove binder PyPyPyβDp, it was originally hoped to be the part that would bind 

a double-helical part of DNA but actually in the end we found it could bind i-motif. 

This did mean it was unsuitable for the intended purpose, but it was the first time 

that a minor-groove binder was identified to interact with i-motif. Future work to 

make i-motif-ligand conjugate should start with hairpin polyamides for the proof 

of concept as they would be more specific to target the minor groove. However, it 

may be that even these compounds have i-motif binding capabilities, only testing 

them would reveal whether this is the case. Regardless, it was clear that more i-

motif interacting compounds were required before this was able to work effectively 

as a strategy. 

Then my work moved to the study of interactions between ligands and DNA 

structures. Plenty of small molecules were examined with different DNA and RNA 

structures: double helical, G-quadruplex, and i-motifs. A variety of biophysical 

techniques was used to explore the interaction between ligands and 

oligonucleotides including FRET, FID, CD, and UV. After examining the top 28 

NCI compounds from a bioinformatics study using CD titration and CD melting 

experiments, two ligands NSC 19990 and 71795 showed a strong stabilization 

effect on hTeloC i-motif. These ligands could be used as potential agents for i-

motif-conjugate designing. Many of the others had a destabilizing effect on the 

hTeloC i-motif. Some other ligands from collaborating groups were found to have 

interesting interactions with i-motif forming sequences, such as Pd complex 22 

showed a preference for hTeloC i-motif, also the Fe-cylinder strongly unfolds and 

destabilizes the i-motif forming sequence from Hif1α. The fact that we had studied 

a lot of destabilizing compounds gave rise to the opportunity to study the unfolding 

effects of TMPyP4 with RNA G-quadruplex. The biophysical evidence of unfolding 

PQS18-1 RNA G-quadruplex structure was able to support the computational 

results performed by the Haider group. TMPyP4 is an interesting molecule that 
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continues to be used in the literature as a G-quadruplex stabilizing agent, though 

these results raise further questions as to whether this is a good ligand to use for 

such experiments. It does not seem that one can make assumptions as to what 

TMPyP4 should do with nucleic acids and should be used with caution or 

supported with significant biophysical data. 

The project performed in Chapter 5 was the study of GC-rich repetitive sequences 

present across the human genome. Bioinformatics methods were used to align Sp1 

transcription factor and GC-sequences from 637 i-motif-sequences lists, from the 

alignment results, nine sequences related to leukaemia were selected and the 

sequence from the promoter region of ALOX5 was selected for characterization. 

Some previous experiments were reanalyzed and got more accurate transitional 

pHs and it was possible to observe that once a range of sequences was 

characterized, the previously published sequences from DAP and MSMO showed 

single transitions for their transitional pHs. For all the C-rich sequences, two 

transitional pHs were observed, indicating they all can adopt more than one DNA 

secondary structure population in solution. Thermal stability experiments 

suggested melting temperature increased with an increasing number of C-tracts. 

UV melting performed with different oligonucleotide concentrations showed no 

variability in Tm and Ta, indicating the dominant structures of sequences n = 4 to 

7 are likely to be intramolecular i-motif whereas n= 3 was found to form 

intermolecular i-motif structures. Characterization for G-rich sequences showed 

an interesting observation that with increased G-tract, parallel topology also 

increased. During the FID screening experiments, a number of NCI compounds 

were found to bind to ALOX5 i-motif, among the hits, three ligands (NSC 71795, 

319990, and 143491) were also found to interact with hTeloC in Chapter 3, thus 

they could have potential selectivity to i-motif structures. Further work to 

characterize these ligands further is necessary to explore their utility in altering 

ALOX5 gene expression. 
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6.2 Future Work 

Firstly, in the study of designing a conjugate that specifically binds to i-motif, as 

our two minor groove binders interact with i-motif structures, thus future work 

should focus on Dervan-style hairpin polyamides minor groove binders. Also, as 

discussed in Chapter 2, there are other two strategies, which will be worth 

investigating in the future: ligand-ligand conjugates to target i-motifs that exist 

in tandem and ligand-nucleic acid conjugates to combine strong i-motif stabilizers 

with sequence-specific DNA recognition. These types of conjugates are unexplored 

in the i-motif field so would represent a significant advance. Our work here has 

shown that the design may be straightforward, but the reality is much more 

complicated.  

Secondly, in the ligands study, ligands NSC 71795 and 19990 were proved to be 

potential stabilizers to hTeloC i-motif, however, we have not examined them with 

other DNA secondary structures, thus this should be performed. Other techniques 

could be used to study their effect on DNA structures, such as ITC and SPR can 

be used to directly study the binding affinity of 71795 and 19990 with 

oligonucleotides. Fe-cylinder showed unfolding and destabilizing effects on the i-

motif forming sequence from Hif1α, but we have not yet investigated its effect on 

other DNA structures, thus CD melting experiments should be performed with 

other DNAs. We already know the unfolding mechanism of TMPyP4 to PQS18-1 

RNA G-quadruplex, and also that it interacts very differently with PQS18-1 DNA 

G-quadruplex. Work is required to determine exactly why the effects are different 

between RNA and DNA structures. As this has not been deeply studied, future 

work could focus on the differences between DNA and RNA, computational work 

should be performed to assist the biophysical experiments. 

As the C-rich repeated sequences were found to be stable at neutral pH, it may be 

worth using X-ray crystallography to determine their respective structures. This 

may reveal insights into the different conformations and how they vary with the 

number of C-tracts and whether these n= 3–7 sequences fold into intermolecular 

or intramolecular i-motif structures. Additional experiments using gel-
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electrophoresis will also help in this aspect. Then NMR and X-ray 

crystallography266 should be performed to study the precise structure of G-rich 

sequences. this greater understanding of the GC-rich structures, their dynamics, 

and their binding to Sp1 and Egr1 transcription factors are important in the 

development of ligands to target ALOX5 for future cancer treatments.
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Chapter 7 

Experimental 
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7.1 General Experimental 

Chemical reagents were general-purpose grade and unless otherwise indicated, 

purchased from Sigma-Aldrich or Thermo Fisher, and used without further 

purification.  

Oligonucleotides were purchased from Eurogentec, and each of them is dried 

and purified using reverse phase HPLC. The dry DNA was dissolved in ultrapure 

water to prepare a stock solution, the labelled DNA samples were prepared at 

approximately 100 µM and the unlabelled DNA was made at 1 mM. The 

concentration of the stock solutions was identified from their UV absorbance at 

260 nm with a NanoDrop by using extinction coefficients provided by Eurogentec. 

DNA annealing: The DNA samples were prepared at final concentration and 

annealed in the heating block for all experiments. The DNA samples were always 

prepared in the final buffer. When using the heating block, the temperature was 

increased to 95°C (1°C/min) and then DNAs were put into the block for 5 minutes 

then it was switched off, and the samples were left in it cooling down to room 

temperature overnight with a cooling rate of around 1°C/min.
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Table 7.1 Custom oligonucleotide sequences used throughout this research.  

Name Sequence 5′ → 3′ 

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

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

DS GGC-ATA-GTG-CGT-GGG-CGT-TAG-C 

DScomp GCT-AAC-GCC-CAC-GCA-CTA-TGC-C 

Hif1α CGC-GCT-CCC-GCC-CCC-TCT-CCC-CTC-CCC-GCG-C 

DAP CCC-CCG-CCC-CCG-CCC-CCG-CCC-CCG-CCC-CC 

ATXN2L CCC-CCC-CCC-CCC-CCC-CCC-CCC-CCC 

Nrf2 CCC-TCC-CGC-CCT-TGC-TCC-CTT-CCC 

c-MYC CCT-TCC-CCA-CCC-TCC-CCA-CCC-TCC-CCA 

PQS18-1RNA GGC-UCG-GCG-GCG-GA 

PQS18-1DNA AGG-CTC-GGC-GGC-GGA 

PQS18-1RNAFRET FAM-GGC-UCG-GCG-GCG-GA-TAMRA 

hTeloCFRET FAM-TAA-CCC-TAA-CCC-TAA-CCC-TAA-CCC-TAMRA 

hTeloGFRET FAM-GGG-TTA-GGG-TTA-GGG-TTA-GGG-TAMRA 

DSFRET FAM-TAT-AGC-TAT-A-HEG(18)-TAT-AGC-TAT-A-TAMRA 

Hif1αFRET FAM-CGC-GCT-CCC-GCC-CCC-TCT-CCC-CTC-CCC-GCG-

C-TAMRA 

DAPFRET FAM-CCC-CCG-CCC-CCG-CCC-CCG-CCC-CCG-CCC-CC-

TAMRA 

ATXN2LFRET FAM-CCC-CCC-CCC-CCC-CCC-CCC-CCC-CCC-TAMRA 

Nrf2FRET FAM-CCC-TCC-CGC-CCT-TGC-TCC-CTT-CCC-TAMRA 

c-MYCFRET FAM-CCT-TCC-CCA-CCC-TCC-CCA-CCC-TCC-CCA-

TAMRA 

MADD-C CCC-CCG-CCC-CCG-CCC-CC 

MSMO1-C CCC-CCG-CCC-CCG-CCC-CCG-CCC-CC 

ALOX5-C CCC-CCG-CCC-CCG-CCC-CCG-CCC-CCG-CCC-CCG-CCC-

CC 

ZNF480-C CCC-CCG-CCC-CCG-CCC-CCG-CCC-CCG-CCC-CCG-CCC-

CCG-CCC-CC 
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MADD-G GGG-GGC-GGG-GGC-GGG-GG 

MSMO1-G GGG-GGC-GGG-GGC-GGG-GGC-GGG-GG 

DAP-G GGG-GGC-GGG-GGC-GGG-GGC-GGG-GGC-GGG-GG 

ALOX5-G GGG-GGC-GGG-GGC-GGG-GGC-GGG-GGC-GGG-GGC-

GGG-GG 

ZNF480-G GGG-GGC-GGG-GGC-GGG-GGC-GGG-GGC-GGG-GGC-

GGG-GGC-GGG-GG 
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Mass spectroscopy 

MALDI was performed on Kratos Analytical Axima MALDI-TOF. The matrix, α-

cyano-4- hydroxycinnamic acid (>98% Sigma), was prepared in ethanol at a 

concentration of 10 mg/mL. Compounds to be analyzed were prepared at a 

concentration of 1 mg/mL in methanol. Samples were prepared by mixing equal 

volumes (5 µL) of matrix and compound. The MALDI experiment was performed 

in reflectron mode under positive ionization conditions. The following parameters 

were used: 1000 profiles per sample, shots off, ion gate off, pulsed extraction on, 

and max laser rep rate 10. 

Chromatographic Techniques 

Preparative RP-HPLC was performed on an Agilent 1260 infinity using an Agilent 

Eclipse XDB-C18 column, 21.2 x 150mm, 5µM, and a flow rate of 20 mL/min. 

Solvent A = 5% MeOH in Water + 0.05% TFA and Solvent B = 5% Water in MeOH 

+ 0.05% TFA. Gradient 0% B → 100% B over 20 minutes. Detection wavelengths: 

214 and 254 nm.  

FRET melting  

Experiments were carried out on a Qiagen Roto-gene Q-PCR machine using 

Qiagen PCR tubes and a 7500 Fast Real-Time PCR system, 18 µL of 0.2 µM of 

oligonucleotide sample was prepared in MicroAmp Optical 96-well Reaction Plate, 

then 2 µL of 10 µM ligand was added into each well, covered by clear polyester 

sealing film. All experiments were repeated in triplicate. The samples were then 

heated in the PCR machine from 25 to 95 °C and the fluorescence of the FAM 

group was measured at 510 nm using a green filter at 1 °C interval. This was 

repeated for each ligand and with G-quadruplex and duplex DNA sequences. The 

raw data gives the fluorescence melting curves, and the melting temperatures 

were calculated by first the derivative. 
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FID assay  

The FID assays were performed on a BMG CLARIOstar Plate Reader using 

Corning 96-Well Solid Black Flat Bottom plates. A 10 mM stock solution of TO 

was prepared in DMSO and dilution to 1 / 2 µM (depending on the concentration 

of DNA) in the appropriate buffer, a ratio of TO with DNA is 2:1. 90 µL of the 2 

µM TO solution was added to each well and fluorescence emission at 450 nm was 

measured with excitation at 430 nm; this was normalized to 0% representing 

background fluorescence. 1 µL of 45 / 90 µM DNA was then added, shaken using 

114 double orbitals shaking at 700 rpm in the plate reader for 30 seconds, and 

allowed to equilibrate for 15 - 20 minutes (depending on oligonucleotide sequence), 

then fluorescence emission was measured again, and values are normalized to 100% 

of the maximum fluorescence from the thiazole orange binding to DNA structures. 

Then 2.25 µL of 100 µM ligands were titrated into each well and the fluorescence 

was measured immediately as mentioned above, each experiment was performed 

in triplicate. The fluorescence after the addition of ligands was normalized 

between 0 and 100% for each independent well. The percentage of TO 

displacement was the difference calculated between normalized 100% fluorescence 

and normalized fluorescence measured after the addition of ligand.  

CD spectroscopy  

CD titration and CD melting experiments were performed on Jasco J-810 or Jasco 

J-1500 spectropolarimeter, oligonucleotide samples were performed in a 1 mm 

quartz cuvette with a silicone lid. CD scans were performed with a scanning speed 

of 100 (Chapter 3 Section 3.2) or 200 nm/min (the rest of the chapters), response 

time of 1 s, 0.5 nm pitch, and 2 nm bandwidth. The spectra are an average from 4 

scans, and all are zero corrected at the longest wavelength of the measurement. 

CD melting experiments were carried out with the same parameters, each sample 

was heated from 5°C to 95°C at a rate of 1°C/min and measured at 5°C intervals. 

The melting temperature (Tm) of half unfolded was calculated using OriginPro 

software, and normalized ellipticity at 288 nm against temperature was plotted 

and fitted using sigmoidal curve fitting methods. 
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UV spectroscopy  

Unless otherwise indicated, all UV spectroscopy experiments were performed on 

Jasco V-750 Spectrophotometer equipped by PAC 743R Temperature Controller, 

using a quartz cuvette with a 1 cm path length. Oligonucleotide samples were 

diluted to 2.5 µM in indicated buffer at the desired pH, then thermally annealed. 

250 µL of the sample was transferred to a cuvette with a silicone lid. The UV 

absorbance was measured at 295 nm, the sample was held at 5°C for 10 min and 

then heated to 95°C at a rate of 0.5°C/min, then held at 95°C for 10 min and the 

process was reversed, each melting and annealing process was repeated three 

times. Data was measured every 1°C during both the heating and cooling state, 

each data point was an accumulation of three scans. Melting and annealing 

temperatures were determined using the first derivative method. Thermal 

difference spectra were the difference calculated by subtracting the spectrum of 

folded structure at 5°C from the spectrum of unfolded structure at 95°C, the 

spectrum wavelength was 220 to 320 nm at the scanning speed of 200 nm/min, 

and the data was normalized, and the maximum change of spectrum was set to 1. 

FRET titration  

FRET titration experiments were performed in an Edinburgh Instruments FS5 

spectrofluorometer, using a quartz cuvette with a 10 mm path length. The sample 

volume was 250 µL. The FRET-labelled PQS18-1RNA (FAM-GGC-UCG-GCG-GCG-

GA-TAMRA) was diluted in pH 7.0 buffer to 0.1 µM. The sample was excited at 490 

nm, and the fluorescence emission was measured from 500 to 650 nm. TMPyP4 

was diluted in buffer and added into a sample in 0.025 µM increments from 0.025 

to 0.5 µM. The relative FRET efficiency (Erel.) was calculated using the  equation 

3:  

Equation 3: Erel. = 
𝐼a

𝐼d + 𝐼a
 

where Id is the fluorescence intensity of the donor and Ia is the fluorescence 

intensity of the acceptor. The experiment was performed in triplicate, and the 
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error bars represent the standard deviation. The data were analyzed by OriginPro 

2020. 

7.2 Experimental Section for Chapter 2 

 

Synthesis: The building blocks chlorotrityl chloride resin preloaded with β alanine 

(1), Fmoc 1H-Pyrrole-2-carboxylic acid (2), 1-Methyl-1H-pyrrole-2-carboxylic acid 

(7) and 3-Dimethylaminopropylamine (9) were purchased from Merck. 

FRET melting experiments were performed as described above, all experiments 

were performed in a 7500 Fast Real-Time PCR system. Labelled DNA samples 

were diluted in 10 mM sodium cacodylate and 100 mM potassium chloride buffer, 

the pH used for hTeloC is 6, Nrf2 was in pH 6.5, dsDNA, hTeloG, DAP, ATXN2L, 

and Hif1α were prepared in pH 7.0. 1 mM ligands stock was diluted into 10 μM 

with distilled water. For control experiments, 2 μL of distilled water was added to 

DNA. 

The FID assays were performed on a BMG CLARIOstar Plate Reader and 

measured as discussed above, buffers were used the same as FRET melting, and 

ligands were prepared in each well as 1, 2.5, 5, 10, 20, 50, and 100 μM.  

CD experiments were carried out as described above. 10 μM of hTeloC and DAP 

in 10 mM sodium cacodylate and 100 mM potassium chloride buffer at pH 7.0, 1 

μL of 1 mM ligand was titrated into DNA until 50 μM, CD scans measured 

between 230 to 320 nm, then melting experiments were performed at such 

concentration and measured the same wavelength. All titration data were ligand 

subtracted, and both titration and melting data were zero corrected at 320 nm. 

7.3 Experimental Section for Chapter 3 

Compounds: All the NCI compounds were purchased from NCI SET VI. All the 

bis(pyridyl)allene metal complexes were synthesized by Dr. Hanna K. 

Maliszewska. The iron cylinder was a Kind gift from Prof Mike Hannon.  
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FRET melting experiments were performed as described above, all the 

experiments were performed on a Qiagen Rotor-Gene Q-series PCR machine. The 

final analysis of the data was carried out using Qiagen Rotor-Gene Q-series 

software and Origin or Excel.  

FID assays were performed on a BMG CLARIOstar Plate Reader as described 

above.  

CD experiments were carried out on a Jasco J-810 spectropolarimeter (Section 

3.2) and a J-1500 spectropolarimeter (Section 3.3 and 3.4) as described above.  

 

7.4 Experimental Section for Chapter 4 

 

Oligonucleotides purchased from Eurogentec (PQS18-1 RNA, PQS18-1 DNA, 

and PQS18-1 FRET). The dry RNA/DNA was dissolved in nuclease-free water to 

prepare stock solutions. Further dilutions were carried out in a buffer containing 

10 mM lithium cacodylate and 100 mM potassium chloride, pH 7.0. 

CD experiments were performed with the JASCO J-1500 spectropolarimeter as 

described above. The scanning range for CD titration was 200–650 nm, the other 

parameters were the same as described above. Unfolding data were fitted using 

the Hill equation θ = Cn/(DC50
n + Cn) where θ = fraction of bound TMPyP4, C = 

concentration of TMPyP4, n = Hill coefficient, and DC50 = the half denaturing 

concentration. 

Corresponding UV–vis absorption data were also collected at the same time as the 

CD. UV–vis binding data were fitted to a two-inequivalent-sites binding model: θ 

= (K1C + 2K1K2C2)/(1 + K1C + 2K1K2C2) where θ = fraction of bound TMPyP4, C = 

concentration of TMPyP4, and K1 and K2 are the association constants for the first 

and second sites. 
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CD/UV–vis melting/annealing profiles were recorded by monitoring the CD at 264 

nm, as a function of temperature using a sealed cuvette. RNA samples were cooled 

to 5 °C and then heated to 95 °C with a heating rate of 1 °C/min, held at 95 °C for 

5 min, and then cooled to 5 °C at the same rate. The Tm values of the complexes 

were calculated by normalizing the experimental curves to give fraction folded, 

and the data fitted to sigmoidal fittings were used to determine the Tm values. All 

experiments were repeated twice, and the error represents the standard deviation 

from the mean. Final data were analyzed in OriginPro 2020. 

FRET titration experiments were performed in an Edinburgh Instruments FS5 

spectrofluorometer, using a quartz cuvette with a 10 mm path length. The sample 

volume was 250 μL. The FRET-labelled RNA was diluted in pH 7.0 buffer to 0.1 

μM. The sample was excited at 490 nm, and the fluorescence emission was 

measured from 500 to 650 nm. TMPyP4 was diluted in buffer and added into a 

sample in 0.025 μM increments from 0.025 to 0.5 μM. The relative FRET efficiency 

(EFRET) was calculated using EFRET = (Ia/Id + Ia) where Id is the fluorescence 

intensity of the donor and Ia is the fluorescence intensity of the acceptor. The 

experiment was performed in triplicate, and the error bars represent the standard 

deviation. The data were analyzed by OriginPro 2020. 

 

7.5 Experimental Section for Chapter 5 

 

CD spectroscopy experiments were performed on a Jasco J-810 

spectropolarimeter. DNA samples were diluted to 10 μM (total volume: 100 μl) in 

buffer at pH increments of 0.5 pH unit from 4.0 to 9.0 (including pH 6.25 and pH 

6.75). The scans were recorded at room temperature (20°C) between 200 and 320 

nm. The parameters were used the same as described above.  

UV spectroscopy experiments were performed on Jasco V-750 Spectrophotometer 

as described above, both melting and annealing temperatures were determined by 

the first derivative method
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Appendix 1 HPLC trace of PyPyPyβDp at 214 nm, using 5% MeOH: H2O, 0.05% 

TFA 

 

 

 

Appendix 2 MALDI mass spectroscopy of PyPyPyβDp, samples were prepared at 

1 mg/mL in MeOH. 
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Appendix 3 Percentage of TO displacement of minor groove binders with tested DNA sequences, the concentration of DNA was 

0.5 µM, the buffer is 10 mM sodium cacodylate and 100 mM potassium chloride at desired pH (pH 7.0 for DS, hTeloG, DAP, 

and Hif1α, pH 6.5 for Nrf2 and c-MYC, pH 5.5 for hTeloC). Errors show the standard deviation across three repeats. 

TO displacement (%) 

 

DNA 

[PyPyPyβDp] 

1 µM 2.5 µM 5 µM 10 µM 20 µM 50 µM 100 µM 

DS -22.5 ± 8.6 -11.4 ± 3.5 -13.2 ± 5.1 -3.6 ± 5.5 1.3 ± 6.5 -11.8 ± 6.1 -18.8 ± 7.8 

hTeloG -4.1 ± 1.3 -6.6 ± 2.1 -7.3 ± 3.0 -6.7 ± 3.2  -10.8 ± 3.4 -9.2 ± 6.8 2.1 ± 2.1 

hTeloC -14.1 ± 5.7 -7.1 ± 1.1 -8.0 ± 1.1 -12.2 ± 10.7 2.9 ± 6.1 -18.9 ± 4.4 -46.3 ± 6.0 

Nrf2 -6.4 ± 2.6 -6.2 ± 4.0 -4.6 ± 2.6 -1.4 ± 4.1 3.0 ± 0.8 1.4 ± 3.4 4.6 ± 1.2 

DAP 7.7 ± 1.4 6.8 ± 0.5 6.1 ± 0.6 7.0 ± 1.1 6.8 ± 0.8 10.6 ± 0.4 7.9 ± 2.5 

Hif1α -0.2 ± 1.8 -0.9 ± 4.0 -8.2 ± 5.9 -7.0 ± 0.2 -5.2 ± 1.3 -3.1 ± 3.6 -1.9 ± 1.0 

c-MYC -34.7 ± 15.6 -9.7 ± 12.8 -7.7 ± 4.6 -25.1 ± 13.4 -6.7 ± 16.8 -122.7 ± 13.3 -122.9 ± 12.9 

 [netropsin] 

DS -4.4 ± 1.3 -3.9 ± 4.9 15.6 ± 2.1 22.3 ± 2.9 30.1 ± 2.5 40.2 ± 6.4 53.3 ± 10.0 

hTeloG -5.8 ± 1.8 0.2 ± 2.8 1.6 ± 2.9 3.6 ± 1.5 7.4 ± 0.6 15.1 ± 1.1 18.4 ± 4.3 

hTeloC -6.7 ± 5.5 -14.5 ± 5.2 0.2 ± 0.9 2.2 ± 6.8 6.3 ± 3.5 16.2 ± 7.1 30.1 ± 7.4 

Nrf2 -1.4 ± 1.2 -6.6 ± 5.5 -1.7 ± 1.2 0.8 ± 1.1 3.2 ± 0.6 12.9 ± 0.5 26.4 ± 2.0 

DAP 1.8 ± 1.7 10.3 ± 1.1 0.7 ± 0.9 1.4 ± 3.2 3.8 ± 0.7 7.8 ± 1.1 9.8 ± 3.4 

Hif1α -4.7 ± 1.4 5.5 ± 4.1 14.5 ± 1.5 23.5 ± 1.3 32.9 ± 1.2 48.3 ± 1.3 65.8 ± 1.9 

c-MYC 14.4 ± 10.3 -1.4 ± 5.2 5.2 ± 10.9 -20.4 ± 12.4 1.1 ± 9.6 -10.2 ± 12.5 0.9 ± 7.8 
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Appendix 4 FRET melting curves for minor groove binders with DNA sequences, the concentration of DNA was 0.2 µM, the 

buffer is 10 mM sodium cacodylate and 100 mM potassium chloride at desired pH (pH 7.0 for DS, hTeloG, DAP, and Hif1α, pH 

6.5 for Nrf2 and c-MYC, ph 5.5 for hTeloC), concentrations of minor groove binders were 1 µM and 10 µM. 
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Appendix 5 UV melting of DS, hTeloG, and Hif1α in the absence and presence of 

50 µM of minor groove binders. [DNA] is 10 µM, and all experiments were 

performed in 10 mM sodium cacodylate and 100 mM potassium chloride at pH 7.0. 

The data were fitted by sigmoidal curve using Origin 2022. 
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Appendix 6 UV melting of DAP, Nrf2, and c-MYC i-motif in the absence and 

presence of 50 µM of minor groove binders. [DNA] is 10 µM, and all experiments 

were performed in 10 mM sodium cacodylate and 100 mM potassium chloride at 

pH 7.0 for DAP, pH 6.5 for Nrf2, and c-MYC. The data were fitted by sigmoidal 

curve using Origin 2022. 
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Appendix 7 CD titration and melting of NCI ligands with structures, all 

experiments were performed in 50 mM sodium cacodylate at pH 6.0, [hTeloC] is 

10µM. The plot of normalized ellipticity at 288 nm against temperature gave 

sigmoidal curves. 
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Appendix 8 FRET melting curves of bis(pyridyl)allenes complexes, all experiments 

were performed in 10 mM sodium cacodylate and 100 mM potassium chloride 

buffer, [DNA] was 0.2 µM, [ligand] was 10 µM. hTeloC, pH 5.5; DAP, pH 6.8; Hif1α, 

pH 6.8; hTeloG, pH 7.0; DS, pH 7.0. DNAs were examined with complexes 20, 21, 

22, 23, 24, 25, 26, and 27. 
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Appendix 9 FID TO displacement assay for allene ligands 1a-b and allene-

containing complexes at 2.5 μM in 10 mM sodium cacodylate and 100 mM KCl: 0.5 

μM hTeloC, pH 5.5; 0.5 μM DAP, pH 6.8; 0.5 μM Hif1α, pH 6.8; 0.5 μM hTeloG, 

pH 7.0; 0.5 μM DS, pH 7.0. 
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Appendix 10 Calculation of error of Job Plot of TMPyP4 with PQS18-1 RNA G-

quadruplex 
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Appendix 11 CD spectra of C-rich sequences with number of C-tract 3–7 at 

different pHs, and corresponding bisigmoidal curve fitting. [DNA] was 10 µM, 

and the buffer was containing 10 mM sodium cacodylate and 100 mM sodium 

chloride. 
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Appendix 12 CD melting of C-tract 3 to 7 sequences (10 µM) measured in 10 mM 

sodium cacodylate with 100 mM sodium chloride at pH 5.5. 
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Appendix 13 CD melting of C-tract 3 to 7 sequences (10 µM) measured in 10 mM 

sodium cacodylate with 100 mM sodium chloride at pH 7.0. 
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Appendix 14 Example of UV melting and annealing process of each GC-repeat i-

motif measured in 10 mM sodium cacodylate and 100 mM sodium chloride buffer 

at pH 5.5, the concentration of DNA is 2.5 µM. 
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Appendix 15 Example of UV melting and annealing process of each C-tract of n= 

3 to 7 i-motif measured in 10 mM sodium cacodylate and 100 mM sodium chloride 

buffer at pH 7.0, the concentration of DNA is 0.5 µM. 
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Appendix 16 Example of UV melting and annealing process of each C-tract of n= 

3 to 7 i-motif measured in 10 mM sodium cacodylate and 100 mM sodium chloride 

buffer at pH 7.0, the concentration of DNA is 1 µM. 
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Appendix 17 Example of UV melting and annealing process of each C-tract of n= 

3 to 7 i-motif measured in 10 mM sodium cacodylate and 100 mM sodium chloride 

buffer at pH 7.0, the concentration of DNA is 2.5 µM. 
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Appendix 18 Example of UV melting and annealing process of each C-tract of n= 

3 to 7 i-motif measured in 10 mM sodium cacodylate and 100 mM sodium chloride 

buffer at pH 7.0, the concentration of DNA is 10 µM. 
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Appendix 19 CD melting of G-rich sequences with the number of G-tract 3–7, and 

corresponding sigmoidal curve fitting and first derivative. [DNA] was 10 µM, and 

all experiments were performed in 10 mM sodium cacodylate and 100 mM KCl at 

pH 7.0. 
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Appendix 20 CD melting of G-rich sequences with the number of G-tract 3–7, and 

corresponding sigmoidal curve fitting and first derivative. [DNA] was 10 µM, and 

all experiments were performed in 10 mM sodium cacodylate and 100 mM NaCl at 

pH 7.0. 
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Appendix 21 CD melting of G-rich sequences with the number of G-tract 3–7, and 

corresponding sigmoidal curve fitting and first derivative. [DNA] was 10 µM, and 

all experiments were performed in 10 mM sodium cacodylate and 100 mM LiCl at 

pH 7.0. 
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Appendix 22 Example of UV melting and annealing process of each G-tract of n= 

3 to 7 G-quadruplex measured in 10 mM sodium cacodylate and 100 mM KCl buffer 

at pH 7.0, the concentration of DNA is 2.5 µM.  
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Appendix 23 Example of UV melting and annealing process of each G-tract of n= 

3 to 7 G-quadruplex measured in 10 mM sodium cacodylate and 100 mM NaCl 

buffer at pH 7.0, the concentration of DNA is 2.5 µM. 
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Appendix 24 Example of UV melting and annealing process of each G-tract of n= 

3 to 7 G-quadruplex measured in 10 mM sodium cacodylate and 100 mM LiCl 

buffer at pH 7.0, the concentration of DNA is 2.5 µM. 

 

 



Appendix  25  Alignment identities of 637 i-motif sequences with Sp1 transcription factor. BLAST and NCBI were used as searching tools.

GeneCode Chromosom
e

PrmStart PrmEnd/TSS iSeq Sp1 overlapping identy Rank
RP11-752G15.4 15 82692359 82693358 CCCCCCGCCCCCACCCCCCCGCCCCC 88 1
TMEM194A 12 57088064 57089063 CCCCCGCCCCCACCCCCGCCCCC 87.5 2
RPL17P46 18 50822577 50823576 CCCCCGCCCCCCGCCCCCCGCCCCCC 87.5 3
PAQR6 1 156248118 156249117 CCCCCTCCCCCCCCCCCCCCCCCC 86.36 4

ALOX5 10 45373176 45374175 GGGGGCGGGGGCGGGGGCGGGGGCGGGG
GCGGGGG

84.85 5

RSRC1 3 158104855 158105854 CCCCCGCCGCCCCCCCCCCCCGCCCCC 84.62 6

RNVU1-1 1 148362534 148363533 CCCCCCACCGCCCCCCACCCCCACCCCC 84.62 7

COL11A2 6 33192500 33193499 CCCCCACCTCGCCCCCGCCCCCGGCCCGGC
CCCC

84.62 8

LOXL4 10 98268251 98269250 GGGGGGCGGGGGGAGCGGGGGGGCGGCG
GGGGG

84.38 9

RP11-1079K10.2 17 49374380 49375379 CCCCCCGCCCCCACCCCCACCCCC 84 10

JAZF1 7 28180744 28181743 GGGGGGAGGGCGGGGGCGGGGGCGGGGG
GGG

83.87 11

SOX2 3 181710924 181711923 CCCCCTCCTCGCCTGCCCCCTCCTCCCCCG
GCCTCCCCC

83.33 12

CAMK2N2 3 184261464 184262463 GGGGGCGGGGGCGGGGGGCGGGGG 83.33 13

ARHGAP4 X 153935000 153935999 GGGGGTGGGGGCGGGGGAGGGGGCGGGG
G

82.76 14

NAA10 X 153935224 153936223 GGGGGTGGGGGCGGGGGAGGGGGCGGGG
G

82.76 15

RP11-327F22.1 16 50742816 50743815 GGGGGGTGGGGGGCGAATGGGGGGCGGGG
G

82.76 16

TRABD 22 50184915 50185914 GGGGGGGGGGGGGGGGGCGGGGG 81.82 17

RP4-647J21.1 7 44960910 44961909 GGGGGTTGAGGGGGCTGGGGGTCGGGGGG 81.82 18

FO538757.3 1 181393 182392 GGGGGCGGGGGGGGGGGGGGGGG 81.82 19
RNVU1-18 1 143729571 143730570 CCCCCCCCCCCCCCCCCCCCACCCCC 81.48 20

RUNDC3A 17 44307413 44308412 GGGGGCAGGGAGGGGACGGGGGTGGGGGG
TGGGGG

81.25 21

RP3-388N13.5 8 93916683 93917682 GGGGGCCGTCGGGGGGCTGGGGGCGGGGG
CGGGGG

81.25 22

HOXB9 17 48626357 48627356 CCCCCCCAGCCCCCCACCCTCCCACCCCCA
CCCCC

81.08 23

RP11-20I20.2 4 1112639 1113638 CCCCCTCCCCCTGCCCCCTCCCCC 80.95 24
SCML1 X 17736449 17737448 CCCCCCCCCCCCCCCCCCCCCCCCCC 80.77 25
RP11-1348G14.5 16 28822034 28823033 CCCCCCCCCCCCCCCCCCCCCCCC 80.77 26
ATXN2L 16 28822035 28823034 CCCCCCCCCCCCCCCCCCCCCCCC 80.77 27
THEGL 4 56529609 56530608 CCCCCACACCCCCCGCCCCCCGCCCCC 80.77 28
JRKL-AS1 11 96506827 96507826 CCCCCCCCCCCCCCCCCCCCCCCCC 80.77 29
AL031601.5 10 42241721 42242720 CCCCCCCCCCCCCCCCCCCCCCCC 80.77 30

RP11-455F5.3 16 30095430 30096429 GGGGGTGGGGGCGGGCGCCGGGGGAGGGG
G

80.65 31

BACH2 6 90296909 90297908 GGGGGCTGGGGCGGGGGGCGGGGGACGGG
GG

80.65 32

CTB-50L17.16 19 4471494 4472493 GGGGGGGGGGGGGGGGGCAGCGGGGG 80 33

CCND1 11 69640087 69641086 CCCCCTCCCCCTGCGCCCGCCCCCGCCCCC
C

80 34

RP11-452L6.6 16 31472109 31473108 CCCCCGCCCCCCGCCCCCACCGGACACGGC
CCCC

80 35

WRNIP1 6 2764414 2765413 CCCCCCCCCCCGCCCCTCCCCCGCCCCC 79.31 36

GDF15 19 18373731 18374730 GGGGGTGGGGGCGGGGGGGAAGAGGGGG 79.17 37

SNAP25 20 10217830 10218829 GGGGGTGGGGGTGGGGGTGGGGGGG 79.17 38
MSMO1 4 165326623 165327622 CCCCCGCCCCCGCCCCCGCCCCC 79.17 39

PRR35 16 559422 560421 GGGGGCGGCGGGGGGCGCGCGGGCGGCGG
GGGCGCGGGGTTCGGGCCGGGGG

78.85 40

AC011380.1 5 140286313 140287312 GGGGGGGGGGGGGGGGGGGGGGGCGGGG
G

78.67 41

DDX11L5 9 11134 12133 GGGGGCGGGGGGGGGGGGGGGGGGGGGG
G

78.57 42

KIF13B 8 29263125 29264124 GGGGGCCGGGGGCGGAGCCGGGGGTGGGG
ACCGGGCTGGGGG

78.38 43

CCDC148 2 158456754 158457753 GGGGGTGGTGGGAGAGCCGCTCCGGGGGC
GGGGGCCGGTGGGGG

78.31 44

GID8 20 62937119 62938118 CCCCCGCCCCCGCCCCCGCCTCCGCCGCGG
CCCCC

78.13 45

DIDO1 20 62937953 62938952 CCCCCGCCCCCGCCCCCGCCTCCGCCGCGG
CCCCC

78.13 46

U1 1 146375807 146376806 GGGGGTGGGGGGGGGTGGGGGGGGGGGG 77.78 47

RP11-140C5.3 10 49550308 49551307 GGGGGGGGGGGGGGGGGGGGGCGGGGGG 77.78 48

HOXD10 2 176107790 176108789 GGGGGCCGCGGGGGAGGGGGGGGGGG 77.78 49

TMEM132C 12 128266403 128267402 GGGGGCGGGGCCCGGGCGGGGGCGGGGGC
GGGGCCGGGGG

77.5 50

RP13-582L3.4 4 8860828 8861827 GGGGGCGGGGGCGAGGGCGGGGGAGGGG
G

77.42 51

DAP 5 10761273 10762272 GGGGGCGGGGGCGGGGGCGGGGGCGGGG
G

77.42 52

NR4A2 2 156342349 156343348 CCCCCCTCCCCCGGCCCCCGGCCCCCGGCC
CCC

77.42 53

UGGT1 2 128090200 128091199 GGGGGGTTGGGGGGTGGGGGGCGCGGGCG
GGGG

77.14 54

RP11-586D19.1 4 6199733 6200732 GGGGGCTGGGGGCGGGACCGGGAGGGGGT
GTTGGGGG

76.67 55

RP4-647J21.1 7 44960910 44961909 GGGGGTTGAGGGGGCTGGGGGCTGGGGGG
CTGAGGGCTGAGGGGGG

76.47 56

AARS 16 70289544 70290543 CCCCCCCCCGCCCCCCCCGCCCCCCCCCGC
CCCC

76.32 57

GDF11 12 55742280 55743279 CCCCCATCCTGATTTCTCTCCCCCCCACCCC
CCCCCCC

76.19 58

ARHGAP22 10 48656266 48657265 GGGGGGGGGGGGGCGGGGGGGGGGG 76 59



HOXC10 12 53984065 53985064 CCCCCACCCCCACCCCCACCCCCC 75.86 60
RP11-834C11.12 12 53984845 53985844 CCCCCACCCCCACCCCCACCCCCC 75.86 61

CNN2 19 1025581 1026580 GGGGGTGCTGTGCCCAGGCGGGGGTCCGG
GGGCGACCGAGGGGG

75.76 62

MAFG-AS1 17 81926829 81927828 CCCCCTCGGCCCCCGCCGCCCCCGCCGCGC
CGCCCCC

75.76 63

CAMSAP2 1 200738558 200739557 GGGGGCGGGGGCGGGGGCGGGGGTTGGGG
GGGG

75.76 64

RP11-334C17.3 17 80146250 80147249 CCCCCGGCTCGCCCCCGACTCGCCCCCGGC
TGGCCCCC

75.68 65

ABHD6 3 58236506 58237505 GGGGGCGGGGGCGGGGGCGGGGG 75 66

RNVU1-15 1 144411576 144412575 GGGGGCGGGGGGGGTGGGGGGGGGGGG 75 67

STON1-GTF2A1L 2 48528925 48529924 GGGGGGTGGGGGGTGGGGGTGGGGTGAGG
CGGGGGG

75 68

C14orf93 14 23010167 23011166 CCCCCACCCCCACCCCCACCCCC 75 69

HYAL1 3 50312382 50313381 GGGGGAGGGGGAGGGGGAGGGGAGGGGG
AGGGGGAGGGGG

75 70

CTB-147C22.8 19 50949185 50950184 CCCCCACCCCCACTTCCCCACCCCCACCCCC 75 71

FER1L6-AS2 8 124171523 124172522 GGGGGGGGGGGGGGGGGGGGGGGGGGGG 75 72

RP5-1160K1.6 1 109630306 109631305 GGGGGGTTGGGGGGATGGGGGGGCGGGGG 75 73

ZNF213-AS1 16 3134883 3135882 GGGGGCGGGGGCGGGGGCGGGGG 75 74

VPS36 13 52450629 52451628 CCCCCTCCACCCCAACTCCCCCACGCCACTC
CACTCCCCCACCCCC

74.74 75

ALS2CL 3 46693705 46694704 CCCCCACCCTGCCCCCTGCCAGTCCCGCCC
CCTGCCAGCCCCGCCCCC

74.51 76

RP11-355B11.2 2 61470188 61471187 GGGGGGGAAGGACGGGGGGAGGGGAGAGG
GGGGGAGGGGG

74.42 77

USP34 2 61470770 61471769 GGGGGGGAAGGACGGGGGGAGGGGAGAGG
GGGGGAGGGGG

74.42 78

MICU3 8 17026238 17027237 CCCCCCCCCCCGCCCCCGCCCCTCCGTTCT
CTGCCCCC

74.36 79

MAGEA1 X 153178285 153179284 CCCCCACCCCCACCCCCACGCCCACTCCCA
CCCCC

74.36 80

ACTN1-AS1 14 68978682 68979681 GGGGGCTGGGGGCTGGGGGCTGCAGCGGG
CGGGGG

74.29 81

RP11-24M17.4 15 75736820 75737819 GGGGGCGGGGGCGGGGGCGGGGTGGGGG 74.19 82

DES 2 219417377 219418376 GGGGGATGAATCAGGGAGGGGGCGGGGGA
CCCAGGGGG

74.19 83

USH1G 17 74923257 74924256 GGGGGCGGGGGCGGAGGGGGCGGGGG 74.19 84
OTOP2 17 74923275 74924274 GGGGGCGGGGGCGGAGGGGGCGGGGG 74.19 85

PPP1R15B 1 204411792 204412791 GGGGGGGGGGGGGGGGGGGGGGGGGGG 74.07 86

CRIM1 2 36354926 36355925 GGGGGAGGGGGAGGCGGAGGGGGCCGGCC
GGGCCGGGGAGGGGGGG

74 87

RP11-490M8.1 2 36355115 36356114 GGGGGAGGGGGAGGCGGAGGGGGCCGGCC
GGGCCGGGGAGGGGGGG

74 88

RP11-5N11.4 5 31742328 31743327 CCCCCTCCCCCAACTCCCCCCCTCCCCACCC
CATTCCCCC

73.81 89

AP000936.4 11 117097987 117098986 GGGGGAGGGGGCAAGGGGGGGCGGGAAAG
GGGGGG

73.68 90

UNC5C 4 95549207 95550206 GGGGGTGGGGGTGGGGGTGGGGGTTGAAG
TGGGGGG

73.68 91

SIK3 11 117098438 117099437 GGGGGAGGGGGCAAGGGGGGGCGGGAAAG
GGGGGG

73.68 92

STX17 9 99905633 99906632 GGGGGCCCTGCGGGGCGGGGGCGGGGGCG
GGGG

73.53 93

STX17-AS1 9 99906602 99907601 GGGGGCCCTGCGGGGCGGGGGCGGGGGCG
GGGG

73.53 94

RP13-516M14.4 17 82292815 82293814
GGGGGGAGGGAGGGGACGGGGGGAGGGA
GGGGAGGGTGGGGGAAGGAGGGGAGGGGA
GGGTGGGGG

73.44 95

SH3BP4 2 234950973 234951972 CCCCCCGCGCCCCCGCCCCCGCCCCCGCCC
CCGCCCCC

73.33 96

MILR1 17 64448037 64449036 GGGGGTGTGGGGGGGTGGGGGGGGCGGGG
G

73.33 97

NFATC1 18 79394856 79395855 CCCCCGTTTCCCCCGCCAGCCCCAGCGCCC
CCCTGCCCGGCCCCC

73.33 98

TMEM216 11 61390687 61391686 GGGGGGGGGGGGGGGGGGGGGGGGGGGG
GG

73.33 99

SSR1 6 7347447 7348446 GGGGGGGGGGGTTGGGGGGGGCGGTGGGG
G

73.33 100

DUX4L18 Y 11320557 11321556 CCCCCAAAACGCGCCCCCTTCAGCACTTCC
CCCTCGCCCCC

72.73 101

FLJ44511 7 519391 520390 CCCCCGCCCCCGCCCCCGCCCCCCCCCCCC
GCCTCCCCC

72.73 102

TRIM8 10 102643496 102644495 GGGGGCCGGGGGGGCGAAGGGGGAGGGCC
GGGGG

72.73 103

MIR3197 21 41166557 41167556 GGGGGCGAAGGGGGCGGGGGTGGGGGG 72.41 104
BACE2 21 41166801 41167800 GGGGGCGAAGGGGGCGGGGGTGGGGGG 72.41 105

BHLHE40 3 4978116 4979115 CCCCCTCCCCCAGCACCCCCGTCCCTTCCA
GCTTCCGCGCCCCCC

72.34 106

ADGRA1-AS1 10 133088492 133089491 GGGGGTCCCGGGGGTCCTGCAGCTGGGGG
CTAGGCCGCTGCGGGGGGG

72.09 107

SIM2 21 36698133 36699132 CCCCCGCCCCCGCCGCGGTCCCTCCCCCCT
CCCGCTCCCCCC

71.74 108

ITGA9-AS1 3 37861781 37862780 CCCCCCCGCGCCGCGCCCCCGCGCCCCCCG
CGCCGCGCCCCC

71.74 109

COX6B2 19 55354815 55355814
CCCCCCCGCCCCCCTCGTCCTCCCCCCTCC
GTTACCCGCCCCCCCCACCCTCCTCCCTCGC
CCCCCTCCCCCCGCCCCC

71.59 110

ADCY7 16 50245137 50246136 CCCCCCAGCCCCCAGCCCCCCGCCCCGGCT
CCCGCCCCC

71.43 111

RP1-172N19.5 X 72776608 72777607 CCCCCGCCGCCCCCCGCCCCCGCAGTACCC
CTCCGGCCCCC

71.43 112



SNORD112 14 100896920 100897919 GGGGGGGGGGGTGGGGGGGTGGGGGGCG
GGGGGGGG

71.43 113

ENTPD8 9 137441817 137442816 GGGGGTGTTGGGGGGCGGGGAATAGGGTG
GGGGAATGCGGGGGGG

71.43 114

RP5-942I16.1 7 69597449 69598448 CCCCCTCCACGCCCCCGCCCCCGCCCCCCT
CACAGCTCCCCACCGCCCCC

71.19 115

AUTS2 7 69597919 69598918 CCCCCTCCACGCCCCCGCCCCCGCCCCCCT
CACAGCTCCCCACCGCCCCC

71.19 116

SYT15 10 46577217 46578216 CCCCCCAAAACACGCACTCCCCCACAACCA
CCCCCTCCCCCCCCCC

71.11 117

IGF2BP3 7 23470468 23471467 GGGGGAGTGGGTGAGGGGGGCAGGGGGTG
GGGG

71.05 118

QSOX1 1 180153834 180154833 GGGGGCGGGGGCTCGGGGGCGGGGG 70.97 119

AC010525.4 19 55694559 55695558 CCCCCCATGATGCCCCCGGGCCCCCCGGCC
CCC

70.97 120

CXXC4 4 104494902 104495901 GGGGGCGGGGGCGCGGGGGTGGGGG 70.97 121

SHANK1 19 50719451 50720450
CCCCCAAACCTCGCCCATCCCCCACCACCG
CCGGCTCCGCCCCCTACCCTTGCCCTCCCC
C

70.91 122

NOP14-AS1 4 2933899 2934898 CCCCCAACCCGAGCGCCCCCTACGCCCCCC
ACCCCGGGCGCCCCC

70.83 123

MLLT4-AS1 6 167826710 167827709 CCCCCTCCCCCCTCCGCCCCTTCTCTCCCCT
CCCCCTCCCCC

70.83 124

ZNRF3-IT1 22 28991721 28992720 CCCCCCAACCCCCCGCCCCGGCCCCGCACA
CCACCCCCCACCCCCC

70.83 125

B4GALNT4 11 368796 369795 CCCCCCCGCCCCCCGGCCTCTCTCGCCCGC
CCCCATTCCCCGCCCCCC

70.83 126

PREX1 20 48827884 48828883
GGGGGCCGGGCGGCTGGGCCGGGGGCGGA
GGCAGCGCGCGGGGGCCGGGCGAGGGGCG
GGAGGGGG

70.76 127

GUSBP1 5 21340833 21341832 CCCCCCGCCCCCGTCCCCTGCCCCCCGCCC
CCC

70.73 128

DUX4L16 Y 11305918 11306917 CCCCCGAATCGTGCCCCCCTCACCCCTACC
CCCTCGCCCCC

70.73 129

DUX4L8 4 190066935 190067934 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCCTCTCCCCC

70.73 130

DUX4L7 4 190070232 190071231 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCCTCTCCCCC

70.73 131

DUX4L6 4 190073525 190074524 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCCTCTCCCCC

70.73 132

DUX4L5 4 190076818 190077817 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCCTCTCCCCC

70.73 133

DUX4L3 4 190086705 190087704 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCCTCTCCCCC

70.73 134

DUX4L4 4 190080118 190081117 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCCTCTCCCCC

70.73 135

DUX4L1 4 190083412 190084411 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCCTCTCCCCC

70.73 136

DUX4L2 4 190090005 190091004 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCCTCTCCCCC

70.73 137

DUX4 4 190172774 190173773 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCCTCTCCCCC

70.73 138

DUX4L24 10 133669450 133670449 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCC

70.73 139

DUX4L23 10 133672749 133673748 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCC

70.73 140

DUX4L20 10 133682668 133683667 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCC

70.73 141

DUX4L13 10 133752250 133753249 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCC

70.73 142

DUX4L15 10 133758859 133759858 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCC

70.73 143

RP11-374A4.1 5 21341376 21342375 CCCCCCGCCCCCGTCCCCTGCCCCCCGCCC
CCC

70.73 144

PTPRR 12 70920844 70921843 GGGGGTGGGGGTGGGGGTGGGGAAGGGGG
AAGTGCGGGGG

70.73 145

DKKL1 19 49360783 49361782
GGGGGACAGAGACCAGAGGGAGGGGGGGA
CAGAGACCAGAGGGAGGGGGGGACAGAGA
CCAGAGAGGGGG

70.59 146

RAC3 17 82030624 82031623 CCCCCCGCCCGCCCCCGCCCCCGCCCCCCG
CCCCCC

70.45 147

KB-1562D12.1 8 101492500 101493499 CCCCCCTCCCCCGCCTCCCTCCCCCGGGTC
CGCCCCC

70.45 148

AC108004.2 17 191588 192587
CCCCCGCCCCCGCGACAGTCACCCGTTCCC
CCGCCCCCGCGACAGTCGCCCGTTCCCCC

70.31 149

AEBP1 7 44103361 44104360 CCCCCCGCCCCCCGCCCCCCGCCCCCCC 70.27 150

RP4-663N10.3 1 115478428 115479427 GGGGGGAAAGGGGGGAAAGGGGGGTGAAA
GGGGGG

70.27 151

MIR4487 11 47399970 47400969
CCCCCCAACTCCAGCCCCCGCCGCAGGCCC
GGCCCCCGGCCCCGCCCCCCTAGGGCCCCT
CCCCCGCGCCGCCCGCCCCC

70.13 152

AC012531.25 12 54018910 54019909 CCCCCTCCCCCACCCCCCCACCCCC 70 153

CHD5 1 6180124 6181123 CCCCCCCACCCCCCCAAACCTCCACCCCCC
CGTCTCGACCCCCC

70 154

GGN 19 38388083 38389082 CCCCCAAGCCGCCCCTTCCCCCCCCACCCG
TCTTCCAGGTTCCCCCTCCCTCCCCCC

69.84 155

VGLL2 6 117264558 117265557 CCCCCCGGTCCCCGCCCCCCACCGCCCCCT
CCCGCTCCGCAGCCCCC

69,81 156

AC116614.1 2 950275 951274 CCCCCATCCACCCCCGCGGGAGCGCCCCTG
TCCCCCCATCCTGCACTTCCCCC

63,79 157

AC005391.2 19 928818 929817 CCCCCCGATCCCCCTGCTGCACCCCCCGGC
CGGGCCCGGGCTGCCCCC

69.81 158

GRID1 10 86366494 86367493 CCCCCTCCCCTCCCCCTCCCCCTCAGCTCCG
CTCCCCC

69.77 159

AC108004.2 17 191588 192587
CCCCCGCCCCCGCGACAGTCGCCCGTTCCC
CCGCCCCCGCGACAGTCGCCCGTTCCCCC

69.7 160



RP11-513G11.2 3 194275682 194276681 GGGGGTAGTGTGGGGGTGGGGGTGGGGTG
GGGGTAGGGTGGGGG

69.57 161

PPAP2C 19 291505 292504 GGGGGGAGGGGGAGGGAAGGGAAGAAGGG
GGGGAGGGGAGGAGGGAGGGGGG

69.49 162

IGLON5 19 51310848 51311847 CCCCCTCCCCCTCCCCCCTCTCCCCCC 69.44 163

PPA1 10 70233912 70234911 CCCCCGCGCCCCCCGCCCCCTCCATCCCCC
C

69.44 164

SLC30A3 2 27275818 27276817 CCCCCGCCCCCGCCCCCGCCCCCGCCCCC 69.44 165

WDR45B 17 82648554 82649553
CCCCCTTCAGGAGACAGAGACCCCCAGGAC
ACAGAGGGCCCCCAAGTCACTCAGCCCCCC
C

69.39 166

RP4-545L17.12 20 1185092 1186091 CCCCCACTCTGCCACTTCCCCTTCCCCCCAC
CCCCACCCCGCACGCAGCCCCC

69.23 167

TMEM74B 20 1185416 1186415 CCCCCACTCTGCCACTTCCCCTTCCCCCCAC
CCCCACCCCGCACGCAGCCCCC

69.23 168

LINC01451 9 136617182 136618181 GGGGGTGATGGGGGTGTGGGATTGGGGGC
TGGGGG

69.23 169

ATP11B 3 182792500 182793499
GGGGGCGGGCCGGGGCGCCGGGGGCGGTC
CCGGGTGGAGCCGGGGGGCCGGGCGGGGC
GGGGCGGGGGTGGGGTTGCGGGGG

69.07 170

RP11-225N10.1 3 182793395 182794394
GGGGGCGGGCCGGGGCGCCGGGGGCGGTC
CCGGGTGGAGCCGGGGGGCCGGGCGGGGC
GGGGCGGGGGTGGGGTTGCGGGGG

69.07 171

HOXB8 17 48614940 48615939 GGGGGAGAGGGGGAGAGAGAGGGGGAGAG
GGAGAGGGGG

69.05 172

ZNF480 19 52296177 52297176
CCCCCGCCCCCGCCCCCGCCCCCGCCCCCG
CCCCCGCCCCCGCCCCCGCCCCCGCCCCCG
CCCCCGCCCCCGCCCCCGCCCCC

68.89 173

MIR200B 1 1166092 1167091 CCCCCACCCACACCCCCACCCCCACCCCCG
CCTGCACCCCC

68.89 174

DKKL1 19 49360783 49361782 GGGGGAGACAGAGACCAGAAAGAGGGGGA
CAGAGACCGGGGGGGGGGG

68.89 175

AZIN1-AS1 8 102863300 102864299 CCCCCGGCGGCGAGACCCCCGCGCGCTCCC
CCACTGGCACACGCCCCC

68.89 176

AC108004.2 17 191588 192587
CCCCCGCCCCCGCGACAGTCACCCGTTCCC
CCGCCCCCGCGACAGTCACCCGTTCCCCC

68.75 177

PKD1P6 16 15131602 15132601
GGGGGAGGGGGAGGAGAATGGGAATTGGG
GGAGGGGGATAAGGATGGGAAGGGGGAGG
GGAGGAAGGGGG

68.66 178

PPP1R26P3 22 18404207 18405206 GGGGGAGGCGGCTGCCGGGGGTGGTGGGG
GAGGGGGAGGGGG

68.63 179

ASCL1 12 102956686 102957685 GGGGGTGGCGGTAGGGGGCGATGGTACAG
GGGGCCAGAGGTCATCCTAGGGGG

68.52 180

RP11-385H1.1 15 24847357 24848356
GGGGGGCGGGGGCGGCGGTGGGGGCGGG
GGCGGCGGCGGGGGCGGGGGCGGGGGCG
GGGG

68.49 181

FXYD7 19 35142250 35143249 GGGGGCGGGGGCGGGGGTGGCCTGCACGG
GGG

68.42 182

SATB1-AS1 3 18444024 18445023 GGGGGGGGGAGAAGGGGGAGGGGGCGGC
GGCGGGGGCGGGAGGGGG

68.42 183

LGI4 19 35142452 35143451 GGGGGCGGGGGCGGGGGTGGCCTGCACGG
GGG

68.42 184

RP11-560J1.2 6 15245001 15246000
GGGGGCGGGGCGCGCGGGGAGGGGGCTGG
CGGCCGCCAGGGGAGGGGGGCCGGGGCCC
GGGGGG

68.42 185

TBC1D5 3 18444818 18445817 GGGGGGGGGAGAAGGGGGAGGGGGCGGC
GGCGGGGGCGGGAGGGGG

68.42 186

FTHL17 X 31072054 31073053 GGGGGGAGGGGCGGCGGGGGACAGAGTTG
CGGGGCAAGGGGGTGGGGG

68.42 187

SH3GL1 19 4400548 4401547 CCCCCGCGCGCGCCCCCGGCCCCCGCGCGC
GCCCCC

68.42 188

AC079776.1 2 129877554 129878553
GGGGGGGCGGGCGCGCGTGTCGGGGGCGG
GCGCGCGTGTGGGGGGGCGGGCGCGCGTG
TCGGGGGGCGGGCGCGGGGG

68.29 189

AC108004.2 17 191588 192587 CCCCCGCCCCCGCGACAGTCGCCCGTTCCC
CCCCCCGCGACAGTCGCCCGTTCCCCC

68.18 190

ADNP 20 50931241 50932240 GGGGGAGGGGGCACAAGATGGCGGCGGCC
GGGGGGGGGGGGG

68.18 191

CTD-2537I9.18 19 55613098 55614097 CCCCCGGCCCCCCGCCGCAGCCCCCGCCGC
AGCCCCCTCCCCC

68.09 192

RP11-432J24.3 10 132441485 132442484 GGGGGGGCCGGAATGGGGGGGGCAGATGG
GGGATTGGAATGGGGGGG

68 193

AKIRIN1 1 38990223 38991222 GGGGGGGATGGGACCCTGGGAGGGGCGGG
GGTGGGGGTGGGGG

68 194

TBCD 17 82751064 82752063 CCCCCGGTCCCACCCGCCCCCGCCCCGCCC
CCGCCCCGCCCCCC

68 195

DSTN 20 17568863 17569862 CCCCCACCTCCCCCACTAAGTGCCCCCTCG
CCCCTCCCCCCACATCCCCC

67.86 196

BFSP1 20 17569221 17570220 CCCCCACCTCCCCCACTAAGTGCCCCCTCG
CCCCTCCCCCCACATCCCCC

67.86 197

MIA3 1 222617086 222618085
CCCCCGTCCCTGCCCCCGTCCCTGCCCCCG
TCCCCGCCCCGTCCCCGCCCCCGCCCCCGC
CCCCGTCCCCGCCCCC

67.82 198

RP3-395M20.12 1 2545465 2546464
GGGGGCGGGGGGAGCGGGGAGTGGGGGGT
GTGGGGGGTGAGGGGGGTGGGGGTGGGGG
TGGCCCGGCCCGGAGCTAGGGGG

67.82 199

WNT7A 3 13880122 13881121 CCCCCGCCCCTCCCTCCTTTCCCCCGTCCCT
CCCCCGCCCCCTCCCCC

67.8 200

CHRNG 2 232538727 232539726 GGGGGATGCCGAGTGAGGGGGAGGCCGAG
TGAGGGGGATGCCCAGTGAGGGGG

67.69 201

AC007391.2 2 37324340 37325339 GGGGGGTTGGGGGTTTGGGGGATGGGGG 67.65 202

CDK6 7 92836595 92837594 GGGGGCTAGAAGGGCGCGGTGGGGGTGGG
GGTGGGGGGG

67.57 203

SHANK1 19 50719451 50720450 CCCCCCTCCCCCCACCCCCCACCCCCCC 67.57 204



GRK5-IT1 10 119207531 119208530 GGGGGGTGGGGGGGAGCGTGTTGAGGGAG
GGGGGAGGGGGG

67.5 205

HEXIM1 17 45147502 45148501 CCCCCGCTTCCCCCTCCACTCCCCCGCCCG
CCCCC

67.5 206

SLC6A8 X 153687099 153688098 GGGGGAGGGGGAGGGGGGCCGGCCGGCCG
TGGGGG

67.44 207

SYNDIG1L 14 74426103 74427102 CCCCCTGCCCCCCTCCCCCTGTCCCCCTTCC
CCC

67.44 208

RP11-159D12.3 17 57987180 57988179 CCCCCCTGTCCCCCCCGTGCCCCCCCGGGG
GGGCCCCC

67.4 209

KLHL25 15 85795031 85796030 GGGGGGTGGGGGGCCGGGGGCGGGGAGG
GGGGGGGACCGGGGG

67.39 210

SLC24A3 20 19211646 19212645 CCCCCTCCGCCCCCGCCTCCCGGCCGCCCC
CGCCGCCCCC

67.35 211

LPPR3 19 821978 822977 GGGGGGCGCCATCGAGACGGGGGCGGAGG
CGGGGGCGGGGG

67.35 212

MIR4497 12 109832348 109833347 CCCCCACCCCCACCCCCGCTACCCACCCCC
AGGAGCCACCCGCCCCC

67.31 213

RP11-65J21.3 16 14301288 14302287
GGGGGTTGTGTGTGTTTGTGCGGCGGGGGA
AGCGGGGGGTGCTGAAAATTGGGGG

67.31 214

RP11-326A19.5 15 89201769 89202768 GGGGGCGGCTTGCTCGCTGGGGGCGGGGG
ACGATGGCGAGAGGGGAGGGGG

67.27 215

ZFP41 8 143245821 143246820 GGGGGCTGGGGGTCGGCGGAGGCGGGAGC
TGGGGGTCGGCGGGGGCTGGGGG

67.24 216

ZFP41 8 143246110 143247109 GGGGGCTGGGGGTCGGCGGAGGCGGGAGC
TGGGGGTCGGCGGGGGCTGGGGG

67.24 217

POU3F3 2 104854511 104855510
GGGGGCCCGGGGCGGGGGCGGGGAAGGAG
GGGGGGAGGAGGCGGGAGGCGGGGGG

67.21 218

LINC01521 22 31345777 31346776
CCCCCCTTCCCTATTTATACACCCCCCCCCC
GCAGTCCGCTCCCCCCGCTTCCTGCCCCCC
C

67.12 219

PATZ1 22 31346233 31347232
CCCCCCTTCCCTATTTATACACCCCCCCCCC
GCAGTCCGCTCCCCCCGCTTCCTGCCCCCC
C

67.12 220

AGPAT3 21 43864186 43865185
CCCCCCGTTCAGCCCCGACCCCCCTGATCC
CCGCGCCCCCCGCGGTCCCGGCCCGCCCCC
TCCCCC

67.11 221

ARHGEF7-AS2 13 111115679 111116678
GGGGGGCGCCATTGTGTGCGGGGCAGGGG
GAGGGGGCCGGGGAGCGGGGTCGGGGGGA
GGGGCGGCGCGGGCGGCGGGGG

67.06 222

AKAP11 13 42271153 42272152
GGGGGCGGGCCGCGGGGCTGGGAGGGGGA
GGGCTGGGGGTCAGCGCGGGAGGGGG

66.67 223

PEG10 7 94655325 94656324 CCCCCACCCCCATCCCCCATCCCCGCACCC
CCCTCCACCCCC

66.67 224

GAREML 2 26172091 26173090
GGGGGCGGGGGTCCGGGAGGAGGGGGCCG
GGGTCCGGGAGGAGGGGGCGGGGCCCGGG
GG

66.67 225

ABAT 16 8673565 8674564 CCCCCGTCTCCCCCGCCCCCGGAGGCTGGA
CTCTGCCCCC

66.67 226

TCN2 22 30605838 30606837
CCCCCCCCCCACCGAACTGCCCAACTCCCC
CTCCCCAACTGCCCAACTCCCCCACCCCC

66.67 227

THEG 19 376014 377013
CCCCCCCCGTGCCTCCACCCAGCCTCTCCC
CCTCTGTGCCCCCACCCAGCCTCTCCCCC

66.67 228

TRIM6-TRIM34 11 5595725 5596724
CCCCCCTTCCCCCGTTCTCCCCTTCCCCCCT
TCCCCCTTCCCCCTTCCCCCTTCCCCCTTCC
CCTCCCCC

66.67 229

C20orf166-AS1 20 62551527 62552526 CCCCCACCCCCCGCCCCCACCCACCCCC 66.67 230

KCNAB3 17 7929804 7930803 GGGGGTGGGGGTGCGGGGGCTTACAGTGG
GGG

66.67 231

GALNT18 11 11622006 11623005 CCCCCCCCCCACCCCCCACCCCCCACCCCC 66.67 232

AC010907.5 2 3704154 3705153 GGGGGAGGGGGGAGGGGCGTGGGGGGGA
GGGGCGTGGGGGG

66.67 233

SLC16A2 X 74420461 74421460 GGGGGCAGGGGGAGACTCCCGGGGGTGCG
CAGGACCGCGGGGGG

66.67 234

AP006547.3 8 142619373 142620372 CCCCCCACCCCCACCATCCCCCCCCCCCC 66.67 235

DNMT3L 21 44262217 44263216 GGGGGATTAGGGAGTGGGGGTGGGGGTGG
ATGCTGAGTTGGAGATGGGGG

66.67 236

TMEM253 14 21097937 21098936
GGGGGGAGGGGGCCGGGGGCGGGGGCCG
GGTGGCGGACGGGGGGGCCCGGGAGTCGG
GGG

66.67 237

GSC 14 94770231 94771230 GGGGGAAGAGGGTTGGGGGGAGGGGGAGA
GGTGCCAAGGGGAGGGGG

66.67 238

SMARCA1 X 129523501 129524500 CCCCCCGTCACTCTCCCCCCTTCCTCCACCC
CCCCCCCC

66.67 239

GATA2 3 128493186 128494185 GGGGGGGCAGGGGGTGGCGACGGGGGCGG
GAGCGCCGCAGGGGG

66.67 240

SLC7A10 19 33225851 33226850 CCCCCTCCCCCACCTCCCTTAAAGGGAACG
CCCCCTCCCCC

66.67 241

SGCE 7 94656210 94657209 CCCCCACCCCCATCCCCCATCCCCGCACCC
CCCTCCACCCCC

66.67 242

AC010761.14 17 28726258 28727257
CCCCCGCCCCCAGCCGCCCGCGCCCCCGCC
CCGCCCGCCTGCCCCCGCCCCGTCCGCCTG
CCCCC

66.67 243

RASA4B 7 102517782 102518781 GGGGGGGCGGGCCGGGGAGGAGGCGGGG
GCGGGGGCGGGGCGGCGGGGG

66.67 244

SYNE2 14 63851983 63852982 GGGGGGGGGGGGGGGGGGAATGAAATGGA
TGAAATGGGGGGGGGGGG

66.67 245

GSDMD 8 143552207 143553206
GGGGGTGGGGGGATAGGGAGGTGGGGTGG
GGGGTGGGTTGTGTGTAGAGCAGGGGG

66.1 246

SLC12A7 5 1112036 1113035 CCCCCCCACCCTTCCTGCACCCCCTCCTGCT
GGGCCCCCCTGCCCCTATGAACCCCC

66.1 247



RP3-441A12.1 6 37819219 37820218 GGGGGTAAGTGCCCGGCCGGGTGGGGGCG
GGGGGCGGGGGCCGGGGG

66.04 248

PPP1R26P2 22 18653618 18654617 GGGGGAGGCGGCTGCCGGGGGTGGTGGGG
GAGGGAGAGGGGG

66.04 249

TEAD3 6 35497077 35498076 GGGGGTGGGGGCTGCGGGAAGGAGGGGGC
GGGGCGCGCAGGGGG

66.04 250

PPFIA3 19 49118389 49119388
GGGGGGGGAGGGGGAGGGAGGAGGAATTT
TTTTGGGGGGAAGGTGGGATTTGGGGGG

66 251

PPP1R26P5 22 21340595 21341594 CCCCCTCCCCCTCCCCCACCACCCCCGGCA
GCCGCCTCCCCC

66 252

PPP1R26P4 22 18714815 18715814 CCCCCTCCCCCTCCCCCACCACCCCCGGCA
GCCGCCTCCCCC

66 253

C19orf73 19 49119141 49120140
GGGGGGGGAGGGGGAGGGAGGAGGAATTT
TTTTGGGGGGAAGGTGGGATTTGGGGGG

66 254

SLC22A23 6 3457023 3458022 CCCCCTCCTCCCTGCCCCCCGGCCCGCCCC
CTCTCCCCCC

66 255

HIST4H4 12 14771132 14772131 CCCCCACCTACACTCCACCCCCACCTCCCCC
CGACCCCC

65.96 256

CA11 19 48646313 48647312
GGGGGAGGAGGTGAAGGAGGAGGGGGAGG
AGGGAGAGGAGGGGGAGGGAGAGGAGGGG
GAGGAGGGAGAGGAGGAGGGGG

65.93 257

PUS1 12 131928200 131929199 CCCCCACCCCCTAGTCTCCGCCCCCATCACC
CCC

65.91 258

PAXIP1-AS1 7 155002448 155003447 CCCCCCGCCCCCGGCCCCCGCGGCGCCCGG
CGCCCCC

65.91 259

C1orf233 1 1600097 1601096 GGGGGATCGGGGGTGGGGGGGAGGAGGGG
G

65.85 260

CNOT6LP1 15 56007177 56008176

GGGGGAGGCGGCGGCGGCGGGGGAGGCGG
CGGCGGCGGGGGAGGCGGCGGCGGCGGGG
GAGGCGGCGGCGGCGGGGGAGGCGGCGGC
GGCGGGGG

65.81 261

RP11-436F23.1 4 46389255 46390254 CCCCCCCTCCCCCCCCTCCCCCCCCCCC 65.79 262

HERC5 4 88456117 88457116 GGGGGGTGGGGGTGGGGGTAGGGGTGGGG
GGG

65.79 263

RP11-20I20.2 4 1112639 1113638
CCCCCCATCTCCTCGGTATCCCCCTTCCCCC
CCAAGCCTTGACCCCCCACATCCCCCACCTT
GCCCCCC

65.79 264

AC018878.3 2 106178542 106179541 CCCCCACCCCCAGCCCCCTTTCCCCC 65.71 265

LMNA 1 156081573 156082572
GGGGGCGGTGGGGGGCTGGGGCGTCTGCG
CTGCGGGGGCCGCCGTCGGGGCGGCCGGG
GG

65.67 266

PTK7 6 43075268 43076267 GGGGGCGTCGAGGGGGCGGGGCGCCGTGC
GGGGGCCGGAGGGGAGGGGG

65.63 267

ULK1 12 131893651 131894650 GGGGGCGGGAGGGGAGCGGGGGGGAAGGC
ATGGGAGGGGGCGGAAGGGAGGGGG

65.63 268

MIR431 14 100880007 100881006 GGGGGATGGGGGTTGGGGGGCGGGGG 65.63 269

RP1-169K13.3 X 118116801 118117800 GGGGGCAGTGGGGGGGGGAGCGCGCGGGC
GGGGGAAACATGGCGGCGGGGG

65.57 270

DUSP4 8 29350669 29351668
CCCCCGCCCCCCGCGCTGTCCCCCGCCCCC
CGCGCTGACTCCCCGCCCCCTCCGGGCCCC
TCCTCCCACCCCC

65.48 271

MIR3665 13 77698117 77699116 GGGGGCTTCGGGCACCGGGGAGCGGGGGC
GGGGGGCGGACGGGGG

65.45 272

POLR2J 7 102478908 102479907 CCCCCCCCCCCGCCCCCGCCACCCCGCACC
CCGCCCCCC

65.38 273

AC093668.2 7 102479080 102480079 CCCCCCCCCCCGCCCCCGCCACCCCGCACC
CCGCCCCCC

65.38 274

RP4-725G10.4 7 56174634 56175633 GGGGGTGGGGGGGGGCGGGGGGGCGTCCT
CTCCAGGGGG

65.31 275

CTD-2132N18.2 17 42043118 42044117 CCCCCAACCCCCACCTGAATGCTCTTGCCCC
CCTGCCTCCCCC

65.31 276

RP11-154D17.1 9 81688713 81689712
GGGGGGCGCGAGCGCGGAGCCGGCGGGGG
ACGTGAGCCCGGGAGGTTGGGGGGTGGGG
GGGGGG

65.28 277

TLE1 9 81689306 81690305
GGGGGGCGCGAGCGCGGAGCCGGCGGGGG
ACGTGAGCCCGGGAGGTTGGGGGGTGGGG
GGGGGG

65.28 278

DGCR5 22 18969514 18970513 CCCCCCAGCCCCCGCCCAGGCCCGCGCCCC
CCAGCCCCC

65.22 279

PRRC2B 9 131393093 131394092 CCCCCGTCACTGCCCCCTCCATCCCTTCCCC
CTCTTTCCGGGCGCCCTTCCCCC

65.15 280

FAM86FP 12 8242949 8243948 GGGGGCGGGTCCGGGGCAGTGCGCGGGGG
CAGGGAGGGGGCGGGGCCTGGGGGG

65.15 281

NRG1 8 31638386 31639385 GGGGGTAGGGGGACAGATGGGGGTGGAGT
TGGGGG

65.12 282

HOMER3 19 18941262 18942261 GGGGGTTAGGGGCGGTGGAGGGGGAGTGG
GGGGGGGGG

65.12 283

PASK 2 241150265 241151264 GGGGGAGCGGGGGAGGCGCTGGACCTCGG
GGGAGCCCCGGCCCGGGGG

65.08 284

PDE9A 21 42652636 42653635 GGGGGAGGGAGGGGGGAGGGGGGAGGGG
G

65 285

GABRD 1 2018324 2019323 GGGGGCGCGGCTGGCGGAGGGGGGCGGGA
TGGGGCGGGGGGCGGGGGG

65 286

STK32A 5 147233963 147234962 CCCCCCTTCTCCCCCCCCCCCCCCCCC 65 287

PID1 2 229271286 229272285
GGGGGGAAGGGCCTGGAGCCGGGGGTGGT
GGGGGCAGCGGGGATGTCGGGGGTGGCGG
GGGTGGGGG

65 288

MN1 22 27801499 27802498 GGGGGGAGGGGGGCGCGGGGGCAGCTCTG
GGGGG

65 289

KCNQ2 20 63472678 63473677

GGGGGGAGACAGGAGTGGAGGGGGAGGGG
AGGGGGGAGAGGAGGGGGAGTGGGGGAGG
GGGAGGGGAGGGCAGGGGGAGAGGAGGGG
G

64.89 290

MIR6751 11 65129979 65130978 GGGGGGCTGAGGCAAGAGTGGTGGGGGGT
GGGGGGCAGGGGG

64.81 291

RP11-65J21.3 16 14301288 14302287 CCCCCCCACCCCGGCCCCCGCCCCCACCCC
CACCCCCACCCCCACCCCCACCCCC

64.79 292



PNPLA3 22 43922739 43923738
CCCCCGCCCCCAATCCCCCTCCCAGACCCG
GTCCCCGCCCCCATCCCCCGCCAGACGTCG
TCCCCACCCCCATCCCCC

64.77 293

RSPO3 6 127117604 127118603
CCCCCGAGCTCCCCCCCGCCCCCCACAGCC
ATCCCCCCTCCTCTCCCCCTCCCTGCCCTCC
TCTCCCTCCCCCC

64.71 294

SOCS5P4 X 71045471 71046470
CCCCCACCCATTCCCCAGCCATTTCCCCCTC
TTCACCCATTTCCCCTCCCCCCACAATCCCC
C

64.62 295

GDF11 12 55742280 55743279
CCCCCGGCCCCCCGGGTCCCCCCTCGGCCG
GGCAGCCCCCAATCCCGCGCCGCCCGGACC
CCC

64.47 296

FXYD7 19 35142250 35143249 CCCCCATTGGCTGCAGGCCCCCCCACGCCA
GGGCTCCCCCCAGCTCCCCCCC

64.41 297

LGI4 19 35142452 35143451 CCCCCATTGGCTGCAGGCCCCCCCACGCCA
GGGCTCCCCCCAGCTCCCCCCC

64.41 298

SCT 11 627144 628143 GGGGGCGGAGGGGCCGGAGGGCTTGGGGG
AGGGTTTGGGGGGGGACTGGGGGG

64.41 299

CAMK1D 10 12348482 12349481 GGGGGAGGAGGGGGAGGAGGGGGAGGAG
GCGCGAGGTGGGGGGG

64.29 300

FBXL19-AS1 16 30923270 30924269 GGGGGAGGGGGAGAGGTCGGGGGTGCGCG
CGGGCTGGGGGGGG

64.29 301

SYT15 10 47763593 47764592 GGGGGGGGGAGGGGGTGGTTGTGGGGGAG
TGCGTGTTTTGGGGGG

64.29 302

BRAF 7 140924765 140925764 GGGGGAAGGACGCTAGGCGGGGGTGCGGG
GGGGAGCGGGGGAAGGGGG

64.29 303

RP11-444D3.1 12 24562591 24563590 GGGGGGTGCGGCGGGGGCGGGGGGGGGG
CGCGGGGGCGGTGCCGGGGG

64.29 304

CSAG1 X 152733736 152734735 CCCCCCGCACCCCCACCACCATTCCCATCCC
CCAACACCAACCCCACCCCCATCCCCC

64.18 305

EPN2 17 19214615 19215614 CCCCCGCCCCCAACCCTCCCGCCACCCCCG
CCGCCCCC

64.15 306

B3GAT1 11 134411919 134412918
GGGGGGCGGGGGGCGGGGAGGGGGAGCG
GGGAGGGGGAGCGGGGAGCGGGCGCGGGG
GCGAGAGGGGCGAGGGGGG

64.13 307

CRLF2 X 1212751 1213750
CCCCCCTCCCCCCACCCCCTCCTCCCTCCCC
TCTCCCTCCCCCTTCCGTCTCCTCCCCTCCC
CCTCCCCTCTCCTCCCCTCCCCC

64 308

DUX4L25 10 133666151 133667150 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCCTCTCCCCC

64 309

DUX4L22 10 133676059 133677058 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCCTCTCCCCC

64 310

DUX4L21 10 133679369 133680368 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCCTCTCCCCC

64 311

DUX4L11 10 133745641 133746640 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCCTCTCCCCC

64 312

DUX4L12 10 133748950 133749949 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCCTCTCCCCC

64 313

DUX4L14 10 133755559 133756558 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCCTCTCCCCC

64 314

DUX4L10 10 133742332 133743331 CCCCCGAAACGCGCCCCCCTCCCCCCTCCC
CCCTCTCCCCC

64 315

MIR4298 11 1859537 1860536 CCCCCAGCCCCCAGCCCCCAGCCCCC 63.89 316

RP11-48B3.5 8 80485620 80486619 CCCCCCTCCCCCAGCCCGGCCCCCACCCTT
TCCCCC

63.83 317

FAM132B 2 238157982 238158981 CCCCCTCCCCCACTCCCCCTCCCCCGCCCG
GACACTCCCCCC

63.79 318

SNTG2 2 949868 950867 CCCCCATCCACCCCCGCGGGAGCGCCCCTG
TCCCCCCATCCTGCACTTCCCCC

63.79 319

HMGCL 1 23838621 23839620
CCCCCGTCGCACGCCACACCCCCCTCGCAC
GCCACACCCCCGTCGCACGCCACACCCCCC

63.79 320

BGN X 153493939 153494938 GGGGGAGGGGGGGGGAGGTGGTGGGGGCG
AGGGGGCGGGGG

63.64 321

RP11-452L6.8 16 31427180 31428179
CCCCCCCCCCGCAGCACCCCCCCCCGCCCC
CGCAGCACCCCCCCCCGCCCCCGCAGCACC
CCC

63.64 322

TAF4 20 62065811 62066810
GGGGGGCGGCGCGCGGCCGGCGGGGGGCG
GGGGCGCGCGGCCGGGGGGCGGGGGAGCG
GGGG

63.64 323

FBXO36 2 229921302 229922301 CCCCCCGCCCCCCCAACCCCTCAGCTGGCC
CCCTCCCCCAAGGCTTGCCCCC

63.49 324

AKIP1 11 8910139 8911138 CCCCCAGCCCCCGACCCCCGACCCCCGGCC
CCCGACCCCCGACCCCCGGCCCCC

63.38 325

ST5 11 8910952 8911951 CCCCCAGCCCCCGACCCCCGACCCCCGGCC
CCCGACCCCCGACCCCCGGCCCCC

63.38 326

NDUFAF2 5 60944129 60945128 CCCCCCCCCCACCCCCGGGGAACCCCCCCC
ACCCCCGCCGCCCCCC

63.33 327

CTC-492K19.7 19 40425115 40426114 CCCCCACCCCCGACTCCGCCCCCGGGTCCC
GGCGCCCCC

63.27 328

MEIOB 16 1872179 1873178
CCCCCACCGCTCACTGACTCCGCCCCCACC
GCTCACTGGCTCCGCCCCCACCGCTCACTG
GCTCCGCCCCC

63.1 329

THEG 19 376014 377013 CCCCCCTGTGCCCCACCCAGCCTCTCCCCCT
CTGTGCCCCCACCCAGCCTCTCCCCC

63.08 330

XKR6 8 11201367 11202366
GGGGGGGAAACGAATGGAGAGGAAGGGGG
GCGGGGAGGAAGCGGGGGAGCAAACGAAC
GAGGGGGG

63.01 331

MEF2BNB-MEF2B 19 19192159 19193158 GGGGGGCGGGGGTGCGCAAGCGCAGTGGG
GGAGCTCTGGGGTGGGGG

62.96 332

MEF2BNB 19 19192592 19193591 GGGGGGCGGGGGTGCGCAAGCGCAGTGGG
GGAGCTCTGGGGTGGGGG

62.96 333

STX1B 16 31010629 31011628
GGGGGCATGCGCAGCACCCGGGCCGGGGG
CGCCTGGGGGTTGTAGTCACGGGCTTGGGG
GACACCCGAGGAGGGGG

62.96 334

TMEM177 2 119678167 119679166 CCCCCCACGGACATCCCCTTGAGGCCCCCC
CAGCCACACCCCCAAGAGTCCCGCCCCC

62.9 335

AC007405.6 2 170770113 170771112 CCCCCGCCCCCGCCCCCGCCACCTCCCCCG
CCGTCGCCCAATTCCCCCAGCCCCC

62.86 336



AC007405.4 2 170770769 170771768 CCCCCGCCCCCGCCCCCGCCACCTCCCCCG
CCGTCGCCCAATTCCCCCAGCCCCC

62.86 337

C8orf34-AS1 8 68331492 68332491 CCCCCGCCTTGCCCCCGCCTTGCCCCCGCC
CCCC

62.79 338

RP11-432J22.2 9 135906812 135907811 GGGGGCGGGGGCGGGCGCGGGGGCGGGA
GCGGGCCGGGGG

62.75 339

RBPMS2 15 64775588 64776587 GGGGGACCGAGTTCTGGGGGTGATGGCCG
GGGGGAGGGGG

62.75 340

BCORL1 X 129980107 129981106
GGGGGCTCTGCCCAGGTAAAGGGGGCGCC
GTGAGGCGGGGGTGGTGGGGGAACGGTGC
GGCCCTGCGGCGGGGGCGGGGGG

62.75 341

CAMSAP1 9 135907229 135908228 GGGGGCGGGGGCGGGCGCGGGGGCGGGA
GCGGGCCGGGGG

62.75 342

MIR670HG 11 43555758 43556757 CCCCCCACCCTCTTTTTCTCTCTCCCCCTCC
CTCTCACCCCCTCTCTCTCTCCCCC

62.69 343

NOC2L 1 959310 960309
GGGGGTCGGGGGAGCGGGGATGGCTTCCG
GGGGAGGAGGAGGGCGAGGCCTGGGGGG

62.69 344

KLHL17 1 959587 960586
GGGGGTCGGGGGAGCGGGGATGGCTTCCG
GGGGAGGAGGAGGGCGAGGCCTGGGGGG

62.69 345

LINC00567 13 110813085 110814084
CCCCCTCACGACGCCCCCGTCACGACGCGC
CCCCTTCGTCACGTCCCCCTCACGACCTCCC
CC

62.69 346

RP11-395B7.4 7 101017609 101018608
CCCCCGGGACTCCCTTCTCCCCCTGGGACT
CCCTTCTCCCCCTGGGACTCCCTCCCTTCCC
CC

62.67 347

NPIPB15 16 74376878 74377877
CCCCCCTTCCCCTCCCCTCCCCCTCCCCCTC
CCCTCCCCCTCCCCTCCCCCTCCCCTCCCCC
TCCCCTCCCCCTCCCCTCCCCC

62.62 348

PALM 19 708093 709092
CCCCCGCCAGGCCGCGTCCCCCTCCCCTCC
CCTCCCCCGCGCGCCACCCGCGCCCGCCCC
C

62.5 349

IKZF4 12 56006659 56007658 GGGGGAGGGGGACGGCTGTGATGGGGGGG
GATATTTGGGGGGG

62.5 350

RP13-122B23.8 9 137295722 137296721
CCCCCACCCCCACATGCCCCCCACGGCCCG
GCTCCCTCCCCCCGCACCCCGGCCCCAGCC
CCCC

62.5 351

PRDM16 1 3068168 3069167
GGGGGCGAAGGGGAGGAGGCGGGGGCCGG
GAGGCGCGAGGGGGGCGGTGGGGCCCGGA
GGGGG

62.35 352

AL158069.1 X 69503705 69504704
GGGGGAGCCAAAAAGCTAGGACGGGGGCT
GGTGCTTGGGTGGGGGGCGGGCGGGTGGG
GGG

62.32 353

ANKRD20A11P 21 13980438 13981437 CCCCCAACAAGTCCCCCGCCGCGGGCGGTG
CAGCCCCCAAACCACCCCCCC

62.3 354

TRERF1 6 42452052 42453051 GGGGGGGGGGAGCAGGAGCAAAAAGAGGG
GGAGGGCGGGGGAAGGGAGGGGG

62.3 355

THTPA 14 23554988 23555987 CCCCCGCCCCCTTCCCTCCCCCCACCCCAAC
CCCCC

62.26 356

AL591893.1 1 151993531 151994530 CCCCCAGCCCTGTCTCCTCCCCCTCTTCCTG
CCCCCGACTCCCCC

62.26 357

RHOXF2 X 120157561 120158560
CCCCCCCGCCCTACTCCCCCCCTCCACCCTA
CGCCCCCCCGCCCTACTCCCTCCCCCGCCC
TACTCCCCCCACCCCGTCCTACTGCCCCC

62.16 358

RP11-126K1.2 1 151281930 151282929 CCCCCGCCCCTCCCCCACTTGGTCAACTACC
CCCTTCTCCGCGCCGCCCCC

62.07 359

CTD-2589H19.6 5 674826 675825 GGGGGTGCAGTGTGGCTGGGGGTGCAGTG
TGGGGGTGTGCAGTGTGGCCGGGGG

62 360

FP671120.7 21 8216953 8217952 CCCCCCGCCCTACCCCCCCGGCCCCGTCCG
CCCCCCGTTCCCCCC

62 361

FP236383.12 21 8444223 8445222 CCCCCCGCCCTACCCCCCCGGCCCCGTCCG
CCCCCCGTTCCCCCC

62 362

FP236383.4 21 8399991 8400990 CCCCCCGCCCTACCCCCCCGGCCCCGTCCG
CCCCCCGTTCCCCCC

62 363

DUSP16 12 12562384 12563383 GGGGGAAAGGCGGGGGGGTGGGGTGGGGG
GTTGGGGG

62 364

RNF212 4 1113563 1114562
GGGGGCGTGAGGCGGTGGGGGTGGGGTGT
GATGAGGCGGTGGGGGTGGGGGGGGCAGT
TGGGGGTGGGGG

61.9 365

PROSER2-AS1 10 11894701 11895700
GGGGGAGGGGGCCCACCGGAAGTGGGGGG
AGCTTGTCCTCCGGAAAGCGGGGGAGGAGG
CCCGCTGGAAATGGGGG

61.9 366

FP671120.6 21 8257914 8258913
GGGGGCGGGCTCCGGCGGGTGCGGGGGTG
GGCGGGCGGGGCCGGGGGTGGGGTCGGCG
GGGG

61.85 367

FP236383.9 21 8440949 8441948
GGGGGCGGGCTCCGGCGGGTGCGGGGGTG
GGCGGGCGGGGCCGGGGGTGGGGTCGGCG
GGGG

61.84 368

LIN28A 1 26409778 26410777 GGGGGAAGAGAGGGGGAGGGGAGCTCAAG
GGCTGGGGGAGGGGG

61.82 369

JAZF1-AS1 7 28179322 28180321
CCCCCTCCCCCACCCGAGCCCGCTCCCCGC
CCCCCGGCACCTCGCGCCCCCGCATCCCGC
CACCCCC

61.8 370

DYNLL1 12 120468850 120469849
GGGGGGAGGGGAGGCCGGGGGGAGGGGA
GCCCTGGGGGAGGGGACAGCAGGGAAGGC
GGGGG

61.76 371

PI4KAP1 22 18577969 18578968
CCCCCGGGACAGGGACCCTGGCCCCCCCCG
ACAGGCTGACGCCCACCCCCTCAAACTCTG
GTGGACTTACCCCC

61.73 372

PI4KAP2 22 21517534 21518533
CCCCCGGGACAGGGACCCTGGCCCCCCCCG
ACAGGCTGACGCCCACCCCCTCAAACTCTG
GTGGACTTACCCCC

61.73 373

ZNF618 9 113875282 113876281 CCCCCCCCGCGCGCCCCCAGCGCCCCCGCC
CCCCC

61.7 374

CRLF2 X 1212751 1213750 CCCCCACCCCCTCCTCCCTCCCCTCCCCCTC
CCCC

61.7 375



RP11-365N19.2 14 102932574 102933573 GGGGGCTCCATGCGGGGGCAGGACTGGTG
GGGGGGGGGG

61.7 376

CBX2 17 79777132 79778131 CCCCCAGCCAGGGGCCCGCCCGCGCCCCCA
CCCCCGCCCCCGCCCCC

61.67 377

UTF1 10 133229274 133230273 GGGGGCGGCGGGGGCGGGGGCAGCACTGG
GGGCCGGACAAGGGGG

61.67 378

AP000946.2 21 19899756 19900755 CCCCCACCACCGCCCCCCTTCCCCCCGCCG
GCCTCCCTGCACCCTCCCCCC

61.64 379

RP11-482M8.3 16 87602191 87603190 GGGGGCGGGGGCGGGGGCGGGGGCGGGG
GGCGGGGGGCGGGGGGCGGGCGGGGG

61.64 380

RHOXF1 X 120115938 120116937
GGGGGGATGGGAAGTTGGGGGGTGCGGGT
GGGGAGTGGGGGTGTTGCAGGTGGGAGTG
GGGGG

61.64 381

EEFSEC 3 128152454 128153453

CCCCCTCCCCCACGTCCCCCCGCCCTCCCC
CGCCCCCCGCCGTCCCCCCGCCCTCCCCCC
CGCCCCCGTCTTCCCGCCCCCCCCGCCCCC
GTCTTCCCCCCGCCCACCCCGCCCCCCCCG
CCCCCCTTCGCCCCCCC

61.58 382

DAGLA 11 61679433 61680432 GGGGGTAGGGGTGGGGGGTGGGGGGGTGG
TAGGGAGGAGGGGG

61.54 383

CTD-2105E13.15 19 55378126 55379125
GGGGGCTGGAGGGGGCTTGGGGATGGAGG
CTTAGGGGGCGCCAGGCTGTGGTCGTGGGG
GTGTGAGCTGAGGGGG

61.54 384

TVP23C-CDRT4 17 15563562 15564561

GGGGGCGGGGCGAGCGGGGGCGGGGCGAG
CGGGGGCGGGGCGAGCGGGGGCGGGGCGA
GCGGGGGCGGGGCGAGCGGGGGCGGGGCG
AGCGGGGG

61.42 385

TVP23C 17 15563596 15564595

GGGGGCGGGGCGAGCGGGGGCGGGGCGAG
CGGGGGCGGGGCGAGCGGGGGCGGGGCGA
GCGGGGGCGGGGCGAGCGGGGGCGGGGCG
AGCGGGGG

61.42 386

QSER1 11 32892178 32893177 CCCCCTCTTCCTCCCCCGCCCCCTCTCCCTG
CCCGCCCCC

61.4 387

MMD2 7 4959214 4960213
GGGGGTCTTGGAGGGAGTGGGGGACCTGG
GGGTGGGGGGAGTGGGAAGTGGGGGTGTT
GGAGGGAGCGGGGGACCTGGGGG

61.36 388

MIR3613 13 49996502 49997501

GGGGGAGGGGGAGGGGAAAGGGAGGGGGA
GGGGGAGGGGAAAGGGAGGGGGAGGGGG
GAAGGGACGGGAGGGGAGGGGGAAGGGAC
GGGAGGGGAGGGGG

61.36 389

RHOXF1 X 120115938 120116937 GGGGGTTGCCGGTGGGGGTACATGGTGGG
GGTGGGGG

61.36 390

AL662797.1 6 30683796 30684795 GGGGGGCAGTTGGGGCTGGGGGTGGGGGA
GACAGAGGGGCTGGTGGTGGGGG

61.29 391

CTB-161C1.1 7 5555731 5556730 GGGGGCGCCCTCGGAGCCATGGGGGGAAG
GGGGTATCGGCCGGGTGGGGG

61.29 392

MEIS3P1 17 15785618 15786617 CCCCCGAGCCGCCGCCGGACCCCCGCCGCC
CCGGGCCGCCCCCCGCCCCCC

61.29 393

MEIS3P2 17 20588293 20589292 CCCCCGAGCCGCCGCCGGACCCCCGCCGCC
CCGGGCCGCCCCCCGCCCCCC

61.29 394

SH3PXD2B 5 172454524 172455523

CCCCCGGCCCGCCCCCCGCACCGCCCCCCG
CACCGCCCCCCGCACCGCCCCCCGCGCCGC
CGGCCCGCCCCCCTTAAAGGGCCCGGCCCC
GACCCCC

61.29 395

RP11-467J12.4 16 53052874 53053873 GGGGGAGCAGAGTGGGGGCCGGGGGGAGG
GGG

61.22 396

RNF212 4 1113563 1114562 GGGGGAGGGGGAGGGGGAGCGCCGAGGGC
GGGGG

61.22 397

PASD1 X 151562622 151563621

GGGGGCAGCGGGGGGGGCGGGGGGTGGG
GGGGCGGGGGGCGGGGGGTCGGGGGTCGG
GGGGGCGGGGGGCGGGGGGGGCGGGGGG
GCGGGGGGTGTCGGTGGTCGGGGGGGGGC
GGGGGGGG

61.22 398

PLCB2 15 40307936 40308935 CCCCCGCCTCTTCTGGAGGCCCCCGCCCCC
ACCCCC

61.22 399

MIR5004 6 33437331 33438330
GGGGGATCTGGGGGCATGGGTTCGGGAGG
GGGAGGGGGCTCGGGGGGTGGCTCAGGGG
G

61.19 400

ZXDC 3 126475920 126476919

GGGGGGCGGGGCGCGGGGTCGGGGGGCGG
GGCGCGGGGTCGGGGGGCGGGGCGCGGGG
TCGGGGGGCGGGGCGCGGGGTCGGGGGGC
GGGGCGCGGGGTCGGGGGG

61.19 401

LINC00982 1 3068438 3069437
GGGGGCGAAGGGGAGGAGGCGGGGGCCGG
GAGGCGCGAGGGGGGCGGTGGGGCCCGGA
GGGGG

61.18 402

ADGRB1 8 142448430 142449429 CCCCCCCTTATCTCGCTCCCCTCCCCCCACA
CCCCCGCCCCCCGCTAGCGCTCCCCC

61.11 403

CRIM1 2 36354926 36355925 GGGGGTGGGGGGAAGGTCTGGGGGAGGAG
GTAGGATGGGGG

61.11 404

RP11-490M8.1 2 36355115 36356114 GGGGGTGGGGGGAAGGTCTGGGGGAGGAG
GTAGGATGGGGG

61.11 405

BRD1 22 49827513 49828512 GGGGGAGGGGGCGCCGCGAGGAGCGGGGG
CCAAAGGGGG

61.11 406

RP11-17M16.2 18 76490652 76491651
CCCCCGCCGGCTCCCCCCGCCCGCCCCGCC
CGCCCCCGCCCCCCGGCCCGCACAGACCCC
C

60.98 407

RAE1 20 57350010 57351009

GGGGGGACGGGGGGGCGGGGGGGCGGGG
GGACGGGGGGCGGGGGGGGCGGGGGGGG
CGGGGGGACGGGGGCGGGGGGCGGGGGG
GGGCGGCGCGGGGGGGCGGGGGGGGCGG
GGGG

60.96 408

RP11-462L8.1 10 32957845 32958844 CCCCCAACCGCTGGCGGCCGCCCCCGCCCC
CGCCCCCGCCCCCACCCCC

60.94 409

C8orf58 8 22598601 22599600
CCCCCTAGGCCACGCCCCCCACCGCCCCGC
CCCCCGCCCCCCCAGCCCCGCTCCCCGCCC
CCCC

60.92 410

RP1-118J21.25 1 39787976 39788975 GGGGGGGCGGGGGCGGGGCCTGGGAGCGG
GGGCCACGCCTGCGAGGGGG

60.87 411



RP11-896J10.3 14 36519522 36520521 CCCCCGCTAACACGCCTCCCCCAAGGTCTT
CCCCCCCCCCCCCCACCCCC

60.87 412

MIR4733 17 31094426 31095425
CCCCCTCCCCCCAGCCTCCTTGCCAACGCC
CCCTTTCCCTCTCCCCCTCCCGCTCGGCGCT
GACCCCCCATCCCCACCCCC

60.87 413

TRPM2 21 44349163 44350162
GGGGGAGGGGGCTGCAGAGGTCTTCGAGA
AGGGGGTCCTGGGTCTCGTTGTGGGGGGG
G

60.87 414

BMP8B 1 39788862 39789861 GGGGGGGCGGGGGCGGGGCCTGGGAGCGG
GGGCCACGCCTGCGAGGGGG

60.87 415

NOG 17 56592699 56593698
GGGGGTGGAGAAGTGGGGGGTGGGGTTGT
TGTTTGGGGGGAAGAAGGGGGAGGGGG

60.61 416

RANBP3 19 5978143 5979142
GGGGGGTAAATCAGAGCTCATCGGCGGGG
GCGGGGGTCGTGGTCAGGCTCTAGGAGGG
GG

60.61 417

AC114730.2 2 241843380 241844379 GGGGGCGGCGCTGCAGGGTCGGGGGCGCG
GGGGCGCGGGGGCGCGGGGG

60.56 418

RN7SL546P 14 102583178 102584177 GGGGGTGGGGGTGGGGGGTGGTGGGGG 60.53 419

AC017019.1 Y 9664229 9665228 GGGGGGAGGGGGGAGGGGGGGAGGGGGG 60.53 420

FAM150B 2 288852 289851 CCCCCCGTCTCCCGCTCCCCCTCAACTCCGC
CCCCGCCCCCGCCCGGTCCCCCC

60.53 421

AC104534.3 19 38840179 38841178 GGGGGAGGGGGTGGGGGGTGCCCATACTG
GGGG

60.47 422

ALX3 1 110070701 110071700 GGGGGGCGGGGGGCGGGGGGCAGGGGAG
GGGG

60.47 423

TSPYL2 X 53081367 53082366
GGGGGAAGGGGCAGGACCCGGGATGGGGG
AAGGGGCAGAAGCGGGGGTGGGGGAAGGA
GCTGAAGGAAATGGGGG

60.44 424

AGPAT3 21 43864186 43865185
CCCCCGTGTCCCCTCCGCGTCCCCCCCCGC
GCCGTCCCCCCGCGTCCCCCCCCGCGTCCT
TCCCCCGTGTCCCCCC

60.42 425

AC073343.13 7 6662974 6663973 GGGGGTGATGGGGGAGGGGGTGGAGATTT
AGAGGTGGGGGG

60.42 426

COTL1 16 84618078 84619077
CCCCCACTGCTTGCTTCCCCCACTTCCCTGA
CCTCTTCCCCCTCCCTTCCCTCCCCCTCTTT
CTCCCTTCCCCC

60.42 427

SP9 2 174333946 174334945 CCCCCCCCCCGCAAGTATCCCCCACTACTCC
CCCCCACCCCC

60.38 428

CPTP 1 1323756 1324755

GGGGGCTGGGGGACTGGGGGGCTGAGGGG
CTGGGGGGCTGAGGGTCTGGGGGTCTGCTG
GGCTGAGGGGCTGGGGGACTGAGGGGCTG
GGGG

60.38 429

DCHS1 11 6655855 6656854 CCCCCGCCCCTCCGCCCGCGGAGCCCCCGC
CCCCGCCCCC

60.38 430

ZBTB7B 1 155001630 155002629
GGGGGGGGGGAGTTTGGGGGGTGGCAGGG
GCGGGGGGAGGGAGGGGAGGGATGGGGGG

60.27 431

ELF2 4 139177219 139178218
CCCCCGCCCCGCTCCGCTCCCGGCCCCCTC
CCTCCACCCCCCGCCTCGGCTCCTCCCCC

60.24 432

RND2 17 43024241 43025240
GGGGGTGGGAGGAGGGGCCGGGGGGGCGC
GGCCGCCTGGCTGGGGGCGGGGCGGAGGG
GGGGCCGCGGACCCGGGGCGGGGG

60.17 433

VAT1 17 43025124 43026123
GGGGGTGGGAGGAGGGGCCGGGGGGGCGC
GGCCGCCTGGCTGGGGGCGGGGCGGAGGG
GGGGCCGCGGACCCGGGGCGGGGG

60.17 434

RP11-17M16.2 18 76490652 76491651 GGGGGCGGGGGGCGGGGGGCGGGCGCCG
GGGGGCGGGGG

60 435

WDR45B 17 82648554 82649553
CCCCCCCGGGACACAGAAACCCCCCCAGGA
CACAGCCCCCCTAAGACACACAGCCTCCCC
C

60 436

CCDC64 12 119988869 119989868 GGGGGCGGGGGAGGGGGCGCGTGCCGCCG
GCGCGGGGG

60 437

KCNJ5 11 128890356 128891355 GGGGGCAGGGGGAGCCGGGGGAGGGCGCA
GGGGG

60 438

Y_RNA 20 49920695 49921694 CCCCCTCCCCCTCCCCCTCCCCCTCCCCC 60 439

ZBTB18 1 244047939 244048938 CCCCCTCCCCTCCCCCTCCCCCGCGCCCGC
CCCCCCCCCGCCCCCGCCCCCCC

60 440

RP11-38L15.2 10 46596918 46597917 CCCCCCCCTTCCCCCTCCCCCCAACCCCCCC
TTCCCCCCTCCCCCCCAACCCCCCCCC

60 441

HRASLS 3 193240125 193241124 GGGGGCGGAGGGGGGCCGGGGGAGGGGG
G

60 442

UBTD2 5 172284072 172285071 GGGGGAGGGGACGCAGGGGGCTAGGTGGG
GGGAGGACTGCAGGCGGGGGG

60 443

MRPL14 6 44127458 44128457 CCCCCTCCCCCTCCCTCCCCCCGCTCCCCCT
CCCCC

60 444

AL022328.1 22 50274674 50275673

CCCCCAGCACCCCTCCCAGCCCCCTCCACTT
CCCCCCAGCACCCCTCCCAGCCCCCTCCAC
CTCCCCCCAGCACCCCTCCCAGCCCCCTCC
ACCTCCCCC

59.84 445

IGF2-AS 11 2139501 2140500

GGGGGGTGCGGGCTGGGGGCCCTGGGGCC
CCGGGGGGGGGGCGGCGGTCGCAGGGGCT
GGGGGGTGCGCGGGGGCGAGGCTGGGTGG
GGGG

59.83 446

PXN 12 120265772 120266771

CCCCCGGCCGCCCCCTGTGCACGCGCGCCC
CGCCCCCGGACACCCCCGCGAGCTTGCTGG
CCCCGCCCCCTGCGCACGCTGGTCCCGCCC
CC

59.8 447

RP11-464F9.20 10 73624996 73625995 CCCCCTCCCCAGGCGCTACCCCCTGCACCC
CGTTACCCCCGGCCCCGCCCCCC

59.72 448

RP3-400B16.1 6 4135072 4136071 GGGGGCTCGGGGGTGGGGCCGGGTCTCGG
GGGTGGAGCCGGGACTCGGGGG

59.68 449

ECI2 6 4135598 4136597 GGGGGCTCGGGGGTGGGGCCGGGTCTCGG
GGGTGGAGCCGGGACTCGGGGG

59.68 450



SRRM3 7 76200900 76201899 GGGGGGGAGGGGGGCGAAGGGGGCGGGG
AGGAGGGGG

59.65 451

RP11-154H23.3 3 71583943 71584942 GGGGGGGGGGGTTGGGGGGAGGGATCCAG
GGAGGGGG

59.57 452

FOXP1 3 71583990 71584989 GGGGGGGGGGGTTGGGGGGAGGGATCCAG
GGAGGGGG

59.57 453

CTD-2589H19.6 5 674826 675825
GGGGGTGCAGTGTGGCTGGGGGTGCAGTG
CAGGGGGTACAGTGTGGCCGGGGGTGCAG
CCCAGGGGG

59.49 454

U1 1 148521601 148522600 GGGGGGGGGGGGTGGGGGGGGGGGGG 59.46 455

CAMK2G 10 73874592 73875591 CCCCCAGGCCCCGCCAGTCCCCCCCCCCGC
CCGGCCCCCGGCCCGCCCCC

59.42 456

CASKIN1 16 2196526 2197525
GGGGGCGGGGAGCGCGTCACGGGCGGGGG
GCGGCCCGGGGGCGGGGGCGCGCGGCGGG
CGCGGGGCGGGGG

59.41 457

HRK 12 116881442 116882441 GGGGGGCGGGGAGGGGGGTTACATCATCC
GGCCCCCGGGGGTTGGGGGGGGGG

59.38 458

RP13-516M14.1 17 82292716 82293715
GGGGGGAGGGAGGGGACGGGGGGAGGGA
GGGGAGGGTGGGGGAAGGAGGGGAGGGGA
GGGTGGGGG

59.34 459

VENTX 10 133236404 133237403
CCCCCCACCCCTCCTGGCTTTACCCCCGAG
GCCACGTCCAAAGCCCCCAGCGCCCCACCC
CCGCCAGCCTCCCCC

59.3 460

AC034243.1 5 138753310 138754309 GGGGGCCGCGGGCGGGGGGCGGGCCGGGG
GCGGGGG

59.26 461

CTD-2270P14.1 16 2673445 2674444 CCCCCCGCGATGCCCCCGCCCCCCGCGACG
CCCCGCCCCC

59.26 462

DPYSL4 10 132185900 132186899 GGGGGCGGGGCCTGCCGGGGGCGGAGCCG
GGGTGGGGGCGGGGCCCAGCGGGGG

59.21 463

RP11-140A10.3 10 132185963 132186962 GGGGGCGGGGCCTGCCGGGGGCGGAGCCG
GGGTGGGGGCGGGGCCCAGCGGGGG

59.21 464

RP11-110G21.1 8 51898325 51899324 CCCCCGACCTGCCCGCCCTTAAGTCCCCCT
GCCCCCGACTCTTCGGCTGCCGTCCCCC

59.21 465

LINC00685 X 319990 320989
GGGGGCTTGAGTCCAGCCCTGGGGGGCCC
GGATGCCGCCCGGGGGTTCTCCTCGTCTGC
CTTGGGGG

59.21 466

RP11-174M13.2 12 129698228 129699227 GGGGGAGGGGGAGGGGAGGGGAGGGGGA
GGAGATGGGGAGGGGAGGGGG

59.15 467

OR7E156P 13 63741341 63742340
GGGGGGTGCCTCCCCACCCTGCGATGGGGG
TTCCAAGTGTCAGGGGGGAAGAGGGGG

59.09 468

AC008278.3 2 15680485 15681484

GGGGGGAGAGGGAGGGAGGGGGAGGGGG
AGGGGGAGGGGAGGGGGGAGGGGGAGGG
GAGGGGGAGGGGGGAGGGGGAGGGGAGG
GGGAGGGGGGAGGGGAGGGGGAGGGGGG
AGGGGGAGGGGTGGGGGAGGGGGAGGGGA
GGGGGTGGGGGAGGGGG

59 469

AC069368.3 15 64840883 64841882

CCCCCGGCCCCACCGCCCCCTCCCCGGCCC
CGCCCCGGCCCCCGGAAGCCTCACCCCGCC
CCCGGCCCCGCCCCCCCGAAGTTTCTTGGG
CCCCC

58.88 470

PLEKHO2 15 64840883 64841882

CCCCCGGCCCCACCGCCCCCTCCCCGGCCC
CGCCCCGGCCCCCGGAAGCCTCACCCCGCC
CCCGGCCCCGCCCCCCCGAAGTTTCTTGGG
CCCCC

58.88 471

MRPL41 9 137550199 137551198

GGGGGTACCGCTAGGGAGGGGGTGCAGCT
GGGGAGGGGGTGGATCTGGGGTGTGGGGG
TGCCGCTGGGGAGGGGGTGCAGCTGGGGA
GGGGGTGGATCTGGGGCGTGGGGGTGCCG
CTGGGGAGGGGGTGCAGCTGGGGAGGGGG
TGGATCTGGGGCGTGGGGGTGCCGCTGGG
GAGGGGG

58.87 472

PNRC1 6 89079751 89080750 CCCCCGTTCTTCCTGCCGCCCTCCCCCTGCC
CCCTCCCTTCCCCACCCCC

58.82 473

TBL1XR1 3 177197397 177198396
GGGGGGAGGGGCGGGGGCGCACGCGGCCG
GCGGCGGGGGGAGGCGGCGCGCGGGGG

58.75 474

RP11-435M3.2 10 25933711 25934710 GGGGGAAACGGGGGCGGGGGTGAACTCGA
GGGGG

58.7 475

PKDCC 2 42047020 42048019 GGGGGAGGGGGCGGGGGAGGGGGCGGGG
GCGGGGGCGGGGGG

58.62 476

RP11-272P10.2 9 13279188 13280187 CCCCCACCCCCACCCCCACCCCCATCCCCG
CCCCCACCCCCACCCCC

58.57 477

SHANK3 22 50673415 50674414
CCCCCGCCTCCGGCGCAGCCCCCTCGCCAC
CCCCGCTTCCCTCCCGTCTCAGGCCCCCTCC
CCCCGCCGCCCCCGCCCCC

58.49 478

FARS2 6 5260044 5261043 CCCCCGGTCCCCGGCCCCTGGCCCCCCGCC
CCCGGCCCCC

58.49 479

FAM160A1 4 151408216 151409215 CCCCCGCCCCTGCCCCGCCCCGGCCCCCGC
CCCCGCCCCCGCCCCCCCC

58.33 480

MCF2L 13 112893378 112894377
CCCCCTCCGCTCTGGGCTCTGGCCCCCGCC
CCGCCCCCGCCCCCGGGCCCCTCTCCGCCC
CTCCCCCTCCGGCCCGCCCCC

58.33 481

CCDC40 17 80035632 80036631 CCCCCGGCCCGCCCCCGGGCCCGCCCCCGG
CCCGGCCCCTGCCTGCCCCC

58.33 482

RP11-610P16.1 4 151408836 151409835 CCCCCGCCCCTGCCCCGCCCCGGCCCCCGC
CCCCGCCCCCGCCCCCCCC

58.33 483

TBC1D16 17 80035849 80036848 CCCCCGGCCCGCCCCCGGGCCCGCCCCCGG
CCCGGCCCCTGCCTGCCCCC

58.33 484

CTD-3193O13.11 19 7869561 7870560
GGGGGCGTGGCCGAAGGAGACACTGGGGG
TGAGGCAGGGGGAGAGAAAGGGGCCTGCA
CTGGGGGTGAGGGAGGGGG

58.25 485

CTD-3193O13.11 19 7869561 7870560
GGGGGTGGGGCCTGTGGAGGGGGCGTGGC
TGAAGGAGACATTGGGGGAGAGGCAGGGG
G

58.23 486

PLEKHA7 11 17014444 17015443
GGGGGGGAGGGGGCGGGGGCGCGGGCAG
GGGCGGAGGCGGGGGCGGTGGCGGGGG

58.23 487



FST 5 53479409 53480408 CCCCCGACGCGTAGCCCCCAACCCCCGCCC
CGGTCGCCTTCCCCC

58.18 488

PHF2 9 93575407 93576406
CCCCCCACCCGCCTTCTCCCCCGGCAGGGT
CCCCCCGGCCGTCTTCTCCCCCGGCAGGGT
CCCCCAACCCACCTTCTCCCCC

58.16 489

RP11-10K17.6 16 5097739 5098738
GGGGGCGGGCCCAGGGCAGTGAGCGGGGG
CAGAGAGGGGGCGGGGCCCGGGGGTCCCC
CGGGGGTCAGGAGGAACGTCGTGGGGG

58.12 490

EEF2KMT 16 5097809 5098808
GGGGGCGGGCCCAGGGCAGTGAGCGGGGG
CAGAGAGGGGGCGGGGCCCGGGGGTCCCC
CGGGGGTCAGGAGGAACGTCGTGGGGG

58.12 491

TRABD2B 1 47996896 47997895
GGGGGCTGGGGCCGCTGGGGCGGGGGAGG
GGAGGACCTGGCGCGGGGGGCGGGGGGG

58.02 492

C1orf159 1 1116362 1117361

CCCCCCAAAACCCCCAGATCCCCCAACCCC
CCATATACCCCCAACCCCTCAGACCCCCCAA
CCCCCCAGACCCCCCAACCTCCCAGGCCCC
CAGACCCCCC

57.98 493

RNASEH2C 11 65720948 65721947 CCCCCTCTCCTTCCCCCTCCCCCCTCCTTCC
CCCTCCCCCCTCCCCC

57.97 494

VN1R91P 19 23289849 23290848 GGGGGAGGGGGAGGGGGAGGGGG 57.89 495
RNU6-96P 7 66394191 66395190 GGGGGAGGGGGAGGGGGAGGGGG 57.89 496

SHANK3 22 50673415 50674414
CCCCCCGCACCGAGGCCTAGGACTCCCCCC
CCCAACCCCGTCACAGCCCCCCAGACCCCC
GCCCCGTGGCTCGGCCCCC

57.89 497

RP11-114H24.6 15 77992405 77993404

CCCCCCCCGCCCCCCCACCCCCCCCAATCC
CCCGCCCCCCCACTCCCCCCACTCCCCCCC
ACTCCCCCCCCACTCCACTCCCCCCCACTCC
CCCCCCACTCCCCCCCACTCCCCCCACTCCC
CCCACTCCCCCC

57.8 498

RP11-816J6.3 3 169768649 169769648 CCCCCCGACAACACCCCCAGTCCCCCCACC
CCCAGCCACCCCAGCCCCACCCCCC

57.75 499

AL022328.1 22 50274674 50275673 CCCCCTCCACCTCCCCCCAGCACCCCTCCCA
GCCCCCTCCACCTCCCCC

57.75 500

C20orf194 20 3407626 3408625 GGGGGCGCGGCGCGCGGGCCCGGCGGGGG
CGGGGGCGGGGGCGTGGAGGGGG

57.69 501

CHD3 17 7883806 7884805 GGGGGTTTCGGAGGGGGGTGGCCCGGGGG
TTTGGGGGGCTGGGGG

57.63 502

RHOXF2B X 120077706 120078705

GGGGGCAGTAGGACGGGGTGGGGGGAGTA
GGGCGGGGGAGGGAGTAGGGCGGGGGGGC
GTAGGGTGGAGGGGGGGAGTAGGGCGGGG
GGG

57.63 503

NOVA2 19 45973547 45974546

GGGGGGGGGCGGGGGGCGGGGGGCGGGG
GAGGGGGAGGGGAGGGGAGGTGGGAGGGG
GAGGGGGCGGTGGAGGGATGGGGGAGGGG
GAGCCCCGGAGAGGGAAGGCGGGGGTAGG
GGGGAGCCGGTTCTCGGGGGG

57.61 504

RP11-100M12.3 15 27541992 27542991 GGGGGCTGCACTTACACAAGGGGGTGGGG
GTGGGGGG

57.45 505

TMSB10 2 84904625 84905624 CCCCCCTCCCCCTACACCCCCCCGCCCCCC 57.45 506

RP4-647J21.1 7 44960910 44961909 GGGGGCTGAGCACTGAGGGGGTTGAGGGG
GCTGGGGGCTGAGGGCTGAGGGGG

57.35 507

TTLL12 22 43187134 43188133

CCCCCGCCCCGTCCTCCTCCCAGCCCCCCG
CCCACCGCCCCGTCCTCCCCCCAGCCCCCC
GCCCCTGCCGCGCCCCCTGCCCCCGCCCCC
TGCCCCCC

57.35 508

RP11-168O16.1 1 201022949 201023948
GGGGGTAGGGGGCGGGATTGAAGGGTGGG
GGTGGGGGTAGGGGTGGGAGTAGGGGTGG
GGG

57.32 509

KIF21B 1 201023701 201024700
GGGGGTAGGGGGCGGGATTGAAGGGTGGG
GGTGGGGGTAGGGGTGGGAGTAGGGGTGG
GGG

57.32 510

AGRN 1 1019123 1020122

GGGGGAGGGAGGAGGGAGGGGGCGGGAG
GGGGAAGGAAGGAGGAGGGGGAGGAGGAG
GGCGCGGGGAGGGGGTAGGGGGGCGGGGA
GGAGAGAGGGGG

57.25 511

LAMB2 3 49133119 49134118 GGGGGCGGCGGGGGTGGGGGTTGGGTGAG
GGTTGGGTGGGGG

57.14 512

NHLH1 1 160366067 160367066 CCCCCGCTCCCCGCCCCCACCCAGGGCCAG
CCCCCGCCCCC

57.14 513

BSG 19 570309 571308
GGGGGTGGGTTGGGAGGGGCGGAGGGGGT
GGGTTGGGAGGGGCGGAGGGGGTGGGTTG
GGAGGGGCGGAGGGGG

57.14 514

ABTB2 11 34358009 34359008 GGGGGTGGGGATGGGGGGGGATGGGGGGG
ATGGGGGGGTGGGGG

57.14 515

TBCD 17 82751064 82752063 CCCCCCGTCCCCGTCCCCCGTCCCCGTCCC
CCCTGTCCCTGTCCCCCTTCCCCC

56.96 516

MYL6 12 56157161 56158160 CCCCCCACGACCCCCGCCCCCCCACCTCCC
CCCACGACCCCCCCC

56.94 517

PANX2 22 50169731 50170730 CCCCCCGCCCCGCCCGCGCCCCCCGCCGGG
CCGCGCCCCCCGCCCCCC

56.94 518

PNPLA7 9 137550535 137551534

GGGGGTACCGCTAGGGAGGGGGTGCAGCT
GGGGAGGGGGTGGATCTGGGGTGTGGGGG
TGCCGCTGGGGAGGGGGTGCAGCTGGGGA
GGGGGTGGATCTGGGGCGTGGGGGTGCCG
CTGGGGAGGGGGTGCAGCTGGGGAGGGGG
TGGATCTGGGGCGTGGGGGTGCCGCTGGG
GAGGGGG

56.87 519

SLC12A7 5 1112036 1113035
CCCCCTCCCGCACCCCCTCCTGTTTGCCCCC
CATTTCCTGCTCCAGCCCCCTACCCCTCCTT
CTTCCCCCTCCTGTTCCCCCC

56.76 520

RPL7P14 2 203039108 203040107 CCCCCTGGCCCTCCCCTCCCCCCCTCCCCTC
CCCCTCCCCCTCCTTCCCCC

56.76 521



AC073343.13 7 6662974 6663973
GGGGGGTGAAGGGGAGGGGGAGGCGATGT
GGAGGTAGGGGGTGAAGGGAAGGGGGAGA
GGGAAGGGATGTGGGGG

56.73 522

AC108004.2 17 191588 192587

CCCCCGCGACAGTCGCCCGTTCCCCCGCCC
CCGCGACAGTCGCCCGTTCCCCCGCCCCCG
CGACAGTCGCCCGTTCCCCCGCCCCCGCGA
CAGTCGCCCGTTCCCCCCCCCCGCGACAGT
CGCCCGTTCCCCCGCCCCCGTGACAGTCGC
CCGTTCCCCC

56.73 523

CSH2 17 63881864 63882863 GGGGGCGGGGGCGGGGCGTGGGGATGGGG
GTGGGGGTGGGGG

56.67 524

GH2 17 63881936 63882935 GGGGGCGGGGGCGGGGCGTGGGGATGGGG
GTGGGGGTGGGGG

56.67 525

AP1G1 16 71809202 71810201
GGGGGTAGGGGGGTGGGGGGTAGGGGGGT
GGGGGGGTAGGGGGGG

56.67 526

RP1-63G5.8 22 37370684 37371683 GGGGGTGTGAGGAGGGGTTGGGGGGCAGG
TTTTGGGGGCCGGGGG

56.45 527

SOX1 13 112066647 112067646 CCCCCTGCAGGCCCCCCTGCGCCTCCCCCC
CCCCGCCACTGGCGCCTGGCTTCCCCC

56.41 528

PKD1P6 16 15131602 15132601
GGGGGCAGGCAAAAAGGGGGAGCCGGAGG
GTGGGGGCTGGGAGAAAGGGGGAACCTGA
GGGGG

56.32 529

RNU7-140P 19 10551093 10552092 CCCCCTCCTCACTCCTCCCACCCCCCACCGC
ACCCCCACTCACACCTGCACCCCC

56.25 530

MIR1238 19 10551122 10552121 CCCCCTCCTCACTCCTCCCACCCCCCACCGC
ACCCCCACTCACACCTGCACCCCC

56.25 531

PAX1 20 21704659 21705658
GGGGGGGTGGTGGAAGAGGGCCGAGGGGG
GAGGATAGAAGGAGGGGGTAGAGTTTCAGG
GCGGGGAGGGGGG

56.25 532

SUN1 7 815615 816614

CCCCCAGGTGCAGACCCCTCCCCCAGGTGC
AGACCCCTCCCCCAGGTGCAGATCCCTCCC
CCAGATGCGGGCCCCTCCCCCAGATGCAAA
CCCCCCCC

56.19 533

RP11-358D14.3 20 63421269 63422268
GGGGGAGCCCGAACAGGCACGGGGGAGCC
CGCACAGGCATGAGGGGGCAGCCGGTGTTG
GGGGCTCCTCCTCCAGCACGGGGG

56.19 534

RP11-20I20.2 4 1112639 1113638
CCCCCCCATGCCCCCCCCGCTCCATGCGCC
GTTTCTCCCCCTCGGCCCCCCACGCGCCCC
C

56.18 535

UNC119B 12 120709435 120710434 CCCCCCGGGCGCCCGCCCCCGCCCCCGCCC
CGCCCCC

56.14 536

MGAT3 22 39456344 39457343 GGGGGAGGGGAGGGGGTTGCGGAGGGGGC
GGGGTGGGGG

56.14 537

KDM1A 1 23018448 23019447
GGGGGACATGAAGGATGGGGGACATGGGG
GATGGGGGACATGGGGG

56.14 538

RP11-40H20.4 1 27234353 27235352
CCCCCCAGCCCCCTCCCCGGGATCCGCGCC
CCCCTTCCCGGGAGAGGGGCCGCCCCCCCC

56.1 539

FAM86C2P 11 67805337 67806336 GGGGGCGGGCCCAGGGCAGTGGGCGGGGG
CAGAGAGGGGGCGGGGCCTGGGGG

56.1 540

AC004540.5 7 26397593 26398592
GGGGGTGAGGGAGGGGGTGAGGGAGGGGG
TGAGGGAGGGGGTGAGGGTGGGGGCGGGG
GG

56.1 541

MMD2 7 4959214 4960213

GGGGGCGTTGGTGGGGAGTGGGGGACTTG
GGGGTGGGGGAGCGGAAAGTGGGGGGTTG
GGGGGAGTGGGGGACCTGGGGGTGGAGGG
AGTGGAAAGTGGGGGAAGTTGGGGGGAGT
GGGGGACCTGGGGGTGGAGGGAGTGGGAA
ATGGGGGTGTTGGGGGGTGGAGGGAGTGG
AAAGTGGGGGGTTGGGGGGAGTGGGGGAC
CTGGGGGTGGAGGAAGTGGGGGG

56.05 542

GPR173 X 53048091 53049090 GGGGGGGGGTGGGGGGTGGGGGGGGTAGG
GGG

56 543

H6PD 1 9233775 9234774 CCCCCGCCCCGCCCCCGCCCCCGCCGCGCG
CGCCCCCGCCGCGCGCGCCCCC

56 544

CHRD 3 184379073 184380072 CCCCCTCTTCGCGCCCCCTGGTCCCTCCCCT
CCCCCTCCCCCGCTCCCCC

56 545

AC093642.5 2 242087633 242088632 CCCCCCCGCCCCCGCCCCCCCGCGCCCCCG
CGCCCCCGCGCCCCCGCGCCCCC

55.95 546

RP11-341N2.1 2 242088458 242089457 CCCCCCCGCCCCCGCCCCCCCGCGCCCCCG
CGCCCCCGCGCCCCCGCGCCCCC

55.95 547

GAS6-AS1 13 113814630 113815629
GGGGGTGCTGGGGGGTTTGGGGGTGCTGT
GGCCCCGGGGCAGGGGGTGCTGGGGGG

55.94 548

CTCFL 20 57525653 57526652
GGGGGCGCTGGGATACCTTGTGGGGGAATG
GATAAGGAGGGGAGGGGGTCCTGCAGGGG
G

55.84 549

EIF4BP4 3 42339588 42340587

GGGGGGGAGGGGGAGTAGGAGGAGGGGGA
GGAGGAGGAGGAGGGGGAGGAGGGGAAGG
GGGAGGAGGGGGGAGGAGGAGCAGGGAGA
GGGGG

55.81 550

DRP2 X 101218769 101219768
CCCCCTCTTCCCCTCTCCCCCTCTCCCCCTC
TCTCCCTCTTCCCCCTCTCCTTGTCTCCTTC
TCTCCCCC

55.67 551

TCL1B 14 95685417 95686416
CCCCCTTCCTCCTCCTCCCCCTCCTCCCCCG
ACTGGCCCCGCCCCCACTGCCGGCCCCGCC
CCC

55.67 552

TLK2P1 17 34039873 34040872
GGGGGGGTCCTGGGGGGTGGGGGAAGCGC
CGACAGTGGGGGAGGAGGGGGAGGGGACG
AGGAAGGTGGGGGGGG

55.66 553



RP11-19N8.3 16 33058936 33059935

CCCCCCCGTCGCCGCGGCTTTTTGCCCCCC
CTGCCTCCGCGGCTTTTTGCCCCCCCTGCCT
CCGCGGCTTTTTGCCCCCCCTGCCTCCGCG
GCTTTTTGCCCCCCCCTGCCTCCGCGGCTTT
TTGCCCCCCCCTGCCTCCGCGGCTTTTTGCC
CCCCCCTGCCTCCGCGGCTTTTTGCCCCCCC
CTGCCTCCGCGGCTTTTTGCCCCCCCCTGCC
TCCGCGGCTTTTTGCCCCCCCCTGCCGCCG
CGGCTTTTTCCCCCC

55.59 554

TTLL12 22 43187134 43188133

CCCCCCCCCCCGCCCCGCCCTCCTCCCAGC
CCCCCCCCGCCCCGCCCTCCTCCCAGCCCC
CCCCCGCCCCGCCCTCCTCCCAGCCCCCCC
CGCCTCCGCCCCCC

55.56 555

TYW3 1 74732152 74733151 GGGGGGGGGGGGGGGGGGTGCAGCGTGGG
GCTGGGGGACAGGGAGTGCGGGGGG

55.41 556

PVRL3-AS1 3 111071554 111072553 GGGGGAGCCGGGGGGCGGGCGGGCGAGCG
GGCCGGGGGGAGGGTGGGGG

55.41 557

IRF2BP2 1 234609526 234610525 GGGGGGCGGGGAGGCCGGGGGGGCAGGG
GGCGGGGGG

55.36 558

CPLX1 4 826199 827198

GGGGGCGGGGGTGGACCCGGGGGCGGGGG
CGGAGGCGGACCCGGGGGCGGGGGGCGGG
GGGTGGACCCGGGGCGGGGGCGGGGGGTG
GACCCGGGGGCGGGGGCGGGGGGCGGGGG
CGGGGGGCGGACCCGGGGCGGGGGCGGGG
GGTGGACCCGGGGCGGGGGCGGGGGTGGA
CCCGGGGGCGGGGGCGGGGGGCGGGGGCG
GGGGCGGGGGGTGGACCCGGGGCGGGGGC
GGGGGTGGACCCGGGGGCGGGGGCGGGGG

55.29 559

SLC45A4 8 141308306 141309305

CCCCCGAACGGCCGCCCCGCCCCCGCCGCG
CCCCTGCCCCGCCCCCGCGCGCACCGTGGC
TCCCGCCCCCGTCTCGCCATGGCCCCGCCC
CCAGCCATAATCCAGCCCCGCCCCCGCCCT
CCTCCCGCTACGCCCCC

55.26 560

EPN1 19 55674226 55675225 GGGGGGCGGGGGTTGGGGGGTTGGGGGG 55.26 561

PIM1 6 37169203 37170202 CCCCCGACGCGCCCCCCAACACACAAACCC
CCAGAATCCGCCCCC

55.17 562

NFATC1 18 79394856 79395855

CCCCCCTCCCCGTGCGCCCCCCCTCCCCGT
GCGCCCCCCTCCCCGTGCGCCCCCCCTCCC
CGGGCGCCCCCCTCCCCGGGCGCCCCCCCT
CCCCGTGCGCCCCCCCCTCCCCGTGCGCCC
CCCC

55.15 563

CDKN1C 11 2885882 2886881 CCCCCTCGCCCCATCCCCCCTGCAACACTCC
CCCACCCCCCCGGCTCCCGCCCCCC

55.13 564

TKTL1 X 154294671 154295670

CCCCCTGACACGTGCGGCACCACCCCCTGA
CACGTGCGGCACCACCCCCTGACACGTGCG
GCACCACCCCCTGACACGTGCGGCACCACC
CCC

55.12 565

RP11-83B20.4 12 124541503 124542502

GGGGGATGGGGGTGGATATGGAGGGGGAT
GGGGGTGGATATGGAGGGGGATGGGGAGT
GGAGATGGAGGGGGATGGGGAGTGGAGAT
GGAGGGGGTGGGGAGTGGAGATGGAGGGG
GTGGGGAGTGGAGAGCTGGAGGGGGAGGG
GGTGGAGAGTTGGAGGGGG

55.12 566

TRAM2-AS1 6 52576307 52577306
CCCCCTTCCTCCGCCCGCCCCCGGCCGCCC
GTAACCGCCCCCGGCCGCAGCCCCCGCCCA
GCCCCC

55.06 567

CTD-2589H19.6 5 674826 675825
GGGGGAGCAGTGAGGGGGGCACAGTGTGG
CCGGGGGAGCAGTGAGGGGGGTACAGTAT
GGCTGGGGG

55.06 568

TRAM2 6 52576916 52577915
CCCCCTTCCTCCGCCCGCCCCCGGCCGCCC
GTAACCGCCCCCGGCCGCAGCCCCCGCCCA
GCCCCC

55.06 569

CBX7 22 39152675 39153674 CCCCCGAGCCCCGCCCCCATCGGAACCCCG
CCCCCGGGGCCCGCCCCC

54.93 570

DLGAP3 1 34929586 34930585
GGGGGGGAGGGGGCCACGGTGGGGAAGCC
GCAGGGGGAGGGGCTGAAGACGTGGGGG

54.88 571

FAM86GP 11 3422497 3423496 GGGGGCGGGCCCAGGGCAGTGCGCGGGGG
CAGAGAGGGGGCGGGGCCTGGGGG

54.88 572

IGLON5 19 51310848 51311847 CCCCCCCAGCCCCCTCCCCCCGCCCCCGCC
GCCCCCC

54.84 573

MYDGF 19 4670371 4671370
GGGGGCGGGACTTTGTCGAGGGGGCGGGA
CTTTTGCCGAGGGGGCGGGGCCGCCGAGG
GGGCGGGGCCGCCGAGGGGG

54.78 574

UBE2R2 9 33816567 33817566 CCCCCCGCGCAGCCCCCGCCGCCACCGCCG
CGAGACCCCCGCACGCCGCTCTCCCCCC

54.76 575

TMEM253 14 21097937 21098936 CCCCCCCGCCCCCGGCCCGGCCCCCGCCCC
CTCCCCGGTCCCCCGCCCCC

54.76 576

TSPYL2 X 53081367 53082366

GGGGGGGTGAGGGAAGGGGCAGAAGCGGG
GGAGGAAGGGGCAGAAGCGGGGGGTGAAG
GGGCAGAAGCGGGGGTGGGGTGGGGGAAG
GGGCCGAAGCGGGGGATGGGGGAAGGGGC
AGAAACGGGGGGTGGGGG

54.75 577

ENAH 1 225653143 225654142 GGGGGCGAGGGGGCGGTGCGGGGGGAGGG
GAGGAAAGGGGAGGCGGGGGG

54.67 578

ASB1 2 238425742 238426741
CCCCCACTCCCGCCTCCAACCCCCACAGGG
CCTGCCAGGTCTGCCCCCAGTGGGCCCCC

54.55 579

AC108004.2 17 191588 192587
CCCCCGCCCCCGCGACAGTCACCCGTTCCC
CCCCCGCGACAGTCACCCGTTCCCCCCCCG
CGACAGTCACCCGTTCCCCC

54.39 580

SPATA31A6 9 42182659 42183658
CCCCCTCCCCTGCCCCTCTCCCTCCCCCTCC
CCCTCCTGCTGCACCTCCCCCTCCCTCTGCC
CCTCCCCC

54.37 581



RBPMS2 15 64775588 64776587
GGGGGGCGGGCGCCGGGGGAGGGGGCGG
GCGCCGGCGGCGGGGGG

54.17 582

LL22NC03-63E9.3 22 22558343 22559342
GGGGGAGGGGTGGGGATGGGGGAAGGGAG
ACAGAAGGGGGGGAGGGGTGGGGATGGGG
G

54.12 583

FAM201A 9 38619474 38620473
CCCCCGCAACCCGCGATCCCCCCCGCAACC
CGCGATCCACCCCCAAATCCAAGATCCACC
CCC

54.02 584

LRRC27 10 132331154 132332153 CCCCCTGCCACCCCCGCGCAGGCGCACCAC
AACCCCCCCACCGCAAGCGCAACCCCCC

53.95 585

STK32C 10 132331848 132332847 CCCCCTGCCACCCCCGCGCAGGCGCACCAC
AACCCCCCCACCGCAAGCGCAACCCCCC

53.95 586

CTD-2561B21.5 17 80971214 80972213 CCCCCTCCCCCGCCAGCCTGCACATCCTCC
CCCATCGTCCATGCAGCCCCCC

53.95 587

URAHP 16 90047774 90048773
GGGGGGCGGGACCGCTGTGAGAGGGGGCG
GGGGGACGGCGGGACGGGGGGATGGGGGG
ATGGAGGGGATGGGGG

53.85 588

C11orf86 11 66974277 66975276
GGGGGAGGGGAGGGGAGAAGGAGGGGGGA
GGATGGGGGAGGAGGGAGGGGGGAGAGGA
GGGGAGGGGGAGGGGAGGGGGAGGGGGG

53.79 589

HIC2 22 21416404 21417403
GGGGGTAAGTCCACCAGAGTTTGAGGGGGT
GGGCGTCAGCCTGTCGGGGGGGGCCAGGG
TCCCTGTCCCGGGGG

53.77 590

RP11-501C14.6 17 49013726 49014725
CCCCCTCAGTCTCAGCCCCCCAGTCGCCGT
CCCCCTCTGTCTCCCCCTCAGTCTCAGCCCC
CCAGTCGCCGTCCCCC

53.7 591

RPUSD1 16 788398 789397 CCCCCCCCCCCGGCCCGCCCCCGGCCCGCC
CCC

53.7 592

TNFAIP8L1 19 4638518 4639517 CCCCCAGAGCCGCCTGACCCCGCCCCCAGG
CTCCGCCCCTTCCCCCCACTTCCCCCCC

53.68 593

CTD-2545M3.8 19 50487639 50488638 GGGGGAGAGGGTGTTGGGGGAGAAGAGGG
TGGGGGAGAGGGGG

53.62 594

RP11-395B7.4 7 101017609 101018608

CCCCCTGGGACTCCCTTCCTCCCCCTGGGA
CCCCTTCCTTTCCCCCTGGGACTCCCTCCCT
CCCCCTGGGACCCCTTCCCTTCCCCCTGGG
ACTCCCTCCCTCCCCCTGGGACCCCTTCCCT
TCCCCCTGGGATTCCCTCCCTCCCCCTGGG
ACCCCTTCCCTTCCCCCTGGGACTCCCTCCC
TCCCCCTGGGACCCCTTCCCTTCCCCCTGG
GACTCCCTCCCTCCCCCTGGGACCCCTTCCC
TTCCCCCTGGGACTCCCTCCCTCCCCCTGG
GACCCCTCCCTTCCCCCCTGGATTCCCTCCC
TCCCCCTGGGACCCCTTCCCCTTCCCCCTGG
GACTCCCTCCCCTCCCCCTGGGACCCCTTCC
CTTCCCCCTGGGACTCCCTCCCTCCCCCTGG
GACCCCTTCCCTTCCCCCGGGACTCCCTCCC
TTCCCCCGGGACTCCCTCCTCCCCC

53.5 595

KDM2A 11 67118269 67119268
GGGGGGGGTGATGTGCTTTGTGGGGGGTC
GGGGGTCACCACCCTCCCAGGGGGGTGGG
GG

53.42 596

RP11-564A8.4 1 206906619 206907618 GGGGGGTGGGGGGGTGGGGGGGTGGGGG
GGGGGTGGGGG

53.33 597

AL031721.1 16 1379424 1380423 CCCCCGTCGCACTGGCCACGCCCCCCGCGC
TGCCCTCCCCCAACCTTCCCCCC

53.16 598

KLF6 10 3785282 3786281 CCCCCTCCGCCCCCGCCTGGCTCCCCCCAC
TCCCCCTCCCCCC

52.94 599

RP11-561N12.5 7 64570438 64571437 GGGGGGAGAGGGGCAAGGGGGAGGGGGAA
GGGGGAGGGGG

52.86 600

BHLHA15 7 98210427 98211426

GGGGGGAAGCTATCTCGGGGCGGTTGGGG
GGCTGTCGGGGGAGGATGGGGAGAAGCGT
GTGGGGGAGGCTGTCTGGGGGAACGAGGG
TCGGGGGCTGTCGGGGGATGGTGGGGAGA
GGCGGGCGGGGGTGGCTGTCTTGGGGGAC
GAGGGTGGGGGGCAGTAGGGGGAGGATGG
GGAGAGGCGGGCGGGGGAGGTTTTCTATCT
TGGGGGCGGGGCGGAAGCTGGGGG

52.85 601

RP11-74E22.4 17 2749421 2750420 GGGGGGCTCGGGGGCGCCGAAGGGGGGTC
GGGGG

52.73 602

ESX1 X 104254934 104255933
GGGGGCGAGGAGACGAGGGGGCGAGGGGG
CGAGGGGGCGAGGGGG

52.7 603

URAHP 16 90047774 90048773

GGGGGCGGGGCCGCGGTGAGAGGGGGCGG
GACCGCGGTGAGAGGGGGCGGGACCGCGG
TGAGAGGGGGCGGGACCGCGGTGAGAGGG
GG

52.63 604

CYB5R1 1 202967281 202968280 GGGGGGGCAGGAGGCGGGGCCTGGCGGGG
GGGGGGGGGGGTGTCTGTCGGGGG

52.44 605

Y_RNA 10 68502152 68503151

GGGGGAGGGGAGGGGAAAGGAGGGGGAGG
GGGAAGGGAAAGGAGGGGGAGGGGAGGGG
AAAGGAGGGGGAGGGGAGGGGAAAGGAGG
GGGAGAGGAGGGGAAAGGAGGGGGAGGGG
AGGGGAAAGGAGGGGG

52.41 606

BRWD1-AS2 21 39312935 39313934 GGGGGGGGCGGGGGGCGGGGGGCCGGGG
GCGGGCGGCGGGCGGCGGGCGGGGGG

52.22 607

RP11-20I20.2 4 1112639 1113638
CCCCCCACGTGCCCCCATGGCCCTCCCACC
CAAGTCCCCCATCCCCCGGAGTTCCCTGAC
CCCC

52.08 608



AC108004.2 17 191588 192587

CCCCCGCCCCCGCGACAGTCGCCCGTTCCC
CCGCCCCCGCGACAGTCGCCCGTTCCCCCG
CCCCCGCGACAGTCACCCGTTCCCCCGCCC
CCGCGACAGTCACCCGTTCCCCCCCCACGA
CAGTCACCCGTTCCCCCCCGCGACAGTCAC
CCGTTCCCCCGCCCCCGCGACAGTCACCCG
TTCCCCCGCCCCCGCGACAGTCACCCGTTC
CCCCCCCCGCGACAGTCACCCGTTCCCCC

52 609

SAMD1 19 14091037 14092036
GGGGGCGGGGGAAAGCGGCGGGCGGGGGA
GGGGGAGGGGAGTGCCGGGGGGAGTGGAG
AGGGGG

51.89 610

AC005391.2 19 928818 929817
CCCCCGCGGCCCCCACGCTGCAGTGCGGCC
GGGCCCCCTCCCCGCAGGGGCCGCCCCC

51.85 611

ANO9 11 442012 443011

CCCCCCACCCCGGGCCACGGCCCCCCACCC
CGGGCCACGGCCTCCCCCACCCCGGGCCAC
GGCCTCCCCCACCCCGGGCCACGGCCCCCC
ACCCCGGGCCACGGCCCCCC

51,67 612

AL022341.3 16 649201 650200 CCCCCAGGAGAGCTGCCCCGCCCCCGAGGG
CCCCCTCGCCCCC

51.56 613

CDKN2B-AS1 9 21993778 21994777 CCCCCCACCTTCACCCCCACCCCCACCCCAC
CCCC

50.79 614

RP11-149I2.4 9 21994482 21995481 CCCCCCACCTTCACCCCCACCCCCACCCCAC
CCCC

50.79 615

ADNP-AS1 20 50929984 50930983 GGGGGTGTGCGTGGGGGGGCTCCTTTTGGG
GGTGGGGGG

50.77 616

HCN2 19 588893 589892
CCCCCGCCCCTCCCCCGCCCCTCCCCCGCC
GCGAGGCTCCGCCCCCCGCGGCTCCGCCCC
GCCCCGCCCCCGCCTCCCCCC

50.72 617

ADD2 2 70768226 70769225

CCCCCACTACCGCCCCGCAGCGCCCCCCTC
CTCCCCGCAGCGCCCCCGCCCGCGCCGCCG
CAGACCCCCCTAGCCAGGCTTCCAGCCCCC
TTCCACCCCC

50.64 618

LINC01436 21 36004338 36005337

GGGGGCGGGAGGGGGACGGGGGAGGCAGT
GGGGGAGGCAGCAGTGGGGGAGGAGGTGG
GGGGGGAGGAGGCGGGGGGGGAAGAGGCG
GGGGGCAGGCGGGGGGGGGAGGAGGCGG
GGGGAGGCGGGGGGGAGGAGGCGGGGGG
AGGCGGGGGGGAGGCAGGGGGAGGCAGGA
GAAAGGGGGGGAGGGGGAGGCAGGGGGAG
GCAGGGGAAAGGGGGGAGGGGAGGCAGGG
GGAAGCAGGGGAAAGGGGGGAGGGGGAGA
CAGGGGGAGGCAGGGGAAGGGAGGAGGGG
GAGGCAGGGGGGGCAGGGGAAAGGGGGGA
GGGAGAGGCAGGGGGAGGGGGGAGTCGGG
GGGGCCGGGGGAAGGGGTGCGGGGGGGG

50.52 619

RUNX1 21 36004668 36005667

GGGGGCGGGAGGGGGACGGGGGAGGCAGT
GGGGGAGGCAGCAGTGGGGGAGGAGGTGG
GGGGGGAGGAGGCGGGGGGGGAAGAGGCG
GGGGGCAGGCGGGGGGGGGAGGAGGCGG
GGGGAGGCGGGGGGGAGGAGGCGGGGGG
AGGCGGGGGGGAGGCAGGGGGAGGCAGGA
GAAAGGGGGGGAGGGGGAGGCAGGGGGAG
GCAGGGGAAAGGGGGGAGGGGAGGCAGGG
GGAAGCAGGGGAAAGGGGGGAGGGGGAGA
CAGGGGGAGGCAGGGGAAGGGAGGAGGGG
GAGGCAGGGGGGGCAGGGGAAAGGGGGGA
GGGAGAGGCAGGGGGAGGGGGGAGTCGGG
GGGGCCGGGGGAAGGGGTGCGGGGGGGG

50.52 620

PLXNB2 22 50307628 50308627

GGGGGAGAAGGAGGGGGAGGGGGAGGGG
GGAGAGGGGGAGGGGGGAGAGGGGGAGG
GGGAAGAGGGGGAGGGGGAGAGGGGGAGG
GGGAAGAGGGGGAGGGGGAGGGGAGGGG
G

49.48 621

MACF1 1 39080316 39081315 GGGGGGAGCGCGCATCGGGGGGCGGGGGG
CGGCGTCGGCGCTGGGAGTGGGGG

49.33 622

APOC3 11 116828706 116829705 GGGGGAGGCAGCGGGGGGCACACAGGGTG
GGGGCGGGTGGGGGG

49.33 623

PEA15 1 160204337 160205336 CCCCCGCCCCCTCCTGCCTCTCCATCCCTCC
CCCTCCTCCCGCCATTCCCCGCCCCCC

49.04 624

AL121987.1 1 160204377 160205376 CCCCCGCCCCCTCCTGCCTCTCCATCCCTCC
CCCTCCTCCCGCCATTCCCCGCCCCCC

49.04 625

UNKL 16 1414752 1415751
CCCCCGCCCCCGGATATCCCCGCGCGCCCC
CGCGGCCACGCCCCCCGCGGCCCCGCCCCC

48.98 626

KIF25-AS1 6 167997078 167998077

GGGGGCGGGGGAATCTGCAGAGATGGGGG
CGGGGGAATCTGCAGAGATGGGGGCGGGG
GAATCTGCAGAGATGGGGGGCGGGGGAAT
CTGCAGAGATGGGGGGTCGGGGGAATCTGC
AGAGATGGGGGGCGGGGGAATCTGCAGAG
ATGGGGGGTCGGGGGAATCTGCAGAGGTG
GGGGCGGGGGAATCTGCAGAGATGGGGGC
GGGGGAATCTGCAGAGATGGGGGCGGGGG
AATCTGCAGAGATGGGGGGCGGGGGAATCT
GCAGAGATGGGGGGCGGGGGAATCTGCAG
AGATGGGGGGCGGGGGAATCTGCAGAGAT
GGGGGGTCGGGGGAATCTGCAGAGATGGG
GGGCGGGGGAATCTGCAGAGATGGGGGGC
GGGGG

48.78 627

VANGL2 1 160399586 160400585 48.64 628

CMIP 16 81444170 81445169 CCCCCCGCGGGCAGCGCCCCCTCCCCTGCG
GGCGCCCCCAGCCCCACACCCCCCC

48.28 629



BRD1 22 49827513 49828512

GGGGGGCCCCGAGGCAGGATGGGGGAGCA
GCCGCCAGTCGGGGGCCCTGACGGGGGAA
CGGCCAGGAGTGGGGGTCCCTGAGGCGGG
GGGG

48.03 630

VDAC1P7 3 77317599 77318598

GGGGGCTGCTGGTTGCTGCTGGGGGGCTGC
TGGGGGGGCTGCTGGGGGGCTACTAGGGG
GCTGCTAGGGGTGCTGCTGGGGGGCTGCTA
GGGGGGCTGCTGGGGGGGCTGCTGGGGGG
CTGCTGGGGGGCTGCTAGGGGCGCTGCTGG
GGGGCTGCTAGGGGGGCTGCTGGGGGGGC
TGCTGGGGGGCTGCTGGGGGGCTGCTAGG
GGGCTGCTGGGGGGCTGCTGGGGGGGCTG
CTGGGGGGCTGCTGGGGGGCTGCTAGGGG
CGCTGCTGGGGGGCTGCTAGGGGGG

46.95 631

ADGRA1 10 133069929 133070928

GGGGGCCATAGGGTGCAGAGTCAGGGGGC
CCGGGGGTGCAGAGTCAGGGGGCGTAGGG
TGCAGAGTCAGGGGGCCCTGGGGTGCAGTC
AGGGGGCATAGGGTGCAGAGTCAGGGGGC
CACAGGGTGCAGAGTCAGGGGGCCCTGGG
GTGCAGAGTCAGGGGGCCATGGGGTACAGA
GTCGGGGGGACCTGGGTTGCAGAGTCGGG
GGGCCCTGGGTTGCAGAGTCAGGGGG

46.43 632

AP001187.1 11 64925418 64926417 CCCCCTGCAAGCACCCCCACTAGCCCCTCC
TCCCCCGGGCTGTCGCCTGTGCCCCC

46.07 633

AL356693.1 1 5815960 5816959

GGGGGATTACTGGTGTGTGGACATGGGGGA
TTACCGGTGTGTGGACATGGGGGATTACCA
GTGTGTGGATACGGGGGATTCCTGGTGTGT
GAATACGGGGG

46.06 634

LA16c-OS12.2 16 186295 187294

GGGGGGAACAGCGACACGGGGGGAACAGC
GACACGGGGGGAACAGCGACACGGGGGGA
ACAGCGACACGGGGGGAACAGCGACACGG
GGGGAACAGCGACACGGGGGGAACAGCGA
CACGGGGGGAACAGCGACACGGGGGGAAC
AGCGACACGGGGGGAACAGCGACACGGGG
GGAACAGCGACACGGGGGGAACAGCGACA
CGGGGGGAACAGCGACACGGGGGGAACAG
CGACACGGGGGGAACAGCGACACGGGGGG
AACAGCGACACGGGGGGAACAGCGACACG
GGGGGAACAGCGACACGGGGGGAACAGCG
ACACGGGGGGAACAGCGACACGGGGGGAA
CAGCGACACGGGGGGAACAGCGACACGGG
GGGAACAGCGACACGGGGGGAACAGCGAC
ACGGGGGGAACAGCGACACGGGGGGAACA
GCGACACGGGGGGAACAGCGACACGGGGG
GAACAGCGACACGGGGGGAACAGCGACAC
GGGGGGAACAGCGACACGGGGGGAACAGC
GACACGGGGGGAACAGCGACACGGGGGGA
ACAGCGACACGGGGGGAACAGCGACACGG

43.44 635

GRTP1 13 113364149 113365148
GGGGGCGGGGGGGGGCAGGGCGGGGGGA
GGGGCGGCTGGGGG

43 636

AC116609.1 2 731225 732224

GGGGGAGTCACGGCACGGGGGGAGTCACG
GCACGGGGGGGAGTCACGGCACGGGGGGG
GGGTCACGGCACAGGGGGAATCACGGCACA
GGGGGAGTCACGGCACGGGGGGAGTCACG
GTACGGGGGGAGTCACGGCACGGGGGGAG
TCACGGCACGGGGGGAGTCACGGCACGGG
GGGAGTCACGGCACGGGGGGGTCACGGCA
CGGGGGAGTCACGGCACGGGGGGAGTCAC
GGCACGGGGGGAATCACGGCACGGGGGGA
GTCACGGCACAGGGGGAGTCACGGCCCGG
GGGGGTCACGGCCCGGGGGGAGTCACGGC
ACAGGGGGAGTCACGGCACAGGGGGGGTC
ACGGCACGGGGGGAGTCACGGCACGGGGG
GAGTCACGGCACGGGGGGGTCACGGCACG
GGGGAGTCACGGCACGGGGGGAGTCACGG
TACGGGGGGAGTCACGGCACGGGGGGAAT
CACGGCACGGGGGGAGTCACGGCACAGGG
GGAGTCACGGCCCGGGGGGGTCACGGCAC
GGGGGGAGTCACGGCACGGGGGGGTCACG
GCACGGGGGAGTCACGGCACGGGGGGAGT
CACGGCACGGGGGGAATCACGGCACGGGG
GGAGTCACGGCACAGGGGGAGTCACGGCC
CGGGGGGGTCACGGCCCGGGGGGAGTCAC
GGCACGGGGGGAGTCACGGCACGGGGGGA
GTCACGGCACGGGGGGAGTCACGGCACGG
GGGGGTCACGGCACGGGGGAGTCACGGCA
CGGGGGGAGTCACGGCACGGGGGGGGTCA
CGGCACGGGGGGAGTCACGGCACAGGGGG
AGTCACGGCCCGGGGGGGTCACGGCCCGG
GGGGGTCACGGCCCGGGGGGAGTCACGGC
ACAGGGGGAGTCACGGCACAGGGGGGGTC

42.88 637

Out of a total of 5125 imotifs, there were 637 which overlapped gene promoters
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ABSTRACT: The cationic porphyrin TMPyP4 is a well-established
DNA G-quadruplex (G4) binding ligand that can stabilize different
topologies via multiple binding modes. However, TMPyP4 can have
both a stabilizing and destabilizing effect on RNA G4 structures. The
structural mechanisms that mediate RNA G4 unfolding remain
unknown. Here, we report on the TMPyP4-induced RNA G4
unfolding mechanism studied by well-tempered metadynamics (WT-
MetaD) with supporting biophysical experiments. The simulations
predict a two-state mechanism of TMPyP4 interaction via a groove-
bound and a top-face-bound conformation. The dynamics of TMPyP4
stacking on the top tetrad disrupts Hoogsteen H-bonds between
guanine bases, resulting in the consecutive TMPyP4 intercalation from
top-to-bottom G-tetrads. The results reveal a striking correlation between computational and experimental approaches and validate
WT-MetaD simulations as a powerful tool for studying RNA G4−ligand interactions.

■ INTRODUCTION

Guanine-rich sequences in single-stranded DNA/RNA can
self-associate, in a coplanar, cyclic arrangement called G-
tetrads.1,2 Each tetrad comprises four guanine bases, stabilized
by eight Hoosteen hydrogen bonds reinforced by π and σ
bonds.3,4 The G-tetrads can stack on top of one another, held
together by π−π stacked nonbonded attractive interactions to
form a G-quadruplex (G4).5,6 The G4 structure is further
stabilized by the presence of mono- or divalent cations, as they
coordinate between two successive G-tetrads and shield the
electrostatic repulsion between the carbonyl oxygens of
guanines.5 G4-DNA structures are polymorphic and can
adopt varied topologies influenced by strand stoichiometry
(one to four), polarity (parallel, antiparallel, hybrid), glycosidic
conformation (syn/anti), intervening length of loops, and
guanine stretches.7 G4-RNA structures, however, are limited to
predominantly parallel topology, primarily due to the anti-
conformation of the glycosidic bonds and the presence of an
additional 2′-OH group that contributes to enhanced hydro-
gen bond networks.8,9

G4s are widespread throughout the human genome.
Extensive human genomic analyses have identified >500 000
DNA and >6000 RNA putative G-quadruplex forming
sequences (PQFS).10−13 They are found to colocalize with
functional regions of the genome including specific sites such
as telomeres and promoter regions of genes.14−18 Their
presence has important implications in regions involved in
telomere maintenance and persistent DNA damage response in

aging.19 Human telomeric DNA d(TTAGGG) and the
noncoding TERRA RNA r(UUAGGG) can both adopt
characteristic G4 structures and are important participants in
telomere biology and epigenetic regulation.9,20 Exhaustive
mapping of the genome-wide location of DNA replication
origins have revealed that ∼90% of start sites contain the
PQFS.21 Such a high genomic distribution of PQFS in gene
transcription start sites is indicative of a G4-mediated role in
regulating the process of transcription.22,23 Furthermore,
significant enrichment of PQFS in the vicinity of somatic
copy-number alteration breakpoints is an epigenetic determi-
nant driving tissue-specific mutational landscapes in cancer.24

New functional roles of G4-RNA have also been reported in
the regulation of RNA expression in mitochondria,25 in phase
separation mechanisms leading to the formation of membrane-
less organelles,26,27 and epitranscriptomics.28 A high frequency
of PQFS has also been reported in regions specifying the 5′-
UTR of the encoded mRNAs, suggesting a G4-mediated role
in regulating translation.29,30 Moreover, the formation of G4-
DNA in cells has been shown to be linked to replication and
transcription and that of G4-RNA with translation.31 Based on
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these observations, it has thus been proposed that G4
(un)folding in vivo could possibly represent another layer of
non-genetic, but structural regulation of gene expression.32

Besides the human genome, PQFS are also present extensively
in bacteria33 and viruses.34

The involvement of G4s in several biological processes has
made them a potential target for therapeutic intervention. The
structural features of G4s have been exploited to increase their
thermodynamic stability via induced formation by small
molecules.15,35 G4s with high thermodynamic stability are an
obstruction to processivity by the cellular replicative
machinery. This was the central idea behind the design of
G4 stabilizing agents targeting telomere maintenance36 or
associated suppression of transcriptional activation in pro-
liferative cancer cells.37 Most of the G4 interacting small
molecules present in the literature focus on the stabilization of
the G4 structure.38−40 On the other hand, the importance of
destabilizing G4 structures has been underexplored. Destabi-
lization of G4 structures has been shown to enhance
translational efficiency in the FMR1 gene and the 5′-UTR of

the FMR1 mRNA in Fragile X syndrome.41,42 Furthermore, a
genetic loss or age-related changes in G4 modulating proteins,
compounded by over-representation of G4s, have been shown
to accelerate brain aging and foster neurological disorders.43

Thus, destabilization of G4 structures can be another means of
controlling gene expression or find applications in treating age-
associated neurobiological disorders. However, it has not been
trivial to reliably assess G4 destabilization by small molecules
due to the lack of standard assays and protocols.32 It is only
recently (while this manuscript was under review) that
Monchaud and co-workers have published a G4-helicase-
based destabilization assay.44 Nevertheless, there are small
molecules that have been reported to destabilize G4s. For
example, TMPyP4 disrupted the G4 structure in the Fragile X
FMR1 gene42 and in the MT3 endopeptidase mRNA
sequence;45 a triarylpyridine derivative disrupted G4 in the
cKit-1 and 2 sequences;46 an anthrathiophenedione47 and a
stiff-stilbene derivative were shown to unfold a sodium form of
telomeric G4.48

Figure 1. Crystal structure of the RNA-TMPyP4 complex (PDB id 6JJH). (a) Top-face view highlighting the two different bound states of
TMPyP4. TMPyP4 shown in orange is sandwiched between A14, A14′, and guanine bases, G10, G10′, G13, and G13′, from the first G-tetrad.
TMPyP4 shown in magenta is π−π stacked with a C11 base. (b) Bottom-face view of the RNA−TMPyP4 complex highlighting a H-bond network
between the capped bases C5 and C5′ in an open-like conformational arrangement. (c) Dynamic equilibrium between open and closed
conformational transitions via two intermediate states (I and II). Both the C5 and C5′ bases are highlighted for better visuals with default colors of
the atoms (carbon in red, oxygen in light red, and nitrogen in blue).
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The omnipresence of G4 structures in a cell-based setting
presents a formidable challenge to stabilize or unwind a
specific topology. The formation and dissolution of G4s have
been studied by a wide variety of biophysical and chemical
probe methods.45,48−50 Several G4−ligand complexes have
been characterized by crystallographic and NMR studies.51−57

Recently, the DEAH/RHA helicase DHX36-G4 complex
structure laid the structural foundation to explore the G4
unfolding mechanism by a helicase.58 Besides, numerous
helicases that unwind G4 have been identified and are being
used as molecular tools to study G4 unwinding.32

In the absence of crystal structures, computational methods
have been an indispensable tool to study such processes.
Recently, Moraca et al. showed the binding mechanism of
berberine (a polycyclic aromatic compound) to human
telomeric G4-DNA and its stabilization through a combined
effort using well-tempered metadynamics (WT-MetaD)
simulation and steady-state fluorescence spectroscopy experi-
ments.59 In another study, O’Hagan et al. studied the reversible
unfolding mechanism of G4-DNA by a photoresponsive stiff-
stilbene ligand in the presence of sodium buffer using WT-
MetaD simulations, circular dichroism, and NMR spectrosco-
py.48 In particular, this study used human telomeric antiparallel
G4-DNA to investigate unfolding. One common feature that
was identified while looking at the ligand−complex structures
is that the binders are mostly one or more polycyclic and
planar aromatic chromophores, able to engage in π−π stacking
interactions with the terminal G-tetrads, and a positive charge
that is necessary to interact with the DNA backbone phosphate
groups.40 Specifically, this study also showed that the unfolding
of G4-DNA initiated from the groove via the formation of the
π−π stacking interaction between the stilbene moiety and G-
tetrads.48

Among all classical G4 interacting ligands, TMPyP4 is a
paradox that exhibits both G4 stabilizing and destabilizing
properties. TMPyP4 has been shown to stabilize G4 structures
and exert antitumor60,61 and antiviral activity.62 In the NMR
structure (PDB id 2A5R), TMPyP4 was reported to stabilize
the c-Myc Pu24I by stacking with the surface of the 5′-
quartet.57 Neidle and co-workers explored the interactions
between TMPyP4 and biomolecular human telomeric
quadruplex (PDB id 2HRI), in which TMPyP4 exhibits an
alternative binding mode by stacking with the loop TTA
nucleotides instead of the G-quartet.63 However, although
TMPyP4 has also been shown to stabilize an RNA G-
quadruplex from the Ebola virus, there are also reports that
TMPyP4 has a completely opposing effect on G4-RNA
structures and unwinds them.45,49,64 Until now, there is no
structural insight on how TMPyP4 or any small molecule
unwinds G4-RNA structures.
We approached this issue by studying the interactions

between TMPyP4 and an RNA G4 forming sequence (PQS18-
1; r(GGCUCGGCGGCGGA)) from the noncoding region of
pseudorabies virus (PRV).65 The structure of PQS18-1 (PDB
id 6JJH, 6JJI) has been published recently.66 It is a bimolecular,
all-parallel stranded G4-RNA consisting of four-stacked tetrads
with three K+ ions positioned along the central axis. The
structure contains two molecules of TMPyP4 ligand bound to
the G4: one intercalated at the 3′ end between the top G-
tetrad plane and an A-diad formed from A14:A14′ bases and
one external to the G4-RNA in a stacked arrangement between
a pair of uracils (U4:U4′) and a pair of cytosines (C11:C11′)
(Figure 1).

Herein we report a computational study of the unfolding of
an RNA G4 topology by a porphyrin TMPyP4 ligand from a
well-tempered metadynamics (WT-MetaD) enhanced sam-
pling simulation. Our simulation data (∼1.5 μs) showed that
TMPyP4 binds on the top face as well as in the groove side of
the RNA G4 mimicking the X-ray crystal structure binding
poses.66 Moreover, extending the simulation to a further 1.1 μs
(a total of ∼2.6 μs) highlighted the complete unfolding of the
RNA G4 topology. Further, to validate our theoretical results
and assess the reliability of the method used, we performed
several experiments. Through WT-MetaD simulations, circular
dichroism (CD), ultraviolet−visible (UV−vis) absorbance,
Förster resonance energy transfer (FRET) titrations , and
isothermal titration calorimetry (ITC) experiments, we
hypothesize that the unfolding process could be divided into
three states: (1) an initial binding between the ligands and
RNA G4, (2) dynamic movement of the intermediates or
formation of the intermediate complex through opening of the
G-tetrads via intercalation, and (3) unfolding. Finally, our
results indicate that computational simulations can predict
ligand-induced unfolding of G4s with precision. The WT-
MetaD data complement experimental findings and provide
extensive structural information for the TMPyP4-mediated
RNA G4 unfolding process; therefore they can be used as a
useful tool for investigating G4/ligand interactions.

■ RESULTS
Unbiased MD Simulations. To gain insights into

TMPyP4 ligand binding to RNA G4, we carried out unbiased
classical MD simulations of both the native RNA G4 and all
available TMPyP4-PRV PQS18-1 RNA G4 complexes (PDB id
6JJH, 6JJI).66 Crystal structures revealed a top-face-bound
state of TMPyP4 where it is sandwiched in between the top
fraying base A14 and A14′ and the bases from the first G-tetrad
such as G10, G10′, G13, and G13′.66 In the second bound
state, TMPyP4 is mainly solvent exposed and stacked on the
C11 base of the RNA G4 loop (Figure 1a). We performed 1 μs
(×3) of classical MD simulation of both the native and
TMPyP4 groove bound states to test the stability of these
systems. Further, we carried out principal component analysis
(PCA) of all the systems investigated and then compared the
results to understand the dynamic behavior of the RNA G4
structure. PCA analysis on the native G4 shows that the RNA
G4 is highly flexible in water and can rapidly change
conformations between open and closed states. At the start,
both the C5 and C5′ bases are positioned adjacent to one
another on the top plane of the terminal G-tetrad (Figure
1b,c), resulting in the backbones of chain A and chain B
spreading out. We consider this as the open-like conformation
as found in the crystal structure (Figure 1b, bottom). In the
closed state, both the C5 and C5′ bases are found to be
stacked on top of each other, and the RNA G4 shrinks by
bringing the backbone of chains A and B close to each other
relative to the open state. Intermediate states (I and II, Figure
1) show how the C5 and C5′ bases transform their position
from open to closed states (Figure 1c).
Further, MD simulation demonstrates that the top-face-

bound state is stabilized in the open-like conformation,
whereas the groove-bound state resembles the closed
conformation. Figure 1 shows the sequence of transformation
from open to closed conformation and vice versa. (See
Supporting Information for more details on the discussion of
PCA analysis of native RNA G4 and its complexes.)
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Free Energy Calculations Using Well-Tempered
Metadynamics Simulations. To study the complete binding
and unfolding of the TMPyP4 ligand to RNA G4, we
performed WT-MetaD simulation. Metadynamics (MetaD) is
an enhanced sampling simulation technique that allows
simulating long-time-scale events considered as rare events
such as protein−ligand binding67 and the protein folding/
unfolding mechanism68 in a reasonable computational time
cost.69 At the end of the simulation, the free energy landscape
of the simulated process of interest can be computed using the
history-dependent biasing potential which was added during
the simulation on a chosen degree of freedom called collective
variables (CVs).69 This technique has already been successfully
used by us and also by a few other research groups to simulate
biological processes such as the folding/unfolding mechanism
of RNA tetraloops70,71 and G4−ligand binding48,72 and also in
materials science such as binding of small ligands to
surfaces.73,74

In the present study, MetaD simulation was used to (a)
explore the available binding modes of the TMPyP4 ligand
around RNA G4, (b) identify a possible unfolding mechanism
of RNA G4, and (c) compare the observed aforementioned
phenomena to the available experimental data. Two collective

variables were used for WT-MetaD to study binding and
unbinding of the TMPyP4 ligand around RNA G4. These are
the distance (D) between the center of mass (COM) of the
ligand to the COM of the middle G-tetrad in the RNA G4 and
a torsion (T) angle between the ligand and the G4. The
torsion angle between the ligand and G4 was measured as the
two points from the ligand to two points from the RNA G4
(see Table S1 in the Supporting Information for details). The
simulation took over 2.6 μs to converge with the following
protocol: first, a single WT-MetaD simulation is performed to
reach a semiquantitative convergence where we have sampled
all the possible free energy minima for the ligand binding to
RNA G4. Particularly, two separate binding conformations
(basins) are sampled, and they are the top-face and groove-
binding conformations. To further accelerate the sampling of
these conformations, four consecutive walkers are placed along
the path from successive basins using the multiple walkers
technique for rigorous sampling (see below). A two-dimen-
sional representation of the free energy surface (FES), as a
function of D and T, is shown in Figure 2. Further, to have a
quantitatively well-characterized free energy profile, various
recrossing events between the different states, such as bound
and unbound states, visited by the system should be seen. To

Figure 2. Free energy calculations of TMPyP4 binding to PQS18-1 RNA G4. (a) Free energy surface (FES) of binding of TMPyP4 to RNA G4
topology illustrated as a function of distance (D) and torsion (T) collective variables. Each box in the FES represents a different state of RNA such
as TMPyP4 bound to the RNA top face (0.9 ≤ D ≤ 1.4), TMPyP4 bound to the RNA groove (1.4 ≤ D ≤ 2.1), unbound state (>3.0), and
TMPyP4-mediated RNA unfolded state (U) (0.0 ≤ D ≤ 0.9). The two most pronounced basins are found in the top-face-bound state, T1 and T2.
(b) The most populated clusters are shown for both the top-face-bound states. In T1, TMPyP4 binds on the extreme top of the RNA interacting
with A14 and A14′ fraying bases, whereas, in T2, TMPyP4 is found to be slightly tilted relative to the T1 pose, interacting with first with the G-
quartet bases, G10, G10′, and G13, and A14 and A14′ nucleotide bases and mimicking the native crystal TMPyP4-RNA G4 bound complex. (c)
The one-dimensional potential of mean force (PMF) is plotted as a function of distance (D) in nm, showing ΔGcal = −10.5 kcal/mol. Free energy
basins such as Tx, Mx, and U represent the corresponding top-face, groove-bound, and unfolded states. (d) One-dimensional PMF plotted as a
function of torsion (T) CV in radians, illustrating the absolute free energy difference between T1 and T2 basins.
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provide a picture of the convergence of the binding free energy
estimation, the free energy difference between the bound and
unbound states was computed as a function of the simulation
time (Figure S1). The estimate of free energy of binding of
TMPyP4 to RNA G4 converges to −10.5 kcal/mol (ΔGcal),
which is close to the experimentally obtained binding free
energy (ΔGexpt) of −10.2 kcal/mol (Table 1).
TMPyP4-RNA G4 Interactions: Top-Face and Major

Groove-Binding Modes. The available crystal structure
confirmed the top-face and groove-binding modes of
TMPyP4 to RNA G4.66 The two-dimensional FES (Figure
2a) can distinguish different states including top-face-bound
state, groove-bound state, unbound state, and the unfolded
state. Top-face-bound states are represented as Tx where x
corresponds to the number of bound states based on their
position and orientation (Figure 2). The top-face-bound states
are assigned within the distance 0.9 ≤ D ≤ 1.4 nm in the D
versus T curve. In basin T1, a cluster analysis using an RMSD
cutoff value of 0.17 nm indicated that TMPyP4 acquires a top-
face binding conformation (with 93.4% population) where the
major contribution comes from the stacking interaction with
both the top A14 and A14′ nucleotide bases (Figure 2). In
particular, all four pyrrole rings are involved in the π−π
stacking interaction with the aforementioned bases (see T1,
Figure 2). We note that a few ionic interactions are also seen
between the pyridinium cation and negatively charged oxygen
atoms of the phosphate backbone of RNA G4. Basin T2 shows
a rather tilted top-face binding conformation where TMPyP4 is
intercalated in between the A14 and A14′ fraying bases.
Further, TMPyP4 is also seen to partially stack with G10, G13,
and G10′ bases with a population of 75.6%, as calculated from
the cluster analysis. This pose is found to be very similar to the
available top-face TMPyP4-RNA G4 binding pose in the X-ray
crystal structure (Figure 1). Energetically, both the top-face-
bound states (T1 and T2) are found to be very similar in their
binding free energy with a difference of 0.3 kcal/mol (Figure
1). Although the present WT-MetaD simulation is not able to
capture the exact crystal structure top-face binding con-
formation, it has been quite successful in sampling the near-
native binding conformations (Figure 1). Further, PCA on the
top-face binding pose revealed that TMPyP4 binding on the
top-face allows the RNA to adopt an open-like conformation
(Figure S3). Moreover, the PCA analysis is also performed on
the native RNA itself to differentiate the open to closed
conformational changes and compare it with the bound states
(Figure S2).
Major groove binding modes are represented as Mx where x

accounts for the number of TMPyP4 groove-bound states
differing in their position interacting with different nucleotide
bases around RNA G4. The groove-bound states are assigned
within the distance 1.4 ≤ D ≤ 2.1 nm in the D versus T curve.
A cluster analysis on the most stable basin (M1, Figure 1 and
Figure S5) in the groove-binding region revealed a high degree
of heterogeneity on the ligand-binding position, i.e., toward
different binding sites since RNA G4 has a top-face and four

groove-binding sites. Three equally populated clusters from the
basin M1 were obtained (Figure S5). TMPyP4 is either bound
to the top face of RNA G4 interacting with fraying adenine
(A14 and A14′) bases or in the groove site binding individually
to C11 and C11′ bases (see the Supporting Information for
more details). Thus, the groove-binding sites have not been
well separated by the FES portrayed with D and T CVs in
Figure 2.
To address this issue, we explored several variants of CVs.

Following a previous study by O’Hagan et al.,75 we have
adopted two new CVs such as ligand position in the x- and y-
axis (taken as the vector of the distance in the x and y
direction, i.e., d·x and d·y, respectively). This condition only
applies when the RNA principal axis is aligned with the z-axis
(Figure S6). The vectors are able to describe the possible
groove-binding modes of TMPyP4 since the groove sides lie in
the x and y plane (Figure 3). The major advantage of using
these two CVs is to separate each groove-bound state in the 4-
fold symmetry. These CVs are also able to separate the top-
face-bound state as well. Looking at the FES, four additional
basins are found along with T, the most stable one, which
represents the top-face, TMPyP4 bound state (Figure 3). In
basin M1, a cluster analysis revealed that TMPyP4 adopts a
groove-binding conformation in which it is mostly interacting
with the C11 base via a π−π stacking interaction. This pose
agrees well with our crystal structure (PDB id 6JJH).66 In
particular, one of the pyrrole rings from TMPyP4 is involved in
the stacking interaction. We carried out a 1 μs (×3) unbiased
MD simulation with the ligand bound in this pose. The
TMPyP4 remained stacked with C11, and no significant
deviation from the starting structure was observed, indicating
that this pose was stable (Figure S7). Further, a PCA analysis
on the MD data of RNA G4 with TMPyP4 in the groove-
bound state suggests that the RNA G4 topology remains in a
closed conformation for the M1 binding mode (Figure S4).
This finding has great importance on the TMPyP4-mediated
unfolding mechanism of the RNA G4 topology.
A cluster analysis was performed for basin M2, where

TMPyP4 remains on the opposite side to C11−C11′ base
stacking interactions. In particular, several electrostatic
interactions are established between the pyridinium cation
and backbone oxygen atoms of the G3′, G12′, G10′, G7′, and
U4′ nucleotides. The stability of this pose is again validated
with ∼1 μs (×3) unbiased MD simulation. As no significant
deviation from the starting structure was observed, we
concluded that it is a stable binding pose (Figure S7). This
pose was similar to the available X-ray crystal structure66 since
the C11′ base is equivalent to C11 due to the observed
symmetry between both RNA strands (chain A and chain B).
Basin M3 is a groove-binding pose involving mainly electro-
static interactions and partially one of the ligand’s pyridine
rings interacting with the C3′ base via π−π stacking
interactions. Moreover, in this conformation, one of the
pyrrole rings of TMPyP4 makes a stacking interaction with the
G1′ sugar pucker ring. Furthermore, an electrostatic

Table 1. Thermodynamic Parameters of ITC Experimentsa

experiment Ka (M
−1) ΔH (cal/mol) ΔS (cal/mol/deg) n ΔGexpt* (kcal/mol) ΔGcal (kcal/mol)

RNA PQS18-1 with TMPyP4 5.74(±0.46) × 105 −2.17(±0.09) × 104 −46.5 1.24 ± 0.02 7.86 6.7
2.83(±2.67) × 107 −6.87(±4.08) × 102 31.8 0.32 ± 0.04 10.17 10.5

aThe ΔGexpt is calculated from the equation of −RT ln Ka, where R, T, and Ka are the universal gas constant, standard temperature of the reaction,
and binding constant, respectively.
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interaction is established between the pyridinium cation and
RNA backbone oxygen atoms of the C8 and G6 nucleotides. In
basin M4, a solvent-exposed conformation of TMPyP4 is
observed where it interacts with the C3′ base via a π−π
stacking interaction. In particular, one of the pyrrole rings from
the porphyrin moiety and the pyridine ring is involved in the
π−π stacking interaction with the C3′ base. The only
difference between basins M3 and M4 is that in the present

conformation TMPyP4 has slightly shifted toward the C3′ base
by breaking the noncovalent interaction between the G1′ sugar
pucker and pyrrole ring and at the same time rotates slightly on
the plane perpendicular to the G-RNA stabilizing the
mentioned π−π stacking interaction.
The available X-ray crystal structure66 resolves two binding

modes of TMPyP4: (a) top-face and (b) groove-site
interactions with specific bases such as C11 and C11′ bases.
The results from the WT-MetaD simulation complement the
crystalline data and capture other binding possibilities of
TMPyP4 to RNA G4 such as binding to the C3′ base and also
a π−π interaction between the pyrrole ring and sugar pucker
ring, thereby highlighting the robustness of the present
simulation. At the end of the simulation, basin M3 is found
to be equally stable with the groove-bound mode such as M1
and M2. Furthermore, the free energy difference between the
top-face binding mode and groove-binding mode is calculated
to be ∼3.8 kcal/mol (ΔΔGcal), which is in good agreement
with experimental ITC data (ΔΔGexpt = 2.3 kcal/mol) (Table
1) The FES is able to identify a suitable pathway of binding/
unbinding events of TMPyP4. The possible binding/unbinding
events generally occur via the interaction between TMPyP4
and the C11 nucleotide base, resulting in the formation of the
M1 basin (Figure 3). This particular base plays a key role in
bringing TMPyP4 back to the top face of RNA G4 from the
bulk solvent. The rebinding mechanism of TMPyP4 to RNA
G4 is shown in Movie S1 in the Supporting Information.
We then employed several orthogonal biophysical methods

to further explore our computational findings. To study the
conformational states of G4 structures formed from the RNA
PQS18-1 sequence, we employed CD, a widely used analytical
method that gives information about DNA structure and
folding.76 The RNA PQS18-1 was first annealed in a buffer
containing 10 mM lithium cacodylate (pH 7.0) with a metal
ion concentration of 100 mM KCl.
The CD spectra of RNA PQS18-1 under these buffer

conditions gave rise to a positive peak at 264 nm and a
negative peak at 240 nm, which is consistent with a parallel-
stranded RNA G4 topology (Figure 4). CD titration methods
were then utilized to investigate the formation of the G4/
ligand complex using TMPyP4.77 We observed that as
TMPyP4 was added to RNA PQS18-1, a concentration-
dependent decrease in the CD signal at 264 nm was observed
across all the concentrations, to a plateau at ∼60−70 equiv
(60−70 μM). Meanwhile, although initially there was no signal
observed at 295 nm, after addition of 1 equiv of TMPyP4 (10
μM) a shoulder appears at this wavelength, consistent with
remodeling of the RNA in an antiparallel formation during the
binding process. As further equivalents of TMPyP4 are added,
this signal increases up to 15 μM, reaches a plateau, and then
also decreases in a similar fashion to the parallel signal at 264
nm. Plotting the ellipticity at 264 nm against concentration of
TMPyP4 added gave a sigmoidal-shaped curve, indicating a
cooperative process. We fitted this curve to the Hill equation,
which identified a Hill coefficient (n) of 4.1 ± 1.3. This reveals
that the binding of TMPyP4 to PQS18-1 exhibits positive
cooperativity (n > 1). The half degrading concentration
([DC]50) was determined to be 42 ± 0.5 μM. These results are
consistent with the unfolding mechanism observed in our
modeling experiments. As a direct comparison we also
performed a similar titration with the analogous DNA
sequence using CD (Figure 5). In the DNA sequence
equivalent, on addition of TMPyP4, there was no unfolding

Figure 3. Free energy surface of groove binding states. (a) Free
energy surface plot considering d·x and d·y as the two major collective
variables (CVs). The CVs were able to capture the TMPyP4−RNA
G4 groove-bound state. Basin T at the center represents the top-face
binding conformation, whereas Mx corresponds to the groove-binding
conformations. (b) Basins M1 and M2 represent the X-ray crystal-
structure-like groove-bound states, where TMPyP4 interacts with C11
and C11′ bases, respectively. In basin M3, TMPyP4 partially interacts
with the C3′ base, in addition to the negatively charged oxygen atoms
from the RNA backbone with its positively charged pyridine
nitrogens. Basin M4 is the least stable free energy basin, where
TMPyP4 mainly interacts with the C3′ base.
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effect observed; however a prominent band at 445 nm
appeared, which increased in intensity with further additions
of the ligand. We attribute this to an induced circular
dichroism (ICD), indicative of strong binding between the
DNA G4 and the TMPyP4. This is consistent with other
reports of TMPyP4 with DNA G4.78−80 In contrast to this, in
the equivalent titration with RNA G4 there is only weak
induced exciton splitting (Figure 5, left panel). This suggests
formation of dimers, or higher order complexes, either in a
groove-binding or an external stack-binding mode, consistent
with our molecular dynamics studies.81−83 This direct
comparison between both DNA and RNA highlights the
differences between the manner TMPyP4 interacts with G4
structures, depending on its composite nucleic acid.
To further analyze the effect of TMPyP4 on RNA PQS18-1,

we performed a Job’s analysis using CD to indicate the
stoichiometry is between 1:1 and 2:1, averaging 1.5:1 (Figure
S8). We performed CD melting analysis to determine the
ligand-induced effect of TMPyP4 on the stability of RNA
PQS18-1. The melting of RNA PQS18-1 in the CD seemed to
give rise to two melting events, one at 45 °C and another at 73
°C (Figure 6). On addition of 1 equiv of TMPyP4, the shape
of the curve starts to change, but the overall Tm values did not
change. Addition of another equivalent of TMPyP4 changed

the shape of the curve again, to give an overall Tm of 71 °C,
which indicates a ΔTm of −2 °C. This change in the shape of
the melting curve is further increased when the number of
equivalents of TMPyP4 is increased to 5 equiv, where again
there are two clear transitions at 37 and 70 °C, indicative of
ΔTm values of −8 and −3 °C. These results indicate TMPyP4

Figure 4. Left: CD titration of PQS18-1 RNA (10 μM) and TMPyP4 (0−70 μM) in 10 mM lithium cacodylate and 100 mM KCl, pH 7.0. Right:
Plot of ellipticity at 264 nm against the concentration of TMPyP4 and corresponding Hill fitting.

Figure 5. Left: CD titration of PQS18-1 RNA (10 μM) in the presence of 0−70 μM TMPyP4. Right: CD titration of PQS18-1 DNA (20 μM) in
the presence of 0−100 μM TMPyP4. Both experiments were performed in 10 mM lithium cacodylate and 100 mM KCl, pH 7.0.

Figure 6. CD melting of PQS18-1 RNA (10 μM) in the presence of 0
equiv (black stars), 1 equiv (blue squares), 2 equiv (red circles), and 5
equiv (green triangles) of TMPyP4 in 10 mM lithium cacodylate and
100 mM KCl, pH 7.0.
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has a destabilizing effect on the RNA G4 structure. After the
melting experiments, we also studied the corresponding
annealing experiments in the absence and presence of ligand.
These indicated that the melting and annealing processes in
the presence of TMPyP4 are not reversible, which is not
unexpected for the liganded complexes (Figures S9−S11).
However, we also observed precipitation of complex in the
annealed samples, so the results from the annealing experi-
ments are complicated by precipitation and aggregation
processes. The corresponding UV−vis melting and annealing
experiments were performed in parallel, but were also affected
by TMPyP4 absorption in the same region as the DNA
(Figures S12−S15).
We considered that some of the signal losses in the CD

spectra might be through the effects of aggregation, rather than
unfolding or disruption of the G4 structure, so during the CD
titrations we also monitored the UV absorption spectra (Figure
S16). Using this we were able to observe a linear dose−
response on addition of TMPyP4 at 217 nm, consistent with
the Beer−Lambert law, indicating no aggregation at the
concentrations examined at room temperature. Beyond these
concentrations we sometimes observed precipitation, easily
recognized as TMPyP4 is colored. The apparent unfolding
effects were observed at much lower concentrations than this,
and here we present data only at concentrations where
precipitation was not evident.
UV−vis titrations of TMPyP4 with RNA titrated in (Figure

7) gave rise to a reduction and shift in the visible absorption

spectra of TMPyP4 in the absence and presence of RNA
PQS18-1. The strength and type of binding are indicated by
the significant changes in wavelength maxima of absorption
spectra upon addition of RNA G4, both the bathochromic
shifts (Δλ = 20 nm) and hypochromicity (70%) shift to
hyperchromicity (13%). Here the high values of bathochromic
shifts and hypochromicity indicate strong stacking interactions
between TMPyP4 and G-tetrads.
We also recorded UV spectra during the CD titrations

between RNA PQS18-1 and TMPyP4, i.e., RNA with TMPyP4
added. Plotting the absorption at 440 nm against concentration
gave a binding curve (Figures S17), which we fitted to a 2:1
binding model to indicate Kds of 19 ± 0.7 and 188 ± 19 μM.
As an alternative to UV and CD, we also explored the

apparent unfolding using FRET titrations, using dual-labeled
RNA PQS18-1, with FAM and TAMRA as a FRET pair. When

in the folded G4 conformation, the fluorophores will be in
close proximity and FRET will occur, and it is possible to
follow unfolding of G4 using this method. Folded RNA
PQS18-1, when excited at 490 nm, gives rise to an emission
spectrum with maxima at 515 and 585 nm, from the
fluorophores FAM and TAMRA respectively. Addition of 0−
5 equiv of TMPyP4 to the folded RNA PQS18-1 caused a
decrease in emission at 585 nm, indicative that TAMRA
emission is decreasing and potentially unfolding (Figure S18).
TMPyP4 was also observed to cause an overall decrease in
fluorescence emission through quenching, so we determined
the FRET efficiency (EFRET) between the two fluorophores. A
concentration-dependent decrease in EFRET was observed on
addition of TMPyP4, consistent with unfolding of the RNA
PQS18-1 structure in the presence of TMPyP4.
Finally, we next investigated the interaction between

TMPyP4 and RNA PQS18-1 G4 by calculating complete
thermodynamic parameters, including the stoichiometry and
the values of free energy (ΔG), enthalpy (ΔH), and entropy
(ΔS) changes of the binding reaction using ITC. Correlating
such thermodynamic data with a structural description
increases our understanding of the molecular recognition
process involved in complex formation and maintenance. The
TMPyP4 (500 μM) was titrated into a RNA solution (20 μM,
200 μL) with 10 mM K2HPO4/KH2PO4, pH 7.0, and 100 mM
KCl buffer at 25 °C. Figure 8 shows the integrated heat change
data (after the correction of heat of dilution), and the
corresponding heat changes are fit with the multiple-sites
binding model. All the fitting parameters are summarized in
Table 1. The two-site binding data were then fitted to a two-
independent-site binding model to determine the affinity and
binding enthalpy of each of the two sites. Hence, the ITC

Figure 7. UV titration spectra. UV titration of TMPyP4 with RNA
PQS18-1 in solution buffer (10 mM K2HPO4/KH2PO4, pH 7.0, 100
mM KCl). Conditions: [ligand] = 4 μM; titrant: [RNA] = 0−20 μM.
The vertical arrow indicates the decrease in the absorbance of
TMPyP4, and the horizontal arrow indicates the shifted Soret band.

Figure 8. ITC of TMPyP4−RNA G4 complex ITC binding profile of
titration of 500 μM TMPyP4 solution into 20 μM RNA PQS18-1
solution in 10 mM K2HPO4/KH2PO4, pH 7.0, and 100 mM KCl
buffer at 25 °C. Raw and fitted isotherms are shown in the panel. It is
corrected for the corresponding heat of dilution by blank titration of
500 μM TMPyP4 solution into buffer.
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experiments resulted in Ka1 value of (5.74 ± 0.46) × 105 M−1,
a ΔH1 of −21.7 ± 0.9 kcal/mol, and a ΔS1 of −46.5 cal/mol/
deg (low affinity site), while the high-affinity site has a Ka2

value of (2.83 ± 2.67) × 107 M−1, a ΔH2 of −0.68 ± 0.4 kcal/
mol, and a ΔS2 of 31.8 cal/mol/deg. The results indicated that
the binding of TMPyP4 to two sites was different. The
nonsigmoidal binding curve revealed that TMPyP4 could bind
to the RNA at more than one site. The ITC data indicate that
the stoichiometry of this multisite interaction is two-site
binding as the thermogram saturates after the addition of four
molar equivalents of TMPyP4. The dip at the start of the ITC
thermogram indicates that the second (lower affinity) site is
more exothermic than the first (higher affinity) site (Figure 7).

The enthalpy of the system starts decreasing as the second site
starts to be populated. The total enthalpy is negative when
both sites are saturated with the ligand. These data are
strikingly correlated with our WT-MetaD simulation results,
where we found two stable binding sites as described above.
The high- and low-affinity sites correspond to the top-face and
groove-bound states, respectively. Since the groove-bound
state is completely solvent exposed, as seen in the crystal data
as well as from the WT-MetaD simulation, it is evident that
while moving from a top-face-bound state to a groove-bound
state, the enthalpic contribution to the free energy of binding
decreases as the solvation entropy plays a vital role in the
ligand binding. The binding mechanism predicts that TMPyP4

Figure 9. Unfolding mechanism. (a) Two-dimensional free energy surface plotted as a function of POA (position on the axis as d·z in nm) and
DFA (distance from axis as R in nm), highlighting the pathway between various states. TMPyP4-mediated unfolding is initiated via stacking
interactions identified in the top-face-bound state. (b) RMSD of the RNA G4 backbone throughout the 2.6 μs of simulation time (top). As
observed in the last replica (walker-4), RMSD increased from an average value of ∼3.5 nm to >1.0 nm (thereby decreasing the CV distance from
∼1.0 nm, i.e., from the top-face-bound state to ∼0.2 nm), indicating unfolding via intercalation. The simulation statistics, illustrating the distance
between TMPyP4 and RNA G4 where all the walkers are combined together (bottom). (c) Proposed model for ion-assisted recognition and
unfolding mechanism of G4 by TMPyP4. Guanine nucleotides are in blue (chain A) and green (chain B). Loop nucleotides are in pink. Potassium
ions are in blue. TMPyP4 is illustrated in green sticks with nitrogen atoms in yellow.
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is being caught by the fraying base C11 through a π−π stacking
interaction, where it forms the groove-bound state, showing
the importance of the C11 base on the G4-TMPyP4
association. While sampling this particular state, the two top-
face fraying bases A14 and A14′ remain in a wide-open
conformational state due to the loss of H-bond between
themselves, exposure to the bulk solvent, and excessive flexible
nature. Finally, TMPyP4 transfers from the groove to the top
face of RNA and forms the top-face-bound state by stacking on
the terminal G-tetrad. This is followed by the loop closure, and
TMPyP4 is eventually sandwiched between the bases from the
terminal G-tetrad and top fraying bases A14 and A14 (for a
better understanding of the binding mechanism, see Movie S1
in the Supporting Information).
Unfolding Mechanism. To trace the unfolding mecha-

nism of a biomacromolecule using the molecular simulation
technique, such as MD simulation, one has to simulate the
system sufficiently long since the sampling time for a typical
unfolding remains on the scale of microseconds to milli-
seconds.84 However, one can overcome this time scale
problem using an enhanced sampling technique.85,86 A
combination of WT-MetaD and the multiple walkers method
has enabled us, for the first time, to characterize a possible
TMPyP4-mediated unfolding mechanism of an RNA G4
topology (Figure 9b).
In this report, we have identified two novel CVs, POA

(position on the axis as d·z in nm) and DFA (distance from
axis as R in nm), initially applied to study the DNA ligand
association process by O’Hagan et al.75 and adapted them to
study RNA PQS18-1 G4 and its interaction with TMPyP4.
These CVs can configure and describe all the possible bound/
unbound states along with unfolded states. The FES highlights
the connections between the described states (Figure 9a). The
groove-bound, top-face, and unfolded states are assigned with
the following distance in the d·z versus R curve: −1.5 ≤ d·z ≤
0.7 nm and 1.0 ≤ R ≤ 2.0 nm; 0.8 ≤ d·z ≤ 1.5 nm and 0.0 ≤ R
≤ 0.5 nm; and −0.5 ≤ d·z ≤ 0.2 nm and 0.0 ≤ R ≤ 0.5 nm,
respectively. A cartoon representation of the possible
mechanism of the TMPyP4-mediated unfolding is illustrated
in Figure 9c. As observed in the FES, the unfolding region is
close to ∼0.0 nm, suggests that the unfolding occurs via the
intercalation process as the CV distance between the DNA and
ligand decreases. In the first step, the C11 base pulls TMPyP4
back on the top face of the RNA; that is, the rapid transfer of
ligand occurs from groove-bound state to the top face (see T1
and T2 in Figure 2 and Supporting Information, Movie S1,
where the ligand-rebinding process is illustrated). Before
TMPyP4 jumps toward the top-face-bound state, the groove-
bound state remains in a closed-like conformation (Figure S3).
As TMPyP4 moves to the top face, the RNA conformation
shifts from a closed to an open state. This open conformation
of the RNA is also observed in our unbiased MD simulation
and resembles the top-face-bound state (Figure S3). In the
second step, TMPyP4 slides down toward the groove, stays in
a slightly tilted conformation, and interacts with the bases from
the first G-tetrad such as G10 and G13′. In the next step,
TMPyP4 intercalates through the first and second G-tetrad by
breaking their associated Hoogsteen bonds. As a result,
TMPyP4 finally reaches the third G-tetrad by breaking the
RNA G4 topology completely to an unwound state
(Supporting Information, Movie S2).

■ DISCUSSION

The present work reflects on the complexity of ligand
interactions on the stability of the G4s. We show that the
ligands could behave as both stabilizers and destabilizers of
G4s based on how they interact with the G4s. TMPyP4 has
been reported to both stabilize and unfold G4s.42,45,49,87 The
scarcity of the dynamic structural information about the ligand
binding makes it necessary to rely heavily on biophysical
characterization. The Job plot indicated that the stoichiometry
of TMPyP4 binding to PQS18-1 RNA G4 is more than 1:1,
indicating binding at two or more distinct sites or modes
(Figure S9). The “two independent sites” model exhibited in
the ITC assay showed that more than two states exist in the
unfolding processes (Figure 8). When ligand:DNA = 3:4 (ITC
experiment)/2:3 (UV experiment), both the UV absorption
and ITC thermogram exhibited a big change. This
concentration-dependent biophysical character variance sug-
gests the existence of a structural intermediate in the titration
process. Importantly, our biophysical experiments were
performed at a range of concentrations of RNA, from 0.1
μM (in the FRET titrations) to 20 μM (in the ITC
experiments). This indicates the unfolding effect is observed
at a wide range of concentrations of RNA and is not limited to
when the RNA is at higher concentrations.
The ITC experiments show that TMPyP4 could completely

disrupt the RNA G4 structure. This extent of TMPyP4
disruption was plausibly due to the higher melting temperature
of the RNA PQS18-1 G4 structure (Tm = 68.4 °C). A lower
concentration of TMPyP4 was required for RNA PQS18-1
destabilization at higher temperatures. We found that the
apparent initial rates of G4 unfolding decreased as a function of
thermal stability imparted by ligand binding. While previous
reports have indeed shown that high potassium concentrations
have a stabilizing effect on the Tm of various G4s, it is not
trivial to conclude that the unfolding kinetics positively
correlates with the thermal stability.
On the basis of our simulation and experimental results, we

propose that the observed unfolding could be broadly divided
into three steps: (a) TMPyP4 approaches PQS18-1 RNA G4
and forms an initial complex structure; (b) the stability of the
intermediate complex depends upon the dynamic interactions
between the ligand and the G4 structure. The dynamic
interactions determine whether small molecules stabilize or
unfold a G4 structure and (c) the strength of the dynamic
interactions between the ligand and G4 structure determines
the fate of the interquartet cations. In the case of destabilizers,
like TMPyP4, the interquartet cations are expected to be
ejected, which accelerates the unfolding process.
The binding mode of TMPyP4 to G4 remains controversial:

some reports say that it binds and stabilizes G4s,57,61 a few
suggest that TMPyP4 alters the G4 structure,87 while others
have demonstrated that it unfolds G4s.41,45,49 Here we show
that all types of binding coexist and that the distribution of
final states depends on the ligand concentration ratio and the
temperature. Finally, it is becoming increasingly clear that it is
extremely difficult to predict the behavior of G4 interacting
ligands on different G4 topologies and nucleic acids. This
emphasizes that ligands cannot be designed based on the
traditional approaches of exploiting the topology, without
taking dynamic interactions into account.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c11248
J. Am. Chem. Soc. 2022, 144, 935−950

944

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11248/suppl_file/ja1c11248_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11248/suppl_file/ja1c11248_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11248/suppl_file/ja1c11248_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11248/suppl_file/ja1c11248_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11248/suppl_file/ja1c11248_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11248/suppl_file/ja1c11248_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c11248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ METHODS
Standard (Unbiased) MD Simulations.We carried out standard

(unbiased) MD simulations of all the available TMPyP4-bound poses
to RNA G4. The initial crystal structure revealed a top-face-bound
state of TMPyP4, where it is sandwiched in between the top fraying
base A14 and A14′ and the bases G10, G10′, G13, and G13′ from the
first G-tetrad. In the second bound state TMPyP4 stacks on the C11
base, and it is mainly found to be a solvent exposed (Figure 1).
All the unbiased simulations were performed in triplicates using the

Gromacs-5.0 software package.88,89 The bsc0χOL3 force field was used
for the RNA parametrization.90−93 For the ligand, the General Amber
Force Field (GAFF) was used to generate parameters.94 The charges
were calculated using the restrained electrostatic potential (RESP)
fitting procedure.95,96 The RESP fit was performed onto a grid of
electrostatic potential points calculated at the HF/6-31G(d) level as
recommended by many works.97,98

The K+ ion in the central axis of the structure was treated as an
integral part of the structure. The RNA−TMPyP4 complex was
solvated in a cubic box with the dimensions of 7.8 × 7.8 × 7.8 nm3

along with 15 364 TIP3P explicit water molecules.99 The Joung and
Cheatham cations optimized for TIP3P water were used to generate
the 100 mM KCl concentration of the system.100 The RNA−
TMPyP4 complexes were minimized before the equilibration and
production run as follows: the minimization of the solute hydrogen
atoms on the RNA and TMPyP4 was followed by the minimization of
the counterions and the water molecules within the box. In the next
step, the RNA backbone and all the heavy atoms on TMPyP4 were
restrained, and the solvent molecules with counterions were allowed
to move during a short 50 ps MD run, therefore relaxing the density
of the whole system. In the next step, the nucleobases were relaxed in
several minimization runs with decreasing force constants applied to
the RNA backbone atoms; however, only a few phosphate atoms were
kept restrained with a force constant of 0.239 kcal/mol/nm2. After the
full relaxation, the system was slowly heated to 300 K using a velocity
rescaling thermostat101 with a coupling constant of 0.5 ps employing
the NVT ensemble. As the system reached the temperature of interest
(300 K), the equilibration simulation was performed for 10 ns using
an NPT ensemble with a Berendsen thermostat and a Berendsen
barostat,102 and 0.5 ps was used again as the coupling constant for
both temperature and pressure, respectively. Finally, the production
run was set for 1 μs using a Nose-Hoover thermostat103 and a
Parrinello−Rahman barostat104 with the same coupling constant as
previously taken in the equilibration simulation in the NPT ensemble.
All the simulations were carried out under the periodic boundary
conditions (PBC). The particle-mesh Ewald (PME) method was used
to calculate the electrostatic interactions within a cutoff of 10 Å.105,106

The same cutoff was used for Lennard-Jones (LJ) interactions. All
simulations were performed with a 1.0 fs integration time step.
Well-Tempered Metadynamics Simulations. We performed a

well-tempered variant of the metadynamics simulation of TMPyP4
binding to the RNA G-quadruplex. The WT-MetaD helps to
understand a complete binding/unbinding mechanism of TMPyP4.
Further, a pathway for the TmPyP4-mediated unfolding of the RNA
G4 is disclosed for the very first time. The WT-MetaD simulation was
started with a well-equilibrated structure generated from the crystal
structure of the RNA−TMPyP4 top-face-bound state. In particular,
the starting structure for the WT-MetaD simulation was taken after 20
ns of unbiased MD simulation, which was found to be a rather stable
ligand-binding conformation. We performed over 2.5 μs of WT-
MetaD simulation107 in order to obtain an accurate estimate of
RNA−TMPyP4 binding free energies through sampling all the
individual states such as bound, unbound, and unfolded states. We
used a combination of the following scheme:

1. Well-tempered variant (WT) of the metadynamics
2. The multiple walker technique, placing four walkers based on

the TMPyp4 binding sites:
a. Top-face-bound state (one-replica)
b. Groove-bound state (two-replica)
c. Unbound state (one-replica)

The same systems and MD settings as described previously were
used for the WT-MetaD simulation. The Plumed 2.3 plugin108,109 was
used to carry out the simulation with the Gromacs-5.0.7 code.89 The
bias potential was calculated according to the WT-MetaD scheme as
follows:
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where the deposition rate, ω, and deposition stride, τG, of the
Gaussian hills were set to 0.358 kcal/mol/ps (1.5 kJ/mol/ps) and 1.0
ps, respectively. The bias factor (T + ΔT)/T was set to 15, and the
final FES was calculated as follows:
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where V(s, t) is the bias potential added to the collective variables
used and T represents the simulation temperature. ΔT is the
difference between the temperature of the CV and the simulation
temperature. The bias potential is grown as the sum of the Gaussian
hills deposited along the chosen CV space, and finally the sampling of
a particular CV space can be controlled with the tuning of the ΔT
parameter.66 The torsions used in the metadynamics simulations are
illustrated in Figure S19.

Analysis. As discussed in the previous section, the X-ray crystal
structures110 were downloaded from the PDB data bank and prepared
for the MD simulation. The visualization and analysis of the MD
statistics are performed through the VMD molecular visualization
program.111 Hydrogen bond analysis of the quartets (Figure S20) was
carried out using analysis tools implemented in VMD. All the
necessary graphs are first prepared with the Gnuplot program (http://
gnuplot.info) and later modified with the Gimp 2.0 (https://www.
gimp.org) program. The analysis of the metadynamics simulation is
performed through the Plumed 2.3 package.109 The high-resolution
figures were prepared through the PyMOL program (www.
schrodinger.com).

Materials. Experiments based in China (UV and ITC) were
performed using oligonucleotide sequence RNA PQS18-1 5′-
[r(GGCUCGGCGGCGGA)]-3′ purchased from Tsingke Biological
Technology (Beijing, China), and TMPyP4 was purchased from
Frontier Scientific (Logan, UT, USA) and Sigma-Aldrich. The
concentration was determined using the Beer−Lambert law by
measuring the absorbance at 260 nm using a Nanodrop photometer
N60 (Implen, Germany). The extinction coefficients were obtained
from the IDT Web site (https://sg.idtdna.com/calc/analyzer).
Further dilutions were carried out in buffer containing 10 mM
K2HPO4/KH2PO4, pH 7.0 and 100 mM KCl. The starting
oligonucleotide solutions were annealed in the corresponding buffer
by heating to 95 °C for 5 min, followed by gradual cooling to room
temperature.

Experiments based in the UK (CD, UV, and FRET) were
performed using oligonucleotides purchased from Eurogentec
(PQS18-1 5′-[r(GGCUCGGCGGCGGA)]-3′ PQS18-1 DNA 5′-
[d(GGCTCGGCGGCGGA)]-3′, and PQS18-1 FRET 5′-[FAM-
r(GGCUCGGCGGCGGA)-TAMRA]-3′); each of them were
purified using reverse-phase HPLC and supplied dry. The dry
RNA/DNA was dissolved in nuclease-free water in order to prepare
stock solutions, the FRET-labeled RNA sample was prepared at
approximately 100 μM, and the unlabeled RNA was prepared at 1
mM. The concentration of the stock solutions was identified from
their UV absorbance at 260 nm with a NanoDrop by using extinction
coefficients provided by Eurogentec. Further dilutions were carried
out in buffer containing 10 mM lithium cacodylate, pH 7.0, and 100
mM KCl. RNA and DNA samples were annealed using a heating
block, and samples were put into the block for 95 °C for 5 min
followed by gradual cooling to room temperature and left overnight.

Circular Dichroism and UV−Vis Spectroscopy. CD experi-
ments were performed with the JASCO 1500 spectropolarimeter
(JASCO, Japan) under a constant flow of nitrogen. All measurements
were done at 25 °C with a 1 mm quartz cuvette and covering a
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spectral range of 200−650 nm using a scan rate of 200 nm/min and
with a 1 s response time and 1 nm bandwidth. Each spectrum was
obtained as an average of four measurements and was buffer/ligand
subtracted, zero-corrected at 320 nm, and smoothed using a Savitsky-
Golay 5 point window. During titrations with TMPyP4 spectra were
taken immediately after addition of TMPyP4. Unfolding data were
fitted using the Hill equation θ = Cn/(DC50

n + Cn) where θ = fraction
of bound TMPyP4, C = concentration of TMPyP4, n = Hill
coefficient, and DC50 = the half degrading concentration.
Corresponding UV−vis absorption data were also collected at the

same time as the CD. UV−vis binding data were fitted to a two-
inequivalent-sites binding model: θ = (K1C + 2K1K2C

2)/(1 + K1C +
2K1K2C

2) where θ = fraction of bound TMPyP4, C = concentration of
TMPyP4, and K1 and K2 are the association constants for the first and
second sites.
CD/UV−vis melting/annealing profiles were recorded by monitor-

ing the CD at 264 nm, as a function of temperature using a sealed
cuvette. RNA samples were cooled to 5 °C and then heated to 95 °C
with a heating rate of 1 °C/min, held at 95 °C for 5 min, and then
cooled to 5 °C at the same rate. The Tm values of the complexes were
calculated by normalizing the experimental curves to give fraction
folded, and the data fitted to sigmoidal fittings were used to determine
the Tm values. All experiments were repeated twice, and the error
represents the standard deviation from the mean. Final data were
analyzed in OriginPro 2020.
UV−Vis Spectroscopy. Initially, 150 μL solutions of the blank

buffer and the ligand sample (4 μM) were placed in the reference and
sample cuvettes (1.0 cm path length), respectively, and then the first
spectrum was recorded in the range of 200−600 nm. During the
titration, an aliquot of buffered RNA solution was added to the
cuvette. Complex solutions were incubated for 5 min before
absorption spectra were recorded. The absorption spectra were
recorded on a UV1800 spectrophotometer (Shimadzu Technologies,
Japan) at 25 °C.
Fo ̈rster Resonance Energy Transfer (FRET) Experiments.

FRET titration experiments were performed in an Edinburgh
Instruments FS5 spectrofluorometer, using a quartz cuvette with a
10 mm path length. The sample volume was 250 μL. The FRET-
labeled RNA was diluted in pH 7.0 buffer to 0.1 μM. The sample was
excited at 490 nm, and the fluorescence emission was measured from
500 to 650 nm. TMPyP4 was diluted in buffer and added into a
sample in 0.025 μM increments from 0.025 to 0.5 μM. The relative
FRET efficiency (EFRET) was calculated using EFRET = (Ia/Id + Ia)
where Id is the fluorescence intensity of the donor and Ia is the
fluorescence intensity of the acceptor. The experiment was performed
in triplicate, and the error bars represent the standard deviation. The
data were analyzed by OriginPro 2020.
Isothermal Titration Calorimetry. ITC experiments were

performed on an Auto-iTC100 titration calorimeter (MicroCal) at
25 °C. All solutions (buffer, RNA, and ligand) were degassed before
carrying out the experiments. A 20 μM solution of RNA PQS18-1 was
placed into the cell, and 500 μM TMPyP4 was taken in the rotating
syringe (750 rpm). A total of 40 μL of TMPyP4 was added to the
RNA in 20 injections, and the time gap for two injections was 150 s,
while the first injection was 0.4 μL to account for diffusion from the
syringe into the cell during equilibration. This initial injection was not
used in fitting the data. Similarly, dilution experiments were also
carried out taking buffer (10 mM K2HPO4/KH2PO4, pH 7.0, and 100
mM KCl) in the cell, and TMPyP4 was kept in the syringe. We have
used Microcal ITC analysis software for the analysis of the ITC raw
data using the two-site-binding model. We have subtracted the
dilution data from the raw data of the interaction of TMPyP4 with
RNA before analysis. After fitting these experimental data, the
enthalpy change during the process was obtained.
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Precious metal complexes of bis(pyridyl)allenes:
synthesis and catalytic and medicinal applications†

Hanna K. Maliszewska, a Carla Arnau del Valle, a Ying Xia,b María J. Marín, a

Zoë A. E. Waller b,c and María Paz Muñoz *a

The incorporation of donor-type substituents on the allene core opens up the possibility of coordination

complexes in which the metal is bonded to the donor groups, with or without interaction with the double

bond system. Despite the challenges in the synthesis of such allene-containing metal complexes, their

unique 3D environments and dual functionality (allene and metal) could facilitate catalysis and interaction

with chemical and biological systems. Bis(pyridyl)allenes are presented here as robust ligands for novel Pd

(II), Pt(IV) and Au(III) complexes. Their synthesis, characterisation and first application as catalysts of bench-

mark reactions for Pd, Pt and Au are presented with interesting reactivity and selectivities. The complexes

have also been probed as antimicrobial and anticancer agents with promising activities, and the first

studies on their unusual interaction with several DNA structures will open new avenues for research in the

area of metallodrugs with new mechanisms of action.

Introduction

The development of ligand architectures with novel 3D
arrangements is an important challenge in organic
synthesis1–4 with implications not only in the field of catalysis
(and asymmetric catalysis), but also in the discovery of new
organometallic complexes with potential for biological appli-
cations, currently an area of increasing growth.5–7

In this context, organic molecules displaying axial chirality,
like biaryls or spiranes, have proven to be privileged structures
in catalysis and have revolutionised the field of asymmetric
catalysis.8–10 However, despite progress in the field, it is still
necessary to develop new chiral ligands to overcome limit-
ations of established catalytic systems in terms of substrate
scope, catalytic loading, turnover or enantioselectivity.
Similarly, in medicinal organometallic chemistry, irrelevant to
the metal studied, the rational design of the ligand seems
crucial to control physical properties and selectivity towards
specific biological targets. In many examples, stabilisation of a

metal complex is achieved by chelating the metal centre with
multidentate ligands.11

In the context of novel ligand design, allenes12 contain a
backbone that goes beyond the tetrahedral chiral carbon or
the chiral biaryl structures, creating a very attractive and
unique 3D (axially chiral) environment that can be modulated
and exploited in unprecedented applications.

Allene-containing natural products and synthetic molecules
have been demonstrated to exhibit interesting biological
activity, although little is known about their mode of action.
Consequently, some efforts have been made in recent years to
incorporate the allene moiety in the backbone of pharmaco-
logically active compounds, including natural and non-natural
products, to increase their interaction with biological targets,
e.g. as enzymatic inhibitors.13

Besides, the use of organometallic and coordination metal
complexes as drug candidates has some key advantages over
classic organic compounds.14 Recently, it has been reported
that metal-containing compounds are statistically more likely
to be active antimicrobial and antifungal agents than purely
organic compounds (27% vs. 2% of compounds showing
activity in each group, respectively).15

Moving away from the more documented class of η2

allene–metal complexes where the metal is solely bonded to
one of the allene’s double bonds (Fig. 1a),16–19 the incorpor-
ation of donor-type substituents on the allene core opens
the possibility of coordination complexes in which the
metal is bonded to the donor groups, with or without inter-
action with the double bond system (LB = Lewis base,
Fig. 1b).20–24

†Electronic supplementary information (ESI) available: Synthesis and character-
isation of ligands and metal complexes, catalytic and electrochemical experi-
ments, spectral data, X-ray details for complex 2b, experiments of stability of 3a–
b in solution, experimental details of the antimicrobial, anticancer and inter-
action with DNA studies. CCDC 2094617. For ESI and crystallographic data in
CIF or other electronic format see DOI: 10.1039/d1dt02929k

aSchool of Chemistry, University of East Anglia, Norwich Research Park, Norwich,

NR4 7TJ, UK. E-mail: m.munoz-herranz@uea.ac.uk
bSchool of Pharmacy, University of East Anglia, Norwich Research Park, Norwich,

NR4 7TJ, UK
cUCL School of Pharmacy, 29-39 Brunswick Square, London, WC1N 1AX, UK
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Creation of such allene containing-metal complexes pre-
sents significant synthetic challenges, e.g. competing coordi-
nation of the metal to the double bond and the donor atoms,
and the control of nucleophilic attack of one donor atom to
the allene activated by the metal that would destroy the allene
backbone. Despite these inherent challenges, this design
offers many advantages: the unique stereochemistry of the
allene backbone creates novel 3D environments that could
facilitate catalysis and asymmetric induction in chemical and
biological systems; the multiple sites of coordination could
increase the stability of the new metal species; and the pres-
ence of the metal in close proximity to the allene core can
potentially activate the allene as a Michael acceptor to react
with nucleophilic residues of enzymes, proteins or nucleic
acids, giving these new metallodrugs alternative and/or syner-
gistic modes of action, unique from current organometallic
drug molecules. These characteristics could be key to the
development of new catalysts and drugs. Therefore, allene-con-
taining metal complexes have the potential to be exploited for
their unique 3D shapes for studies in both catalytic and medic-
inal settings.

Despite some initial promising results using allene-contain-
ing phosphines as ligands in Rh(I) (Fig. 2a) and Au(I) (Fig. 2b,

bottom) catalysis, reported by Ready23 and Fensterbank24

respectively, the Pd(II) and Pt(II) complexes of phosphine con-
taining ligands (Fig. 2b, top)24 have not been reported in any
catalytic applications. Since these seminal works, there have
not been further developments in the field, possibly due to the
rapid oxidation of these systems when exposed to air.25

Specifically, this makes phosphine analogues less attractive to
use as ligands for complexes to be used in biological
applications.20,21,26

In contrast, N-containing ligands such as bi- and ter-pyri-
dines, have been widely used for the stabilisation of metal
complexes by at least two chelating nitrogen donors, which
lowers the reduction potential of the metal centre, making
them more stable under physiological conditions.11 This
makes pyridyl groups stand out as especially attractive struc-
tures to incorporate in the allene ligand design.

In 2008, Krause and co-workers prepared bis(pyridyl)allene
ligands and postulated the formation of their Cu(I) and Ag(I)
complexes (Fig. 3a, top). However, not all the metallic struc-
tures were fully characterised and their use in any applications
has not been reported since.22 Later on, Fensterbank and co-
workers observed that pyridyl-containing phosphine oxide
(allenes) underwent nucleophilic intramolecular attack of the
pyridine onto the allene to form cyclic metal species in the
presence of Au(I) (Fig. 3a, bottom).27 The difficulty in isolation
and characterisation of pyridyl-based allene-containing metal
complexes was further underpinned by our investigation into
Au(I) and Au(III) coordination chemistry of bis(pyridyl)allenes,
that also underwent cyclisation in the presence of these metal
centres (Fig. 3a, bottom).28

To date applications of bis(pyridyl)allene-based metal
systems remain totally unexplored, not only in the area of cata-
lysis, but also in their use in a biological context. This latter
application has also been completely unchartered in reported
phosphine analogues, which gives this work additional signifi-

Fig. 1 Different types of interaction of allene frameworks with metals.

Fig. 2 Previous work with allene-containing phosphines as ligands.
Fig. 3 Previous (a) and present (b) work with allene-containing pyri-
dines as ligands.
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cance. The many benefits and unexplored applications of
these systems prompted us to explore their synthesis further.
Here, we report the synthesis and characterisation of Pd(II), Pt
(IV) and Au(III) bis(pyridyl)allene-containing complexes, and
the explorative exploitation of their unique structures as cata-
lysts and as potential metallodrugs in three settings, as anti-
microbial agents, as anticancer drugs and their specific inter-
action with different structures of DNA. The preliminary data
reported here will be crucial for further development of the
complexes with applications in both areas (Fig. 3b, this work).

Results and discussion
Synthesis of bis(pyridyl)allene metal complexes

We achieved the racemic synthesis of bis(pyridyl)allene
ligands 1a–b (Fig. 3b) according to modified literature pro-
cedures (see ESI,† section 2.1). These compounds are stable in
solution (in chlorinated solvents, alcohols, DMSO, MeCN) and
solid state, at room and elevated temperature, and under air,
which highlights their robustness as promising ligands.

With the ligands in hand, we proceeded to expand the
coordination properties of bis(pyridyl)allenes beyond the
reported Cu(I) and Ag(I) complexes. The choice of metals for
the complexation studies was two-fold. On the one hand, Pd,
Pt and Au are versatile metals in important catalytic processes,
so there is ample data to compare with the state-of-the art
metal complexes in those transformations.29–32 On the other
hand, Pt and Au are one of the most common metals used in
medicine,33–35 and although Pd has been much less explored,
there is emerging data that shows it might have good potential
in interaction with biological systems.36

Starting with Pd(II) precursors, the ligands were reacted
with 1 equiv. of Pd(MeCN)2Cl2 in dichloromethane. The reac-
tion mixture changed colour from yellow to red over the course
of 40 min, giving quantitative formation of new metal species
(2a–b, Scheme 1, top).

1H and 13C NMR analyses of 2a revealed that the symmetry
of the ligand was maintained in the complex, but the corres-
ponding peaks were shifted. For instance, the methyl peak on
the 1H NMR spectrum moved from 2.58 ppm in 1a to
3.17 ppm in 2a, while the peak corresponding to the central
allene carbon atom shifted up-field from 212.7 ppm to
204.1 ppm, respectively (Δδ = 8.6 ppm, see ESI,† section 2.2).
These observations led us to propose the bidentate structure of
2a, where Pd is captured by both pyridyl units and sits in the
pocket created by the frame of the ligand, with the allene
group itself not engaged in bonding to the metal centre.
HRMS and EA analysis provided further evidence supporting
the structure with 1 : 1 ligand to metal stoichiometry.
Additionally, we obtained good quality crystals of the non-sym-
metric complex 2b, and its structure was unambiguously con-
firmed by X-ray crystallography (Scheme 1, bottom). The struc-
ture 2b clearly shows the undisturbed allene unit with the
C(A)–C(7)–C(9) angle measured at 172.3°. Similarly, the typical
double bond distances of the allene found at 1.321(2) Å and

1.322(2) Å are indicative of a non-metal bonded allene group.
The long distance of the Pd centre to the central carbon of the
allene, 2.5038 (1) Å, confirms the Pd centre is not bonding to
the central carbon of the allene. As we expected, the nitrogen
atoms of both pyridines are facing inwards the ligand’s pocket
and are engaged in bonding to the Pd, with bond lengths of
Pd–N(5) 2.0489(1) Å and Pd–N(4) 2.0269(1) Å. Overall, the per-
pendicular arrangement of the allene ligand is maintained
and Pd is enclosed within. Complex 2b features very slightly
distorted square planar geometry typical for Pd(II) complexes.
The coordination sphere is completed by two chloride ligands
equally distanced from the metal centre (2.3300(4) Å and
2.3203(5) Å). Interestingly, 2b is bonded to Pd in a trans
arrangement. There are only few examples of such bidentate,
trans-spanning ligands based on pyridyl groups reported to
date.37,38 Formation of trans isomers of complexes with these
ligands might have beneficial consequences for their use in
catalysis. For example, trans-spanning pyridyl ligands have
been observed to be more active catalysts in Heck coupling
reaction.39 We could not obtain good enough crystals of the
symmetric 2a to perform the crystallographic analysis, so full
assignment of the geometry (cis or trans) could not be con-
firmed. Although we initially assumed trans geometry of 2a,
based on the similarity of the remaining characterisation data,
the differences in catalytic behaviour of both complexes in the
Pd-catalysed cross-coupling reactions (vide infra) would suggest
that 2a could be predominantly cis.40

Interestingly, 1a–b were completely unreactive towards Pt(II)
salts when we tried to access the Pt(II) analogues of 2a–b in a
similar manner. Reactions with a variety of Pt precursors
(PtCl2, Pt(MeCN)2Cl2, K2PtCl4, cis-Pt(DMSO)2Cl2, etc.) under a
range of conditions (e.g. solvents and temperature, see ESI,†
section 2.2) usually resulted in the recovery of unreacted start-
ing materials. We considered that the reaction with a smaller

Scheme 1 Synthesis of Pd(II)-complexes 2a–b and ORTEP representa-
tion of the X-ray of complex 2b (Hs omitted).
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Pt(IV) centre might be more feasible.41 To test this, we reacted
ligands 1a–b with 1 equiv. of chloroplatinic(IV) acid
(Scheme 2). We were happy to observe the immediate for-
mation of orange powder products in both cases. These
powders were the new Pt(IV) complexes 3a–b with 1 : 1 ligand
to metal stoichiometry, confirmed by 1H and 13C NMR, HRMS
and EA analyses (see ESI,† section 2.2). Noteworthy, the NMR
spectra of 3a were still characterised by an increased symmetry
indicative of a bidentate nature of the ligand. The data also
suggested that the allene core did not participate in the metal
complexation. Both complexes 3a–b were only soluble in
DMSO, with 3a not being very stable in solution over long
periods of time (see ESI,† section 5), which made obtaining
good crystals for X-ray analysis difficult. In these cases, we pro-
posed an octahedral geometry of the metal centre typical for Pt
(IV) complexes and draw the structures as cis isomers. The
trans isomer would require one of the chloride ligands to be
placed directly in the space between the Pt atom and the
centre of the allene or the distortion of the octahedral geome-
try. Although, the NMR data indicated that the allene environ-
ment did not substantially change in 3a–b compared to the
free ligands, we cannot completely rule out either isomer. In
fact, the broadening of signals observed on the NMR spectra
could be a reflection of the equilibrium between the cis and
trans isomers in solution.42

The synthesis of the novel Pt(IV) bis(pyridyl)allene com-
plexes brings a two-fold advantage. First of all, Pt(IV) complexes
have been extensively studied as pro-drugs for anticancer
therapy.43–45 Pt(IV) compounds are considered as potential pre-
cursors to the active Pt(II) species and are designed to circum-
vent some of the undesired side effects of the latter. Hence,
the cytotoxicity and redox chemistry of 3a–b would be of much
interest. Secondly, Pt(IV) compounds can be used as synthetic
precursors to more challenging Pt(II) equivalents by means of
chemical or electrochemical reduction. Unfortunately, our
attempts to access direct Pt(II) analogues of 3a–b via chemical
reduction were unsuccessful (see ESI,† section 2.2). The more
reactive 3b underwent cycloplatination under reducing con-
ditions losing the allene core in the process.28 Inertness of 3a–
b under milder reduction conditions might be explained by
their quite negative Pt(IV)/Pt(II) reduction potentials found at
−1.0 V and −1.1 V, respectively for 3a and 3b, as measured by
cyclic voltammetry of these complexes (see ESI,† section 2.2).

We explored the chemistry of bis(pyridyl)allenes with Au
next. We previously reported that in the presence of Au(I)

sources these ligands undergo cyclisation triggered by acti-
vation of the allene unit by the carbophilic Au(I) and attack of
the pyridyl group onto the terminal carbon of the allene.28

However, the different nature of the Au(III) centre allowed the
access to unprecedented Au(III) complexes with the allene
moiety intact (Scheme 3).

In this case, each of the ligands required slightly different
reaction conditions to facilitate the formation of the allene-
containing complex. Thus, 1a reacted with 1 equiv. of chlor-
oauric(III) acid in a mixture of ethanol and water at room temp-
erature to give Au(III) complex 4a in 43% yield. Attempts to
improve the efficiency of the reaction, for example, by increas-
ing the temperature, resulted in full conversion into the cyclic
product 5a, observed in our previous work.28 On the other
hand, reaction of 1b in refluxing methanol yielded a mixture
of allene-containing complex 4b and mixture of isomers of the
cyclised 5b that could be easily separated afterwards, as pre-
viously reported.28 Characterisation of 4a–b confirmed the
presence of the allene moiety and the N,N-chelating character
of these complexes. Complexes 4a–b are drawn as trans
isomers in analogy to the square planar Pd(II) examples due to
the similarities on the 13C NMR shifts on the central carbon of
the allene (see ESI,† section 2.2).

Catalytic applications

To explore the utility of our compounds as catalysts, we chose
several benchmark reactions used in the evaluation of new cat-
alysts depending on the metal used. We only tested the com-
plexes in their racemic version, but success on this area will
open avenues of research in the asymmetric variants (due to
the axial chirality of the allene framework), making them
worth exploring as catalysts.

Mizoroki–Heck cross-coupling

We began testing the Pd compounds 2a–b in the Mizoroki–
Heck cross-coupling reaction (Table 1).46–48 A standard coup-
ling between styrene and aryl halides (6, PhX, X = I or Br) was
performed with 2 mol% catalyst loading. We observed for-
mation of (E)-stilbene 7 in reaction with iodobenzene catalysed

Scheme 2 Synthesis of Pt(IV)-complexes 3a–b.

Scheme 3 Synthesis of Au(III)-complexes 4a–b and 5a–b.
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by 2a. The use of additives, such as HCO2NH4, was not necess-
ary to obtain an excellent yield of the product (Table 1, entry 1
vs. entry 2). The activity of 2a was substantially diminished in
a reaction with bromobenzene (Table 1, entry 3). Non-sym-
metric complex 2b was less active, giving a moderate yield in
the reaction with PhI (36% yield, Table 1, entry 4) and showing
no activity in the coupling with PhBr (Table 1, entry 5). The
difference in activity between the two catalysts could be attrib-
uted, for example, to the steric bulk near the catalytic centre in
2b, e.g. the access of starting materials might be more hin-
dered for the t-butyl substituted complex. We could also
explain the discrepancy if we consider complex 2a to be in fact
predominantly cis rather than trans like 2b. Although further
tuning of the catalyst design is needed to increase the activity
with more challenging substrates, we present here the first
example of an allene-derived catalytic system used in such an
important process that could open further research and devel-
opments also in the asymmetric version.

Cyclisation of enynes

The catalytic activity of all complexes was next evaluated in
reactions of 1,6-enynes (Table 2 and ESI,† sections 2.4 and
2.5).30,49–52 We observed an initial lack of activity of Pd(II) and
Pt(IV) compounds in the absence of AgNTf2, either at room
temperature or at 80 °C (Table 2, entries 1–4). These obser-
vations were consistent with a known heightened reactivity of
cationic complexes in the catalysis involving enynes.53,54 Thus,
to ensure the formation of the cationic catalytic species and
improve the activity, the synthesised catalysts were sub-
sequently used in the presence of excess AgNTf2 in toluene at
80 °C (Table 2, entries 5–8). One-hour long reactions with all
the Pd(II) and Pt(IV) catalysts resulted in excellent conversions
and yields. Interestingly, a switch between catalysts based on
different metal centres allowed to achieve selectivity towards
different isomeric products. Pd-Complexes 2a–b favoured for-
mation of a cyclopropane bicycle 9c, while Pt-ones 3a–b gave
6-membered skeletal rearrangement 9a and Alder–ene 9d as
major reaction products. We restricted the use of Au(III) allene-
containing complexes 4a–b to a near room temperature con-
ditions to avoid the cyclisation to carbene species during the
catalytic reaction. Although these complexes showed to be
active even without addition of AgNTf2 providing further evi-
dence of their cationic character (see ESI,† section 2.4), they
were tested with the addition of AgNTf2 here to boost the reac-
tivity at room temperature (Table 2, entries 9 and 10). We
observed only moderate conversions after 1.5 h, although this
time the major product of the reaction was the 5-membered
skeletal rearrangement product 9b. Furthermore, Pt-complexes
3a–b performed well as catalysts in the alkoxycyclisation of all
enynes tested, when the reaction was carried out in MeOH.
Interestingly, when N-tethered enynes (8) were investigated,
Au-complexes 4a–b seemed to give better results (see ESI,†
section 2.5).55–57

Table 1 Catalytic activity of Pd(II)-complexes 2a–b in Mizoroki–Heck
couplings

Entry Cat. X Additives Yield (%)

1 2a I HCO2NH4 (10 mol%) 87
2 2a I — 93
3 2a Br — 20
4 2b I — 36
5 2b Br — —

Table 2 Catalytic activity of complexes 2a–b, 3a–b and 4a–b in cyclisation of enynes

Entry Cat. (mol%) [AgNTf2] (mol%) Solvent T (°C) t (h) 8 9a 9b 9c 9d Conv. (%) Yield (%)

1 2a (3) — CH2Cl2 rt 1.5 1.0 — — — — 0 —
2 3a (3) — CH2Cl2 rt 1.5 1.0 — — — — 0 —
3 2a (3) —a PhMe 80 1 1.0 — — — — n. is.b n. isb

4 3a (3) — PhMe 80 16 1.0 — — — — 0 —
5 2a (3) 6.5 PhMe 80 1 — 0.6 — 1.0 0.06 >99 >99
6 2b (3) 6.5 PhMe 80 1 0.08 0.4 — 1.0 0.07 95 85
7 3a (3) 6.5 PhMe 80 1 — 0.8 0.3 0.4 1.0c >99 88
8 3b (3) 6.5 PhMe 80 1 — 1.0 0.35 0.4 1.0c >99 >99
9 4a (2) 2.5 CH2Cl2 rt 1.5 1.0 0.14 0.4 0.05 — 37 36
10 4b (2) 2.5 CH2Cl2 rt 1.5 1.0 0.08 0.25 0.03 — 26 26

a [Ag]+ added after 1 h. b n. is. = not isolated. cUnidentified product also obtained (0.35 ratio).
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Nucleophilic addition to allenes

To further test the robustness as catalysts of our new allene-
derived complexes, we thought it would be an interesting chal-
lenge to use them in reactions involving allenes, like the well-
explored metal-catalysed nucleophilic addition to allenes.58,59

For this, we chose, as model, the reaction between allene–
phthalimide 10 and benzyl alcohol. The Pt(IV)-complexes 3a–b
were the most active catalysts from the group (Table 3, entries
1 and 2). Both resulted in complete conversions and formation
of the distal double addition product – acetal 11a corres-
ponding to the usual reactivity with Pt(II) catalysts.60–63 Acetal
11a was also isolated in its hydrolysed form of the aldehyde
12a. Interestingly, a minor product of the reaction (11b) was
identified as the double addition product to the central carbon
atom of the allene that readily hydrolysed to ketone 12b upon
handling. This type of reactivity has been previously observed
only with thiol nucleophiles under Au(III) catalysis.64 However,
our Au(III)-complex 4b promoted the formation of the single
distal addition alkene product 13, albeit with low conversion
(Table 3, entry 3), showing reactivity typical for Au(I)
catalysis.65,66 Pd(II)-Complex 2a however, was unreactive under
the reaction conditions (Table 3, entry 4).

Although the Au(III) and Pd(II) complexes yielded low reac-
tivity, the Pt(IV) ones gave results in line with state-of-the-art
reactivity of Pt complexes with the advantage of working at
room temperature and being the first examples in which an
allene-containing Pt catalyst is used to catalyse a reaction
involving allene compounds.67

Bioactivity

In a more novel application, we explored the unique 3D geome-
tries of the new organometallics containing allenes, as potential
metallodrugs in three settings: as antimicrobial agents (in col-
laboration with Community for Open Antimicrobial Drug
Discovery – CO-ADD), as anticancer drugs and their specific
interaction with different structures of DNA (double helical,
i-motif and G-quadruplex). Promising results in these areas will

open future studies on the mechanism of action, speciation and
the nature of the bioactive species in each of the biological set-
tings, which are out of the scope of this work.

Antimicrobial studies

Complexes 2–4 and ligands 1a–b were tested for their anti-
microbial activity in collaboration with the Community for
Open Antimicrobial Drug Discovery (CO-ADD).68 The initial
screening against microorganisms from Gram-negative bac-
teria (G −ve), Gram-positive bacteria (G +ve) and fungi groups
at single drug concentration of 32 μg mL−1 (see ESI,† section
6) showed that all complexes were active (percentage of micro-
organism growth inhibition >80%) against at least one of the
groups of microorganisms at that concentration, with the
exception of complex 3a, that was completely inactive. The
ligands 1a–b alone did not show any activity when tested at the
same concentration against the same microorganisms.

Dose–response studies (in the concentration range of
0.25–32 μg mL−1) of these complexes (except 3a) were per-
formed with the same microorganism species to determine
the minimum inhibitory concentration (MIC) value.69 The
activity of complexes 2 and 4 was confirmed against a selection
of the microorganisms, a G +ve bacteria, Staphylococcus aureus
(S. aureus), and two yeasts, Candida albicans (C. albicans) and
Cryptococcus neoformans (C. neoformans) var. grubii (Table 4,
entries 1, 2 and 4, 5), with complex 2b being the most active
one, showing remarkably low MIC values of ≤0.25 μg mL−1

(Table 4, entry 2).70,71 Although complex 3b exhibited activity
in the single dose assay, it showed no induction of growth
inhibition at lower concentrations with any of the microorgan-
isms tested (Table 4, entry 3).

Additionally, cytotoxicity of the new complexes was probed
against human embryonic kidney cells (HEK-293) as the stan-
dard model for human cells used by the CO-ADD (Table 4).
Cytotoxicity was expressed as a CC50 value – concentration at
50% cytotoxicity. The compounds with CC50 equal or lower
than the maximum tested concentration (32 μg mL−1) were

Table 3 Catalytic activity of complexes 2–4 in the nucleophilic addition of benzyl alcohol to allene-phthalimide 10

Entry Cat. AgNTf2 (mol%) t (h) 10 11a 12a 11b/12b 13 Conv. (%)

1 3a 10 26 — 1.0 0.4 0.08 — >99a

2 3b 10 27 — 1.0 0.24 0.07 — >99b

3 4b 5 27 1.0 — — — 0.2 17
4 2a 10 24 1.0 — — — — 0

a Isolated yield 67%. b Isolated yield 61%.
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considered toxic. This included the most promising active Pd
(II)-complex 2b and the analogous 2a that also showed good
activity in the dose–response assay.

Au(III)-complexes 4a and 4b were moderately active against
the microorganisms. However, 4b showed haemolytic activity
against human red blood cells (RBC),72 which prevented
further in vivo testing (using moth larvae Galleria mellonella).

Although complex 4a seemed to be the most promising
lead for antibiotic activity and non-toxic to selected human
cells, the activity was moderate compared with current organo-
metallics leads15,73–76 and it was not selected for in vivo
studies. However, these preliminary results, open the door for
further studies with analogues of Au(III)-complexes 4 as prom-
ising novel antimicrobial drugs.77–79

Anticancer studies

In parallel to the antimicrobial studies, we investigated the
preliminary in vitro anticancer activity of the new library of
compounds 2–4 against the human breast adenocarcinoma
cell line MDA-MB-231 (see ESI,† section 7), a triple-negative
breast cancer cell line difficult to treat with current therapies
and causing poorer outcomes for patients in comparison with
other subtypes.80

The initial experiments were carried out with a concen-
tration range of 0.19–100 μM over a 24 h incubation period,
using the CellTiter-Blue assay to measure cell viability.
Interestingly, only symmetric complexes of Pd(II) 2a and Au(III)
4a showed effects on MDA-MB-231 cell viability in the low
micromolar range, while 2b and 4b were significantly less
active. In particular, 2b showed no activity even at the highest
concentration tested (100 μM). Pt(IV) complexes 3a–b did not
show a clear sigmoidal trend of diminished cell survival,
which could be attributed to solubility issues in the aqueous
media, difficulties in the uptake into the cells or thwarted
reduction to more active Pt(II) species, as we experienced in
the chemical and electrochemical reduction experiments
described above.

The free ligands 1a–b did not show any effect on cell survi-
val in line with the results seen in the antimicrobial activity
studies (vide supra).

We validated the results of the more promising complexes
2a and 4a using the MTT assay, which measures cell metabolic
activity, in a similar concentration range with a 24 h incu-

bation period. The IC50 values for complexes 2a and 4a were
determined to be 3.32 ± 1.22 and 2.50 ± 1.63 μM, using the
MTT assay. These values are within the range obtained for
reported Pd(II) (IC50 ca. 0.5–22.9 μM)81–85 and Au(III) (IC50 ca.
0.3–11.2 μM)86,87 complexes, and lower than reported values
for cisplatin (IC50 ca. 25–50 μM depending on the study)
against the MDA-MB-231 cell line. These results highlight the
potential of our 3D metal complexes as new scaffolds for anti-
cancer drug discovery.

As mentioned before, preliminary cytotoxicity results on
embryonic kidney cells and red blood human cells were
carried out as part of the antimicrobial study by our collabor-
ators at CO-ADD (vide supra, Table 4). Neither complex showed
haemolytic against human red blood cells. Although complex
2a showed cytotoxicity towards embryonic kidney cells,
complex 4a did not, which could support further testing of
this complex and new analogues, extending the study to other
cancer cell lines and biocompatibility studies towards healthy
human breast tissue.

DNA studies

The mechanism of action of many metal-based drugs is often,
at least partially, ascribed to their interactions with DNA as an
intracellular target (e.g. cisplatin, oxaliplatin, carboplatin).88–92

We wanted to probe the possible source of the activity of the
allene-containing metal complexes in anticancer assays by
studying their interactions with different DNA types, not only
with the standard double stranded helical structure, but also
with non-canonical DNA secondary structures – such as
G-quadruplexes and i-motifs.93 These sequences are wide-
spread throughout the human genome and can be found in
promoter regions of their genes (for example the gene encod-
ing death associated protein, DAP)94 and in the telomeres.95 In
particular, the telomeric region of DNA and associated pro-
teins have been linked to important functions such as DNA
replication and protection against DNA damage.96 As such, the
link between dysfunctional telomeric DNA and disease e.g.
cancer, is of much interest.97

The screening of the new complexes 2–4 and the free
ligands 1a–b was performed with several types of DNA: double
helical DNA (DS), the i-motif (hTeloC) and G-quadruplex
(hTeloG) structures from the human telomere and i-motif
forming sequences from the promoter regions of hif-1-α and

Table 4 Minimum inhibitory concentration (MIC, μg mL−1) on selected microorganisms, in a range of 0.25–32 μg mL−1 of the drug (complexes 2–4)
concentration; CC50 (cytotoxicity, μg mL−1) with HEK-293 cells; HC10 (haemolytic activity, μg mL−1) with RBC cells

Entry Complex

G +ve
Yeast Human

MIC [μg mL−1]
MIC [μg mL−1]

CC50 [μg mL−1] HC10 [μg mL−1]
S. aureus C. albicans C. neoformans var. grubii Embryonic kidney cells HEK-293 Red blood cells RBC

1 2a 2 16 1 0.9567 >32
2 2b ≤0.25 ≤0.25 ≤0.25 1.066 >32
3 3b >32 32 >32 >32 >32
4 4a 16 4 16 >32 >32
5 4b 16 4 ≤0.25 >32 ≤0.25
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DAP,98 using fluorescence intercalator displacement (FID)
assays with thiazole orange (TO) as the fluorescent probe (see
ESI,† section 8.2).99 The compounds were tested at a single
concentration (2.5 μM, 5 equiv. in respect to DNA). In these
assays, the ligands 1a–b did not show displacement of the TO
probe with any of the DNA structures, in line with the lack of
activity observed in the antimicrobial and anticancer assays.
This result provides further evidence that any observed bioac-
tivity of the allene-derived metal complexes is probably not
linked to the action of disassociated ligands if such de-com-
plexation would take place under physiological conditions.

In contrast, Pd(II)-complexes 2a and 2b exhibited displace-
ment of TO from hTeloG, showing partial affinity for the
G-quadruplex sequence (35% and 48% for 2a and 2b respect-
ively). These two Pd complexes were also the most active
binders for all i-motif sequences, reaching displacement levels
of 87% for 2b with hTeloC.

Pt(IV) complexes 3a–b were inactive on the level of the free
allene ligands 1a–b, and both Au(III)-complexes 4a–b interacted
with the DNA to a much lesser extent.100 This would be in
agreement with the mode of action of other Au(III) complexes,
that are reported to be more prone to interact with protein
targets.101–106

The more promising binders, Pd complexes 2a–b, were
further examined using circular dichroism (CD) spectroscopy
(2a, Fig. 4).107 By virtue of the significant number of studies of
G-quadruplex binding compounds, there are a few examples of
Pd complexes interacting with G-quadruplex DNA.108–110

However, to the best of our knowledge, there are no studies
that have looked at Pd complexes and their interaction with
i-motif DNA.111

Pd-Complex 2a was first titrated against hTeloC up to 5 : 1
ligand to DNA ratio (Fig. 4a).112 The characteristic i-motif
peaks were observed at around 255 nm (negative) and 288 nm
(positive). The increasing excess of 2a induced a visible hypo-
chromic shift of both peaks, that is usually associated with an
unfolding effect of the DNA secondary structure. CD-melting
experiments were performed to quantify the effects on the

stability of the DNA structures. A plot of normalised ellipticity
vs. temperature for the peak at 288 nm allowed to find the
values of the melting temperature for the hTeloC sequence
with (red circle) and without (black square) the Pd complexes
(Fig. 4b), and hence the change in melting temperature (ΔTm)
value of −8.1 ± 0.8 °C, which indicates destabilisation of this
i-motif DNA structure in the presence of the complex. This is
similar in potency to the destabilisation of i-motif caused by
commonly-used G-quadruplex stabilising ligands.113,114

Complex 2b also showed a change in melting temperature
(ΔTm = −2.1 ± 0.1 °C) for hTeloC, albeit smaller than that for
2a. Although there are many types of ligands capable of inter-
acting with G-quadruplex DNA, compounds that interact with
i-motif are very rare. Importantly these complexes did not sig-
nificantly alter the stability of any other DNA structure exam-
ined, indicating some specificity for destabilising the i-motif
form hTeloC. These unusual properties of our allene-contain-
ing Pd(II)-complexes and their different interaction with DNA
structures, provide further indication of the promise of these
new chemical scaffolds as leads for future medicinal
applications.

Conclusions

In summary, we present here bis(pyridyl)allenes as robust
ligands for novel Pd(II), Pt(IV) and Au(III) complexes with
unique 3D architectures for application in two important
areas, catalysis and medicinal chemistry. While Pd(II) and Pt
(IV) complexes were easily obtained, the isolation of Au(III) com-
plexes needed careful control of the reaction conditions to
avoid cyclisation of the ligand framework to form Au(III)
carbene derivatives. Crystal structure analysis of the Pd(II)
complex 2b showed an unusual trans geometry. The Pt(IV) com-
plexes 3a–b seemed to display octahedral geometry and cis–
trans ligand isomerisation in solution. Electrochemical ana-
lysis showed quite negative Pt(IV)/Pt(II) reduction potentials,
and cycloplatination occurred with 3b when forcing chemical

Fig. 4 Interaction of compound 2a with i-motif DNA. (a) Circular dichroism spectroscopy of hTeloC (10 μM) in 10 mM sodium cacodylate buffer,
100 mM KCl, pH 5.5. 0–5 equiv. of compound 2a. (b) CD melting experiment with hTeloC in the absence (black) and in the presence of 5 equiv. of
compound 2a (red).
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reduction conditions were applied. The analogue Au(III) com-
plexes 4a–b containing intact allenes as ligands were isolated
when the reaction of the ligands 1a–b and Au(III) precursors
was carried out at mild temperatures. Increasing temperature
or longer reaction times gave full conversion to the Au(III)
carbene complexes 5a–b previously described by our group.

All the allene-based metal complexes were tested as cata-
lysts in benchmark reactions for Pd (Mizoroki–Heck cross-
coupling), Pt and Au (enyne cyclisation and nucleophilic
addition to allenes). The symmetric Pd(II) complex 2a per-
formed well in the Mizoroki–Heck cross coupling of iodoben-
zene and styrene, giving good yields under standard reaction
conditions without the need for additives. All the complexes
performed well in the cycloisomerisation reaction of enynes.
The Pd(II) and Pt(IV) complexes worked at higher temperatures
in the presence of silver salts, while the Au(III) complexes
worked at room temperatures. We observed a switch in selecti-
vity towards different isomeric products depending on the
metal complex used. The Au(III) complexes 4a–b were the most
active catalysts in alkoxycyclisation reaction of N-tethered
enynes, while the Pt(IV) analogues 3a–b performed well with all
type of enynes and best in the nucleophilic addition to allenes
to give double addition products. Further studies on the asym-
metric version of the ligands and their application in asym-
metric catalysis are undergoing in our laboratories.

Finally, studies of the new complexes as new antimicrobial
and anticancer agents gave very promising preliminary results.
Although Pt(IV) complexes did not show biological activity,
possibly due to solubility issues or their difficulty of in situ
reduction to potentially active Pt(II) derivatives, the Pd(II) and
Au(III) analogues showed good activity in both antimicrobial
and anticancer assays, as well as interaction with different
DNA structures. In particular it is worth highlighting the Pd(II)
complex 2a that showed good activity in the antimicrobial and
anticancer assays and an unusual destabilisation of the
hTeloC i-motif DNA structure, which is notoriously hard to
achieve, and could begin to explain its biological activity. This
peculiar interaction with i-motif secondary structures makes
this work highly novel and would open new avenues of
research in the area of metallodrugs using Pd complexes with
alternative biological mechanisms of action.
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Understanding the Potential In Vitro Modes of Action of Bis
(β-diketonato) Oxovanadium(IV) Complexes
Baris Sergi+,[b] Ipek Bulut+,[b] Ying Xia,[c] Zoë A. E. Waller,[c, d] Yasemin Yildizhan,[e]

Ceyda Acilan,*[f, g] and Rianne M. Lord*[a]

To understand the potential in vitro modes of action of bis(β-
diketonato) oxovanadium(IV) complexes, nine compounds of
varying functionality have been screened using a range of
biological techniques. The antiproliferative activity against a
range of cancerous and normal cell lines has been determined,
and show these complexes are particularly sensitive against the
lung carcinoma cell line, A549. Annexin V (apoptosis) and
Caspase-3/7 assays were studied to confirm these complexes
induce programmed cell death. While gel electrophoresis was

used to determine DNA cleavage activity and production of
reactive oxygen species (ROS), the Comet assay was used to
determine induced genomic DNA damage. Additionally, Förster
resonance energy transfer (FRET)-based DNA melting and
fluorescent intercalation displacement assays have been used
to determine the interaction of the complexes with double
strand (DS) DNA and to establish preferential DNA base-pair
binding (AT versus GC).

Introduction

Although the anticancer properties of inorganic compounds
appeared in 1930,[1] the first indications for the antineoplastic
effects of vanadium salts were not reported until 1965,[2] and
more in depth studies were not conducted until 1980–1990s.
Sabbioni et al. have since reported on the vanadium metabo-
lism and the cytotoxicity of vanadium compounds.[3,4] In
particular, the morphology transformations in mouse embryo
after treatment with ammonium vanadate (VV) or vanadyl
sulfate (VIV) salts has been studied, and it was noted that
treatment with VV alone, or in combination with diethylmaleate
(DEM; a cellular glutathione (GSH)-depleting agent), reduces the
complex from VV to VIV (measured by EPR spectroscopy).
Although VIV-compounds show lower toxicity in the same cell
line,[4,5] it was later reported that vanadyl show no cytotoxic
effects, whilst vanadate and pervanadate strongly inhibited cell
development.[6]

Since the discovery of vanadium bromoperoxidase, a
vanadium(V)-containing enzyme in marine algae,[7,8] the impor-
tance of vanadium in humans and diet has been an important
research topic.[9] In the early 1980s, vanadium was reported to
act as an insulin mimic and was able to normalize diabetic
rats.[10,11] Since these reports, there has been a plethora of
research on V-compounds for their insulin-like effects,[12–20] with
groups studying their importance in different cell culture
types.[21,22] Vanadium(V) was shown to stimulate glucose uptake
and glucose oxidation,[23,24] and it was also postulated to inhibit
tyrosine phosphate and bind to growth factors relating to cell
proliferation.[25]

Over a decade later, bis(4,7-dimethyl-1,10-phenanthroline)
sulfato oxovanadium(IV) (Metvan) was discovered, and to the
best of our knowledge, it remains the most promising VIV

anticancer compound to be reported.[26] It exhibits nanomolar
potency, and induces apoptosis in human leukemia cells,
multiple myeloma cells and solid tumour cells (breast, glioblas-
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toma, ovarian, prostate and testicular). It has been noted that
the apoptosis is also associated with a loss of mitochondrial
transmembrane and a depletion of GSH. Not only does this
compound show high in vitro cytotoxicity, in vivo studies show
no acute or subacute toxicity at 12.5–50 mg/kg.[26]

Since the discovery of Metvan, several research groups have
studied VIV complexes, showing they are better tolerated, more
potent and have better cancer selectivity then clinical Pt(II)
drugs.[27,28] In 2018, Ni et al. produced a small library of mixed
ligand oxidovanadium(IV) complexes with polycarboxylates and
N-heterocyclic ligands, with one compound showing high
cytotoxicity, cell cycle S-, or G2/M-phase arrest and cell death by
apoptosis.[29] More recently, in 2020, Ribeiro et al. highlighted a
range of VO(L) complexes (L= tridentate amino acid–pyridyl–
phenol ligand), however, the complexes only exhibit moderate
cytotoxicity values.[30] One VIV-compound exhibited increased
late apoptosis when compared to the analogous CuII complex,
and it was able to nick and cleave plasmid DNA. Reports on
non-oxidovanadium(IV) complexes have also emerged, with
compounds exhibiting increased cytotoxicity, increased ROS
formation and a decrease of the mitochondrial membrane
potential.[31] Collectively, there are range of VIV-compounds
published, which all highlighted their importance in the treat-
ment of different cancers. Importantly, the reports suggest both
interactions with DNA and apoptosis by generation of ROS, are
the major contributors to cytotoxicity and modes of action.
In 2019, we reported a series of bis(β-diketonato) oxovana-

dium(IV) complexes (1–9) through a facile and straightforward
solid state synthesis, and show the complexes exhibit high
cytotoxicity and selectivity towards cancer cells, with IC50 values
up to 11.5× higher than cisplatin.[32] The complexes are also
stable under physiological conditions and UV/Vis studies show
interaction with BSA (bovine serum albumin). Since compound
9 was previously reported to have increased binding to both
BSA, and inserted into the minor groove of the DNA duplex
with a partial intercalation,33] we have been interested in
understanding the potential modes of action bis(β-diketonato)
oxovanadium(IV) complexes. Herein, we report studies on the
compound’s cytotoxicity, interactions with DNA (plasmid,
genomic and AT- and GC-rich sequences), production of
reactive oxygen species (ROS) and modes of cell death by
apoptosis and Caspase-3/7.

Results and Discussion

Synthesis and Characterization of bis(β-diketonato)
oxovanadium(IV) complexes

We have recently highlighted the rapid (<5 mins) dry-melt
synthesis and anti-cancer screening of nine bis(β-diketonato)
oxovanadium(IV) complexes (1–9, Scheme 1).[32] Alongside other
researchers, we have reported that these vanadyl(IV) complexes
have the potential to form vanadium(V) in solution. In order to
address the compounds stability in DMSO, 1–9 and VO(acac)2
have been studied by cyclic voltammetry (CV) in dry DMSO
under a flow of argon. All compounds (~10 mm) display quasi-

reversible behavior, where the forward and reverse electron
transfer reactions occur with different rates. Notably, no CV
spectra were obtained for the free ligands. In the presence of all
vanadium compounds, there is a one-electron process for the
β-diketonate ligands (two ligands), which is represented by the
oxidation Epa1 and reduction Epc1. Followed by a weaker quasi
reversible one electron process for the vanadium VIV!VV, with
oxidation Epa2 and reduction Epc2 (Table S1). Previous literature
has highlighted the irreversible oxidation of VO(acac)2 and
VO(acac)L (L=aminophosphinic acid) when using 0.1 m NaCl
(glass electrode),[34] whilst other reports have noted
VO(acac)(abp) (abp=2-acetylpyridine-benzoylhydrazone) has a
strong abp ligand oxidation at 0.8 V but no observable
oxidation for the vanadium (0.1 m PTBA/CH2Cl2).

[35] However,
the quasi-reversible nature of our vanadyl complexes is evident
when the complexes are scanned at faster scan rates (100–
800 mV/s, Figures S1–S13), where the rates of reaction are not
sufficiently well match to maintain Nernstian equilibrium and
ΔEp increases (e.g. compound 5 in Figure 1A).
When the CV measurements were conducted in other dry

solvents, either dry dimethylformamide (DMF; compound 5 in
Figure 1B) or dry acetonitrile (MeCN, VO(acac)2 and compound
3 in Figure S6), the reversibility of the vanadyl(IV) is compro-
mised. These CV measurements show the revisbility is solvent
dependent, and this could be due to the interactions of the
solvent with the metal center. Although all spectra were
conducted using analytically pure vanadium sample from a
solvent-free dry-melt reaction (Scheme 1); we have previously
shown these complexes often crystallize with DMSO solvent in
the 6th coordinate position. Figure 2 shows the packing of the
complexes, when the 6th coordinate position is occupied by
DMSO (6) or vacant (8) and highlight the interactions between
two adjacent molecules. These interactions may have the ability
to change the polarity of the V=O bond and alter the redox
reversibility.

Scheme 1. The synthesis of bis(β-diketonato)vanadyl(IV) compounds 1–9,
with an image of the crystals obtained before and after the dry-melt
method.[30]
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Cytotoxicity Studies

The in vitro antiproliferation activity of complexes 1–9 was
evaluated by the MTT assay at dosages between 0.1–100 μm,
and repeated to confirm our previous cytotoxicity studies on
these complexes.[32] Screening was conducted against of two
human cancer cell lines, lung (A549) and pancreatic (MIA PaCa-
2), and the normal retinal epithelium (RPE-1) cell line. The half
maximal effective doses (IC50) were calculated after cells were
incubated with test complexes between 24 h and 96 h. In most
cases, the complexes were either non-toxic or only moderately
cytotoxic between 24–48 h and required longer incubation
periods to become cytotoxic, therefore, only data for 72 h and
96 h incubation periods are presented in Table S2. A549 cells
were selected for further cell-based studies due to their lower
IC50 values and significant reduction in cell viability, whilst
compounds 2, 3, 8 and 9 were selected for further in vitro
analysis, due to their varied cytoxicity values across all cell lines
and increased sensitivity towards A549 (Table S2).

Complex-DNA interaction by agarose gel mobility assay

The intercalating, nicking or cleaving capacity of DNA can be
determined by gel electrophoresis using plasmid DNA. In vitro
plasmid DNA assays were conducted by incubating 100 ng/mL
plasmid DNA with varying concentrations (6.25–400 μm, lower
concentrations are shown in Figure S16) of complexes 2, 3, 8
and 9. The resulting fragments were separated by agarose gel
electrophoresis and possible changes in the migration pattern
of the DNA were assessed. In accordance with previous
reports,[30] cisplatin treatment resulted in faster migration of the
plasmid DNA as a result of its DNA-crosslinking activity, and no
effect on DNA nicking. On the other hand, all the tested
complexes significantly reduced the supercoiled form and
exhibited nicking activity as visualized by the increase in closed
circular band and decrease in the supercoiled form (Figure 3).
These nicks did not appear to lead to double stranded DNA
breaks (DSBs), since no linear band was detectable. As sodium
azide (NaN3) can be used to scavenger singlet oxygen (

1O2), it
can be used to determine if reactive oxygen species (ROS) were
involved in these reactions. The addition of NaN3 completely
rescued and reversed all the effects after incubation with our
complexes, even at the highest tested concentration, and this
gives strong indication of the involvement of 1O2 radicals
(Figure 3, right lanes).

Complex-DNA Interactions

Förster resonance energy transfer (FRET) based DNA melting
experiments were used to measure complex-induced stabiliza-
tion or destabilization of DNA, by comparing the melting
temperature of DNA (0.2 μm) in the absence and presence of
our complexes. When the melting temperatures of the DNA (Tm)
are higher in the presence of a compound, this indicates a
stabilization of the DNA.[36,37] The ΔTm of double strand (DS)

Figure 1. Cyclic voltammograms of compound 5 in A. dry DMSO/0.1 m

NBu4PF6; scan rate=100-800 mV/s; B. dry DMSO (red) or dry DMF (black)/
0.1 m NBu4PF6; scan rate=100 mV/s. All potentials are reported are
referenced against ferrocene (Fc/Fc+ =0.0 V).

Figure 2. Packing diagram of compound 6 (DMSO-adduct) and compound 8
(adduct-free). Showing the interactions of the vanadyl with neighbouring
molecules.[32]
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DNA was measured in the presence of 1 μm (5 eq.) of
complexes 1–9 (Table 1 and Figures S17–S25). Under these
conditions, there was no effect on the stability of DNA for any

of the complexes examined. As we observe effects on DNA in
our other experiments at a higher concentration of complex,
we also performed the FRET melting at 25 μM (Table S3 and
Figures S26–S30), consistent with our DNA fragmentation assay.
Upon increasing the concentrations of complex 2, 3, 8 and 9 to
25 μm, there was no significant change in melting temperature
of the DNA (Table 1). This indicates that the complexes do not
stabilize or destabilize the DNA under these conditions. Given
the results observed using gel electrophoresis we were
interested in the relative binding affinity of the complexes to
DS DNA. We performed a fluorescence intercalator displace-
ment (FID) assay to determine the displacement of thiazole
orange (TO) in the presence of the complexes.[38,39]

We performed the displacement assay in the presence of DS
DNA, as well as sequences comprised of (AT)6 and (GC)6. This
would reveal not only the affinity for DS DNA but assess
whether there was any preference for AT- or GC-rich DNA
regions. There was a range of relative binding affinities for the
complexes (Table 1). Complexes 1 and 4 had very low relative
binding, indicated by low displacement of TO from the DNA.
The remainder of the complexes had moderate to high affinity
for the DNA. Complex 9 showed the best displacement of DS
DNA (27%) at 5 μm complex concentration (5 eq.). Additionally,
complexes 5, 7, 8 and 9 showed a higher displacement for (AT)6
compared to (GC)6. Out of these complex 9 was found to have
the strongest relative binding for (AT)6 with a TO displacement
of 47% at 1 μm of complex. However, complex 7 has the
highest specificity for (AT)6 over (GC)6 ((AT)6=32% vs. (GC)6=
16%). In line with our other experiments, additional studies
were conducted with complexes 2, 3, 8 and 9 at the higher
concentration of 25 μm (Figure 4), which showed further
displacement of TO for complexes 2 and 9. The relative binding
of these complexes is consistent with the results observed in
the DNA fragmentation assays. Taken together with the FRET
melting data, we can conclude that these complexes bind but
do not stabilize DS DNA, and this will contribute to the
biological effects observed. Complexes 3, 8 and 9 all show a
preference for AT-rich regions of DNA, which may affect the
regions of genomic DNA that they target.

Figure 3. Gel electrophoresis in vitro analysis of compounds 2, 3, 8 and 9
and plasmid DNA. Plasmid DNA was incubated with different concentrations
of compound (50 to 400 μm) for 24 h at room temperature. NaN3 was used
as a ROS scavenger. The intensity of the DNA bands in each lane was
quantified and represented as mean�SD (n=2) for nicked circular, linear
and super coiled. A and C: Representative gel images, B and D:
Quantification of gels from A and C.

Table 1. FRET melting ΔTm with DS DNA (0.2 μm) and compounds 1–9 (1 μm or 25 μm). FID % TO displacement of 5 μm or 25 μm complex with 1 μm of a
DNA buffer: 100 mm potassium chloride and 10 mm sodium cacodylate at pH 7.4. Errors represent the standard deviation from triplicate repeats.

FRET Melting ΔTm [°C] TO Displacement DTO [%]
DS DS AT6 GC6

μM 1 25 5 25 1 25 1 25

1 0.0�0.3 – 3�2 – 7�3 – 2�1 –
2 0.0�0.3 0.3�0.2 9�2 59�3 26�4 79�9 20�5 71�4
3 � 0.2�0.7 0.7�1.0 10�2 15�2 22�4 34�4 17�4 20�2
4 � 0.8�0.4 – 1�2 – 8�3 – 6�1 –
5 � 0.6�0.2 – 5�5 – 24�2 – 15�3 –
6 � 0.3�0.3 – 9�9 – 12�1 – 12�1 –
7 � 0.3�0.3 – 13�2 – 32�1 – 16�2 –
8 � 0.4�0.2 0.4�0.3 16�2 17�2 30�2 39�4 21�4 22�3
9 � 0.3�0.3 0.0�0.2 27�4 36�3 47�3 66�5 29�2 42�2

ChemMedChem
Full Papers
doi.org/10.1002/cmdc.202100152

2405ChemMedChem 2021, 16, 2402–2410 www.chemmedchem.org © 2021 The Authors. ChemMedChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 29.07.2021

2115 / 205396 [S. 2405/2410] 1

 18607187, 2021, 15, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cm
dc.202100152 by U

niversity C
ollege L

ondon U
C

L
 L

ibrary Services, W
iley O

nline L
ibrary on [26/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/cmdc.202100152


Reactive Oxygen Species (ROS)

As it is well documented that singlet 1O2 species cause cell
death, we hypothesized that the complexes may elevate
intracellular ROS in cells, leading to loss of cell viability. To test
that, cellular ROS levels were monitored using dihydroethidium,
a well described reagent to detect oxidative stress in cell
populations. Indeed, all complexes resulted in an increase in
ROS, albeit with varying degrees (13–48% as opposed to 4% in

untreated controls). In comparison, cisplatin induced ROS was
on the lower end with a mild 19% increase (Figure 5A). The
flow charts represent the distribution of two populations, M1
(blue) peaks indicate cell population without ROS (ROS� ), while
M2 (red) is cell population with ROS (ROS+). To further expand
on the DNA damage induced in cells in response to our
complexes, A549 cells (visualized by DAPI staining, Figure 5B,
left panel) were stained for the presence of 8-oxo-Guanidine,
which is the most common and abundant type of lesion exerted
on the DNA in response to oxidation. As expected, oxidative
DNA damage was elevated parallel to the increase in intra-
cellular ROS (Figure 5B, middle panel). Interestingly, cells were
also positive for �H2AX (Figure 5B, right panel), which is a
widely used marker for DSBs, indicating that the complexes can
trigger breaks in the cellular environment.

COMET assay

To further evaluate the genomic damage exerted by complexes
2, 3, 8 and 9, a COMET assay was performed. A549 cells were
treated for 48 h with 6.25, 12.5 and 25 μm of the test
compounds, which lead to a dose-dependent increase in tail
formation (Figure 5C). The damage was most pronounced at
25 μm which was comparable to the positive control (EMS at
12.5 μm, Figure 5D, top panel). Therefore, all compounds
induced oxidative DNA stress, DSBs and genomic damage to

Figure 4. Thiazole orange (TO) displacements (%) for 1 μM (black=DS, dark
blue= (AT)6 and dark red= (GC)6) and 25 μM (grey=DS, light blue= (AT)6
and light red= (GC)6) with test compounds: Mitoxantrone (mit, positive
control) and compounds 2, 3, 8 and 9. Error bars represent the standard
deviation from triplicate repeats.

Figure 5. A. Top panel: Increase in the reactive oxygen species (ROS) upon treatment with 2, 3, 8,9 and cisplatin (25 μm, 48 h). Bottom panel: Representative
flow profiles - M1 indicates cell population without ROS (ROS� ) while M2 is cell population with ROS (ROS+). B. Microscopic visualization of DNA damage
exerted by 2, 3, 8, 9 and cisplatin. DNA was visualized through DAPI staining. 8-oxoG staining was used to determine oxidative DNA lesions, and �H2AX to
determine DSBs. C. Images of nuclei from the COMET assay, showing quantitative genomic damage. Representative images of nuclei following treatment with
2, 3, 8 and 9 . D. Quantification of tail formation from the COMET assay.
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considerable extends, possibly as a result of increased ROS
induced by our compounds.

DNA fragmentation and condensation

In order to determine whether our complexes induce pro-
grammed cell death pathways, A549 cells were exposed to
12.5–50 μm of complexes 2, 3, 8 and 9 for 72 h and genomic
DNA was collected. Indeed, each complex induced DNA ladder
formation in a dose dependent manner, indicative of DNA
fragmentation, which is a hallmark of apoptosis (Figure 6A). To
further evaluate this result morphologically, cells were visual-
ized under the microscope for presence of DNA shrinkage and
fragmentation, and once again there were several examples of
cells exhibiting these changes, supporting apoptosis as the
mode of cell death (Figure 6B).

Apoptosis

In order to more quantitatively analyze apoptosis, an Annexin-V
assay was used, which is a commonmethod to quantify the
number of cells undergoing apoptosis, where flow cytometry is
used to separate the cells depending on their uptake of certain
dyes. It has previously been reported that when using an
Annexin-V assay to assess apoptosis of VIV complexes in A549
and HeLa cell lines, ~2% early stage apoptosis and ~18% late
stage apoptosis was observed.[30] When compared to the
control, all complexes cause an increase in both early and late
apoptosis, however, complex 8 has the highest degree of late
apoptosis, which was ~4× greater than cisplatin and 2× greater
than recently published VIV complexes (Figure 7A).[30] All com-
plexes exhibit moderate early apoptosis, ranging from 23% (9)
to 29% (3), which are comparable with cisplatin (30%), see
Figure S31.
As the executioner Caspases (Caspase-3/7) play a role in the

cleaving of proteins, which leads to apoptotic breakdown, the
activity of Caspase-3/7 was determined after A549 cells were
exposed to 25 μm of complexes 2, 3, 8 and 9. Consistent with
previous results,[30] Caspase-3/7 activity was drastically elevated
in response to treatment with the complexes compared to the
mock treated controls (5.8%) (Figure 7B). Gratifyingly, while
cisplatin led to only a mild increase (~22%) in apoptosis,
complexes 2, 3 and 8 induced ~2–3× higher levels (68%, 58%
and 68% respectively) and a slight increase by 9 (10%), possibly
explaining the higher IC50 of these compounds (Figure S31). In
summary, our cumulative evidence suggested apoptosis as the
main form of cell death in response to complexes 2, 3, 8 and 9,
and their structure design warrants further investigation for the
treatment of lung carcinomas.

Figure 6. A. DNA fragmentation assay: A549 cells were exposed to indicated
doses of 2, 3, 8 and 9, and the genomic DNA was run on agarose gel. DNA
laddering occurred in a dose dependent manner. B. Changes in DNA
morphology: DNA shrinkage and fragmentation. Cells were exposed to 12.5
and 25 μm of 2, 3, 8 and 9 for 72 h and fixed. White arrows indicate DNA
shrinkage, yellow arrows indicate DNA fragmentation. Insets show enlarged
view of fragmented nuclei.

Figure 7. A. Flow cytometric analysis using Annexin-V staining with 7-AAD
incorporation; B. Flow cytometric analysis of the activated Caspase-3/7 and
simultaneous detection of dead cells by 7-AAD staining. In both cases, A549
cells were exposed to compounds 2, 3, 8 and 9 (25 μm) for 48 h. Percentages
of cells in quadrant are shown in the right panel for compound 8 only, and
given as non-apoptotic live (lower left), non-apoptotic dead (upper left),
early apoptotic (lower right), and late-apoptotic (upper right).
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Conclusion

We have reported herein, a study of the modes of action of bis
(β-diketonato) oxovanadium(IV) complexes (1–9). Cytotoxicity
studies were conducted against several cell lines, and highlight
the human lung carcinoma cell line, A549 was sensitive to these
compounds. Gel electrophoresis using plasmid DNA was
conducted, and the tested complexes exhibit significant
reductions in the supercoiled form and display DNA nicking
activity. However, these nicks do not suggest double stranded
DNA breaks (DSBs). The addition of NaN3 (single oxygen
scavenger), completely rescued and reversed all the effects after
incubation with our compounds and gives a strong indication
for the involvement of 1O2 radicals.
Förster resonance energy transfer (FRET) based melting

experiments show no significant changes in the DS DNA after
incubation with 25 μm (125 eq.) of these bis(β-diketonato)
oxovanadium(IV) complexes. Since the gel electrophoresis
results highlighted DNA interactions, the potential binding
affinities of the complexes to DS DNA were measured using a
fluorescence intercalator displacement (FID) assay. At 5 μm

complex concentrations (5 eq.), complex 9 shows the best
displacement of DS DNA (27%), whilst an increase to 25 μm

highlighted complex 2 with the best displacement (59%).
Studies were conducted to assess the complexes preferentially
binding to either AT- or GC-rich DNA, and complexes 3, 8 and 9
all show a preference for AT-rich regions of DNA.
A549 cells were incubated with complexes 2, 3, 8 and 9,

and the presence of 8-oxo-Guanidine was measured,showing
oxidative DNA damage was elevated parallel to the increase in
intracellular ROS. Interestingly, cells were also positive for
�H2AX, indicating that the complexes can trigger DNA breaks in
the cellular environment. These compounds were also shown to
exhibit dose-dependent increase in tail formation in genomic
DNA when using the COMET assay, showing increases in DS
DNA damage. This induction in oxidative DNA stress, DSBs and
genomic damage, is possibly as a result of increased ROS
induction. Finally, we have shown these compound have
induced DNA ladder formation in a dose dependent manner
and DNA shrinkage and fragmentation, which all support the
Annexin-V and Caspase-3/7 results, and highlight increased
early and late apoptosis and elevation of Caspase-3/7; which
are all suggestive that apoptosis is the main form of cell death
in A549 cells treated with these bis(β-diketonato) oxovanadium
(IV) complexes.

Experimental Section
General: All ligands and complexes were synthesized under aerobic
conditions. All chemicals were supplied by Sigma-Aldrich Chemical
Co. Deuterated NMR solvents were purchased from Sigma-Aldrich
Chemical Co. or Acros Organics. All ligands and complexes were
prepared using a previously reported literature methods.[32]

Cyclic Voltammetry: Cyclic voltammetric measurements were
carried out using Autolab PGStat 30 potentiostat/galvanostat. A
single-compartment or a conventional three-electrode cell was
used with a silver/silver chloride reference electrode (3 m NaCl,

saturated AgCl), glassy carbon working electrode and Pt wire
auxiliary electrode. Dimethylsulfoxide, DMSO or dimeth-
ylformamide, DMF was stored and used over molecular sieves,
whilst acetonitrile (MeCN) was freshly distilled from CaH2. Tetrabu-
tylammonium hexafluorophosphate [N(C4H9-n)4][PF6] was used as
the supporting electrolyte. Solutions containing ca. 10 mm analyte
(0.1 m electrolyte) were degassed by purging with argon, and
spectra were collected with a constant flow of argon. All spectra
were referenced to ferrocene/ferrocenium.

Cell Culture: A549 (ATCC, CCL-185), MIA PaCa-2 (ATCC, CRL-1420),
and RPE-1 cells (ATCC, CRL-4000)) were all grown in Dulbecco’s
Modified Eagle Medium F-12 (Gibco #11320033) containing 10%
FBS (Gibco, 10500064) and Penicillin-Streptomycin (10,000 U/mL)
(Gibco, 15140122) in a 37 °C, 5% CO2 incubator.

Cell viability: Stock solutions of all complexes were prepared in
DMSO (10 mm) and aliquots were stored at � 20 °C. 8×103 (MIA
PaCa-2), 4×103 (A549) and 2×103 (RPE-1) cells were seeded on 96-
well plates and incubated with serial dilutions of the complexes
(freshly prepared, 0–100 μm) for 72 and 96 h (or 24 and 48 h, see
Supplementary Information). Cell viability was measured via MTT
assay. Briefly, 20 μL of MTT reagent (Sigma Aldrich, M-5655) was
added on the cells (5 μg/mL, at 37 °C). After 4 h, formazan crystals
were solubilized in 10% SDS, 0.01 m HCl (50 μL, overnight at 37 °C),
and color formation was detected with Bio-Tek H1 Synergy micro-
plate reader.

Agarose gel electrophoresis for complex/DNA interactions: The
complex-DNA interactions were evaluated in vitro as described
previously with minor changes.[40] Briefly, plasmid DNA (200 ng,
pBOS-H2BGFP, BD Biosciences) was incubated with 2, 3, 8, 9 or
cisplatin for 24 h (50–400 μm, in a total reaction volume of 20 μL,
(RT). NaN3 (37.5 mm in ddH2O, final concentration) was used for
ROS scavenging activity. Plasmid DNA was linearized via digestion
with BamHI (Thermo Scientific, ER0051), and samples were run on
1% agarose gel (100 V, 60 min). The experiment was performed
with two biological repeats.

�H2AX and 8-oxoG staining: A549 cells were treated with 25 μm of
2, 3, 8, 9 and cisplatin for 24 h and fixed in freshly prepared 4%
paraformaldehyde (15 min at room temperature (RT)), permeabi-
lized in 0.1% Triton X-100/PBS (1 h, RT), blocked in 0.2% gelatin
(1 h, RT) and stained with �H2AX (Cell Signaling, #9718S, 1 : 400) or
8-oxo-Guanine (EMD Millipore, MAB3560, 1 :100) antibodies over-
night at 4 °C. Next day, cells were stained with Goat Anti-Rabbit IgG
H&L (Alexa Fluor® 488) (ab150077) and Goat Anti-Mouse IgG H&L
(Alexa Fluor® 594) secondary antibodies for 1 h, at RT. The cover
slips were mounted on slides with VECTASHIELD Antifade Mounting
Medium with DAPI (Vector Laboratories, H-1200) and imaged with
Zeiss Axio Imaging M1 fluorescence microscopy under 40x
magnification.

Detection of Reactive Oxygen Species: 2×105 A549 cells were
seeded onto 6-well plates and treated with 25 μm of 2, 3, 8 and 9
for 48 h. Cells were trypsinized and centrifuged (300 g, 5 min). The
pellet was resuspended with 1×Assay Buffer (MCH100111-2).
Oxidative Stress Reagent (4700-1665) was diluted with 1×Assay
Buffer in a 1 :100 ratio to prepare intermediate solution. This
solution was further diluted with 1×Assay Buffer in 1 :80 ratio to
prepare a working solution. 50 μL cell suspension was mixed with
150 μL working solution and incubated at 37 °C for 30 min. ROS
activated cells were counted with Muse Cell Analyzer (Merck
Millipore).

COMET assay: Genotoxicity of the complexes was evaluated using
previously published protocols[41] with slight modifications. Briefly,
4×104 A549 cells were seeded on 24-well plates and incubated for
24 h (37 °C, 5% CO2). Serial dilutions of 2, 3, 8, or 9 (freshly prepared
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at 6.25, 12.5, and 25 μm concentrations) were added on the cells
and incubated for 48 h. DMSO (Sigma, D2650) was used as negative
control, while ‘Ethyl methanesulfonate’ (EMS – Merck-Millipore
#8.20774) served as positive control (40 mm, 1 h) under the same
experimental conditions. At the end of incubation, cells were
counted using a haemocytometer, and the resuspended in PBS to a
final concentration of 1.6×104 cells/mL. Cells were then mixed with
low melting agarose, spread over the slides, and subjected to lysis
buffer (at dark, +4 °C, 24 h). The slides were washed with an
alkaline carrier buffer (pH�13, 20 min), electrophoresed (13 V,
0.03 mA, 25 min), and stained with propidium iodide (10 μg/mL,
#P4864 Sigma-Aldrich, 20 min). They were visualized by a
fluorescence microscope (535 nm/617 nm wavelength, 40X magni-
fication) and quantified using ImageJ software. All experiments
were done in two biological repeats, and 50 individual cells/
experiment were quantified.

Annexin-V staining and determination of Caspase-3/7 activity: 2×
105 A549 cells were seeded onto 6-well plates and treated with
25 μm of 2, 3, 8 and 9 for 48 h. Cells were washed in PBS,
trypsinized and analyzed using Muse Cell analyzer (Millipore).
Annexin V/Dead Cell (Luminex, MCH100105) and Caspase-3/7
(Luminex, MCH100108) staining were performed using following
manufacturer’s instructions with the changes as previous
reported.[29]

DNA Fragmentation assay: A modified protocol[40] was used for DNA
fragmentation assay. Briefly, 2.5×105 cells were seeded onto 25 cm3

flasks and treated with 2, 3, 8, 9 at indicated doses for 72 h. Both
floating and attached cells were collected and combined. The cells
were washed with PBS and centrifuged (1000 g, 5 min, RT). The
pellet was dissolved in 120 μL of lysis buffer [10 mmol/L Tris
(pH 7.4), 100 nmol/L NaCl, 25 mmol/L EDTA, 1% N-lauryl sarcosine,
and proteinase K (final concentration: 0.35 mg/mL)] by gently
vortexing, and was incubated at 45 °C for 2 h. The lysates were
further incubated for 1 h at RT following addition of 2 μL of RNAse
A (10 mg/mL). The samples were resolved on 2% agarose gels
(stained with Ethidium Bromide, 60 V, 5 h) and analyzed using a
Bio-Rad Gel Imaging System.

Oligonucleotides: Oligonucleotides were purchased from Euro-
gentec and purified using reverse phase HPLC. The dry DNA was
dissolved in ultrapure (100 μm for labelled oligos, 1 mm for
unlabelled oligos) final concentrations were determined using a
NanoDrop; further dilutions were carried out in 10 mm sodium
cacodylate supplemented with 100 mm potassium chloride, pH 7.4.
Samples were thermally annealed in a heat block at 95 °C for 5 min
and cooled slowly to RT overnight.

FRET Based DNA Melting Experiments: Assessment of the ligand-
induced change in melting temperature was performed using a
fluorescence resonance energy transfer (FRET) DNA melting based
assay.[34] The labelled oligonucleotide with a donor fluorophore
FAM (6-carboxyfluorescein) and acceptor fluorophore TAMRA (6-
carboxytetramethyl-rhodamine). DSFRET FAM-d(TAT-AGC-TAT-A-HEG
(18)-TAT-AGC-TAT-A)-TAMRA-3’). Strip-tubes (QIAgen) were pre-
pared by combining 20 μL of 0.2 μm DNA with the respective
complex. Control samples for each run were prepared with the
same quantity of solvent with the DNA in buffer. Fluorescence
melting curves were determined in a QIAgen Rotor-Gene Q-series
PCR machine, using a total volume of 20 μL. Samples were held at
25 °C for 5 min then ramped to 95 °C, at increments of 1 °C, holding
the temperature at each step for 1 min. Measurements were made
with excitation at 470 nm and detection at 510 nm. Final analysis of
the data was carried out using QIAgen Rotor-Gene Q-series
software and Origin or Excel. Tm values were determined using the
first derivative of the melting curves.

Fluorescence Intercalator Displacement (FID): The FID assay was
performed on a BMG CLARIOstar plate reader using an excitation of
430 nm and emission was measured from 450 to 650 nm with the
emission at 450 nm being normalised to 0%. 96-well plates
(Corning 96 well solid black flat bottom plates) were used for this
assay. 90 μL of thiazole orange (TO) at a concentration of 2 μL in
10 mm sodium cacodylate and 100 mm potassium chloride that
was pH corrected to pH 7.4) was added to each well. The
fluorescence was then measured at 450 nm with an excitation of
430 nm and normalised to 0%. 1 μm of DNA was added, shaken at
700 rpm in the plate reader for 30 s and left to equilibrate for
20 min. After equilibration the fluorescence was measured again
and normalised to 100%. After that, additions in to each well (in
triplicate) the complexes were added at the stated concentrations.
The fluorescence was measured after each addition and normalised
between the 0 and 100% levels previously determined. The
percentage displacement of TO value (DTO) was calculated from the
displacement of TO after the addition of complex. DS=5’-d[GGC-
ATA-GTG-CGT-GGG-CGT-TAG-C]-3’+complementary sequence.
(AT)6=5’-d[ATATATATATAT]-3’. (GC)6=5’-d[GCGCGCGCGCGC]-3’
The sequences (AT)6 and (GC)6 are self-complementary so were
annealed at 2 μm to give 1 μm of duplex overall.
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