
Targeting receptors and DNA secondary 

structures with small molecules and 

calix[4]arene conjugates 

 

By  

Qiran Sheng 

A doctoral thesis submitted in accordance with the requirements of the 

degree of Doctoral of Philosophy (PhD) from the University of East 

Anglia 

School of Pharmacy 

December 2016 

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

understood to recognize 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.



 

I 

 

 

 

 

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 is given, this work is original and has been 

carried out by the author alone. 

 

 

Qiran Sheng 

 



 

II 

 

 

 

 

To 

 My Grandma Gu Zhongxiu 

(1926.8.11-2013.9.13) 

 

 



Acknowledgement 

III 

 

Acknowledgement 

Firstly, I would like to thank my first doctoral supervisor Dr. Zo± A. E. Waller and Dr 

Susan E. Matthews for their endless support in my research throughout my PhD, 

especially in my hardest time during the four years. Literally, I feel I am so lucky to 

have these two excellent personal investigators as my supervisors. In the past four years, 

they gave me all their patience, encouragement and academic advices in teaching me to 

be a qualified researcher.  

I would like to thank to the other members in the Chemistry and Pharmacy School. Prof 

Ganesan and Dr Lesley Howell for their advice on my solid phase peptide synthesis; Dr 

Marco Cominetti and Dr Andrew Beekman for their support on the analytical and 

preparative-HPLC. Dr Myles Cheesman for the use of circular dichoism. Dr Peter 

McCormick and Quim for the use of plate reader; Colin Macdonald for the help with 

the NMR. I would also like to thank my collaborator at the John Innes Centre, Dr Clare 

Stevenson, in the surface plasmon resonance in Chapter 2. 

I would like to thank to Waller group members for the past few years. Dr Henry A Day 

helped me a lot at the beginning of my PhD, teaching me about the chemical synthesis 

as well as other biophysical techniques; Dr Elise P Wright for her encouragement and 

support over the past two years. I would like to thank Tasnim Mahmoud and Joe 

Neavearson for their excellent work in Chapter 2. Rouven Becker for his help in 

preparing the Nile Red precursor in Chapter 3. Also I will never forget Mahmoud 

Abdelhamid, Phil Spence and Phil Gillespie for their support and company in the group. 

Thank you for appreciating my inappropriate jokes.  

I would also like to thank to the members in Ganesanôs group for sharing the desk room, 

CAP 1.01, with me for the past years. These people includes Dr Hanae Benelkebir, Dr 

Ke Liu, Dr Maria Teresa Bollero, Dr James Buttress, Dr Francesca Kinsey, Remy 

Narozny, Carys Thomas and Adam. And other members in the School of Pharmacy also 



Acknowledgement 

IV 

 

helped me a lot for the past few years. These people includes Oliver Cartwight, Emma 

Gould, Dr Ryan Tinson, Hui Hui, Noelia, Grace Walden, Vera, Sara and Xin Liao.  

Additionally, I would like to thank Elise, Zoe, Mahmoud, Sue and Lavinia for proof-

reading my thesis. All your comments and advices were very useful. 

In the end, I am grateful to my parents for their support and encouragement during the 

past four years.  



Abstract 

V 

 

Abstract 

This body of research is focused on developing calixarene conjugates targeting i-motif 

structures and integrin receptors. In Chapter 1, a general background of DNA secondary 

structures and i-motifs was described, mainly focused on the biological relevance, the 

experimental techniques and known interacting ligands in i-motif studies. 

In Chapter 2, a high-throughput i-motif ligand screen method was established, based on 

fluorescent intercalator displacement. Thiazole orange was used as the fluorescent 

intercalator in the screen against human telomeric i-motif. Its binding was studied using 

several spectroscopic techniques. A compound library was used to evaluate the newly 

developed high-throughput screen method using a plate reader and tobramycin was 

found as the most valuable hit compound in this screen.  

In Chapter 3, a family of water soluble, DNA-targeting calixarene conjugates were 

synthesis and characterised. They were functionalised with and DNA-binding moiety 

on the lower rim. It was found that two of the calixarene conjugates, 28 and 54, were 

able to condense G-quadruplex and i-motif forming sequences from human telomere 

and c-MYC promoter. The calixarene induced condensation was stable under acidic pH, 

but behave reversible by heating at neutral pH. 

Chapter 4 discussed the possibility to develop a calixarene based tumour recognising 

ligand. In order to achieve tumour targeting, a novel cyclic RGD peptide bearing alkyne 

was made and tested in the óclickô reaction. Later on, a route to conjugate the novel 

cyclic RGD peptide with a calixarene tethered with a fluorescent tag was established. It 

was found that a linker between calixarene and peptide moiety or the copper (I) catalyst 

was crucial in making this calixarene-peptide conjugate.  

Chapter 5 described the experimental procedures used in Chapter 2, 3 and 4. 

Chapter 6 summarised the key findings in Chapter 2, 3 and 4, as well as proposing the 

future work for all three chapters.  
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1.1  Oligonucleotides and DNA secondary structures 

Parents pass their heritable genetic information to their offspring through DNA. 

This biopolymer, along with its ribonucleic acid analogue is crucial to all living 

cellular organisms. They distinguish life from other chemical or physical processes. 

On a cellular level, they serve as a óguide bookô to cells for the synthesis of proteins, 

orchestrating the process of cell cycle and reproduction.1 In 1869, Friedrich 

Miescher first discovered and isolated a mysterious phosphorous-rich material, 

later called nuclein, from the nuclei of white blood cells; this marked the beginning 

of oligonucleotide chemistry.2, 
3 In the late 1940s, structures of basic monomer 

nucleosides and their corresponding nucleobases in DNA & RNA (adenine, guanine, 

thymine, uracil and cytosine) were discovered.1 In the year 1953, two Cambridge 

scientists, Francis Crick and James D. Waston, presented a milestone paper 

proposing the secondary structure of B-form DNA based on Rosalind Franklinôs X-

ray diffraction images.4 This model showed two complementary DNA strands 

parallel paired via classical óWatson-Crickô hydrogen bonding (adenine to thymine 

and cytosine to guanine, Figure 1.1 a) resulting in the iconic right-handed B-form 

DNA ódouble helixô (Figure 1.1 b). 5 

 

Figure 1.1  a) Watson & Crick base paring (Adenine to Thymine & Guanine 

 to Cytosine) and b) The structure of B-DNA (X- ray diffraction, 

 PDB ID: 1BNA 6) 
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However, the subsequent 60 years of research has revealed that the conventional 

duplex is not the only form of DNA structure. Depending on the sequences, non-

Watson Crick base pairing, surrounding conditions and other factors, non-B DNA 

secondary structures are also possible as well.7 Known DNA secondary structures 

include B-, A-and Z-form duplex, triplex, G-quadruplexes, i-motif, A-motif, 

cruciform and Holliday junctions (Figure 1.2).  

 

Figure 1.2  Examples of some alternative DNA secondary structures 

During DNA transcription, recombination and replication, several alternative DNA 

secondary structures have been discovered with specific biological functions.7 

Evidence has also shown that genomic instability induced by non-canonical DNA 

structure formation not only contributes to the predisposition to disease,8,9 but to 

rapid evolutionary changes.10 Since scientists are interested in their molecular 

mechanisms in cells, non-canonical DNA secondary structures have been 

extensively studied. Moreover, scientists have found that these non-canonical DNA 

structures are ideal materials for applications in bio-related nanotechnology or drug 
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vectors due to their safety and robustness in physiological conditions.11, 12 Thus the 

study of DNA secondary structures has become a popular branch of chemical 

biology, driving more and more researchers and resources into this field. 

1.2  G-quadruplexes 

G-quadruplexes are a family of well-characterized oligonucleotide secondary 

structures which have been intensively investigated over the past twenty five 

years.13 G-quadruplexes arise from guanine-rich nucleic acid sequences, in both 

DNA and RNĂand have a 3D structure composed of at least two or three planar 

arrangements called G-tetrads. The first published example of a G-tetrad had 4 

guanine bases joined via eight Hoogsteen hydrogen bonds in a clockwise or anti-

clockwise orientation (N1-H to N7 & N2-H to O6 atoms, Figure 1.3 a).14 Two or 

more tandem layers of G-tetrads can be assembled as a G-quadruplex structure 

stabilised by monovalent cations (Figure 1.3 b & c).13 Thus the strong negative-

charged electrostatics at the centre of the G-tetrad created by the lone pair of O6 

atoms of each guanine is partially neutralized, further enhancing the rigidity of the 

structure. As a result, G-quadruplexes formed from some sequences possess higher 

stability when compared to their conventional Watson-Crick double helical 

counterparts under physiological conditions.
13  
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Figure 1.3  a) Planar G-tetrad held together by Hoogsteen hydrogen bonds. 

 b) A top view of human telomeric G-quadruplex stabilised by K+ 

 (X-ray diffraction, PDB ID: 3T5E). c) A side view of human 

 telomeric G-quadruplex stabilised by K+ (X-ray diffraction, PDB 

 ID: 3T5E 15). 

How relevant are G-quadruplexes to living organisms? Although G-quadruplexes 

were first shown in the 1960s,14 they did not receive a lot attention until the 1990s 

after some G-quadruplexes were discovered in living prokaryotic organisms.13 In 

the context of the human genome, over 360,000 estimated G-quadruplex forming 

sequences have been discovered in silico,16 and some of them are located at critical 

regions of the genome. G-quadruplexes have been found not only to exist in human 

cells,17,18 but also participate in key biological processes, including telomere 

maintenance, transcription and replication.19-23 In 2016, with the help of high-

throughput DNA sequencing methodology and a G-quadruplex targeting antibody, 

about 10,560 G-quadruplex structures were found in human chromatin, mostly in 

regulatory, nucleosome-depleted regions.24 When considering gene promoter 

regions, G-quadruplex interacting ligands have been shown to interfere with 



Chapter 1 General Introduction 

6 

 

transcription of the respective gene.25,26 These reports all indicate undiscovered 

transcriptional functions of G-quadruplexes in living organisms. Thus G-

quadruplexes can be utilised as a potential druggable target for cancer diagnosis 

and intervention. Apart from anti-cancer therapeutics, G-quadruplexes have also 

been found in other gene sequences associated with viral infections such as human 

papilloma virus, HIV and even diabetes.27-29 

1.3  i-Motifs 

G-quadruplexes arise from guanine-rich sequences, however, in the context of the 

human genome, what will happen to the complementary cytosine-rich sequences? 

These sequences may form a secondary structure called the intercalated motif, or i-

motif. i-Motifs are quite different from G-quadruplexes, especially in terms of their 

structural arrangement as they are the only known nucleic acid secondary structure 

held together by systematic base intercalation. Two parallel-stranded 

hemiprotonated CſC+ base pairs intercalate and lock themselves in an antiparallel 

manner with the help of Hoogsteen hydrogen bonds, forming a compact structure 

stable under slightly acidic conditions (Figure 1.4 a).30 It was not until 1993 that i-

motif structures were first resolved by Gehring et al. in studying an four stranded 

d(TCCCC) oligomer structure which possess the intercalated base-pairing. 31,32 As 

shown in Figure 1.4 b, i-motifs possess two major and two minor grooves, the 

distance between two paired cytosines is usually only a few ¡.33  
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Figure 1.4  a) CſC+ base pairing b) A side view of dimeric i-motif structure 

 from centromeric alpha-satellite DNA (solution NMR, PDB ID: 

 2MRZ 34) 

For i-motifs, the slightly acidic conditions which favour folding have paved their 

way to be employed extensively as pH-sensitive switches in various DNA 

nanotechnologies35-38 but this has also provoked scepticism in their potential to play 

physiological roles in cells. However, this is changing, i-motif forming sequences 

that can fold at near neutral pH conditions have been found.39 Accumulating 

evidence in recent years has indicated that the i-motif may exist in the cell as well.40 

Thus, the potential biological roles of i-motifs are beginning to attract peopleôs 

attention. 

1.3.1 Polymorphism and stability of i-motifs 

Like the G-quadruplex, the i-motif can also form intermolecular species such as 

dimers and tetramers where multiple strands are involved in the structure. The first 

known i-motif structure was a tetramer (Figure 1.5a). In 1994, Gehring, Leroy and 

Guron resolved the first tetramer i-motif structure arising from four d(TC5)-strands 

via NMR and gel filtration chromatography.30 As shown in Figure 1.5 b, when two 

cytosine-rich hairpins are intercalated, a dimer i-motif is formed. This case was 

seen with a cytosine-rich dodeca satellite strand in an endogenous Drosophila 
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centromere (Figure 1.4 a).34 Other putative biologically relevant cytosine-rich 

sequences exist in other biologically relevant regions, such as in the human 

telomeric repeat region and sequences within the promoter regions of HIF-1Ŭ,39 c-

MYC,41 and Bcl-2.42 These are able to form intramolecular i-motif structures via 

folding a single strand with four cytosine stretches back upon itself (Figure 1.5 c).40  

Figure 1.5  Schematic of different types of i-motif a) Tetramer b) Dimer c)  

    Intramolecular  

Originally it was suggested that intramolecular i-motifs can be categorized into two 

classes based on their loop size. Smaller loop-sized (2 to 4 nucleobases on the loops) 

were denoted óClass Iô and larger loop-sized (over 4 nucleobases on the loops) i- 

classified as óClass IIô.43 Initially, it was considered that óClass IIô i-motifs were 

more stable than their óClass Iô counterparts, since they had a higher chance to gain 

extra stability via interactions between bases in the loops.43 However, recent years 

have given rise to a debate on whether stability is in fact related to loop length.44,45 

For example, in the case of the human telomeric repeat region, bases in the loop 

(TAA) not only form extra A-T base paring, but they stack back on the i-motifôs 

main cytosine core as well however these are classified as óClass Iô i-motifs. This, 

coupled with the debate in the literature, suggests the classification of i-motif 

structures based on the loops was premature.  

In addition to loop length, other factors, such as the number of cytosine bases, the 

presence of cations, buffer conditions, and functionalites conjugated to 
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oligonucleotides, can influence the stability of i-motifs.40 More CſC+ base pairs 

present in i-motifs provide more hydrogen bonding, thus enhancing the stability of 

i-motif structures.40 In terms of cations, it is clearly shown that presence of Li+ 

destabilises human telomeric i-motif.46 The size of Li+ is believed to be the reason. 

Lithium cations possess a radius around 0.7 ¡, which facilitate themselves fitting 

into the pockets in CſC+ base paring,46 but Li+ does not have the ability to mimic 

the quantum mechanical effects of a proton on the hydrogen bonding. So the 

original packed i-motif structure is disrupted. Previous studies in the Waller group 

have shown that Ag+ is able to fold the human telomeric i-motif forming sequence 

into an i-motif even at pH 7.4, and that this Ag+ induced i-motif formation is 

reversible with the addition of cysteine, a chelating agent for silver cations.47 The 

mechanism of this interaction is believed to be an insertion of Ag+ into the CſC+ 

base pair where it mediates the mismatch in hydrogen-bonding.48 Another study 

centred around cations showed recently that Cu2+ is able to convert human 

telomeric i-motif into a hairpin structure, even in acidic conditions.49  

Unlike G-quadruplexes, where RNA analogues are always more stable than the 

same sequence in DNA, intramolecular i-motifs formed using RNA sequences are 

not as stable.50 This is due to the 2ᾳ-OH group on the ribose which sits in the narrow 

groove of the i-motif, resulting in structural expansion and destabilisation. However, 

some examples of DNA/RNA hybridised oligonucleotides are able to form i-motifs, 

but their structural rigidity is not comparable with intramolecular i-motifs formed 

purely by DNA.32,51  

1.3.2 Biological relevance of i-motifs 

The existence of G-quadruplexes and i-motifs in vivo has been constantly 

questioned ever since their discovery. As estimated from in silico experiments,52 

43% of gene promoters and 69% of oncogene promoters contain guanine/cytosine-

rich sequences, capable of forming DNA secondary structures including promoters 
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of genes involved in cell proliferation, including c-MYC,41,53,54 PDGF-A,39,43 

pRb,55 Bcl-2,42,56-58 K-ras43,59 and VEGF.40,52 In 2013, Balasubramanian and co-

workers published the first report of imaging G-quadruplex structures in cells via 

immunofluorescence technology.17  

In contrast, so far there is no direct evidence showing the existence of i-motif in 

cells. Nevertheless, there is data that supports the existence of i-motifs in biology. 

Negative supercoiling is a phenomenon introduced by unwinding the DNA double 

helix during transcription. This phenomenon creates negative superhelical stress on 

double-stranded DNA which is believed to be relieved by formation of i-motif and 

G-quadruplex structures.60 Hurleyôs group investigated the effect of negative 

superhelicity via incorporating the G/C-rich sequences from c-MYC promoter, 

which can form i-motif and G-quadruplex, into a supercoiled plasmid. When the 

plasmid is transcribed, artificial negative superhelicity is created. The result 

indicated that c-MYC i-motif forms under neutral pH, alongside G-quadruplex 

formation.60 Apart from negative supercoiling, molecular crowding conditions are 

another supporting factor for the formation of i-motif under physiological 

conditions.61 By simulating intracellular conditions utilising high molecular weight 

polyethylene glycol polymers, such as 20% PEG as a cosolute, it was shown that 

the formation of G-quadruplexes and i-motif was more favoured over duplex or 

single stranded DNA.62,63 Under these conditions, modestly stable i-motif 

structures (Tm å 20Ņ) were observed even at neutral pH as a result of the increased 

pKa of the CſC
+ base pairs.64   

Telomeres  

The telomere regions of chromosomes are one of the most intensively studied 

regions in the human genome, featuring several hundreds to thousands of tandem 

repeat sequences at each end of a eukaryotic chromatid.65 Telomeres are utilised by 

eukaryotes in maintaining genome integrity and avoiding loss of genetic 
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information. A telomere consists of 3 to 15 kilobases of tandem 5ᾳ-d(TTAGGG)n-

3ᾳ-repeats (or 5ᾳ-d(AATCCC)n-3ᾳ on the cytosine-rich sequences), with a 20- to 150-

base-long single-stranded 3ᾳ-overhang at the terminus, and associated capping 

proteins.66 Telomeres are truncated as cells divide to a senescent stage when 

apoptosis is triggered following shortening of telomeric repeats, serving as an 

indicator of cell age.  

Telomeric repeats can be replenished via telomerase, an enzyme found only in stem 

cells, activated lymphocytes and cancer cells.67 Telomerase immortalises cells and 

it has been found that about 85% of cancer cells over-express this critical 

enzyme.68,69 Thus, reducing the length or otherwise interfering with the synthesis 

of the telomeric repeats can promote cell apoptosis, with potential applications as 

an anti-cancer intervention. It has already been shown that G-quadruplex 

interacting compounds inhibit telomerase activity with a high efficacy.70,71 

Stabilising the i-motif forming sequence in the human telomere using carboxyl-

modified single-walled carbon nanotubes (SWNTs) has been shown to inhibit 

telomerase, followed by telomere uncapping and cell apoptosis.72 Proteins that bind 

the telomeric i-motif forming sequences have also been found,73,74 but whether they 

bind i-motif structure specifically or just single-stranded DNA is a question that 

needs further exploration.  

Oncogenic Promoters  

In addition to the telomeres, non-canonical DNA structures are prevalent in 

oncogene promoter regions. Several oncogenes whci contain i-motif forming 

sequences have been studied, including c-MYC,75,76 Bcl-2,42,56 VEGF77 and c-

kit.78,79  

!ōƻǳǘ 90% of c-MYC transcription is controlled by a highly conserved sequence in 

the P1 promoter called nuclease hypersensitive element (NHE) III1. This consists 

of a 27 base-pair sequence which is able to form both G-quadruplex and i-motif.75,76 
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In in vitro experiments, c-MYC i-motif possesses a transitional pH of 6.6 43 (pHT; 

a pH value where 50% of the DNA population is folded into an i-motif structure), 

which is relatively close to neutral conditions, It adopts a 5:5:5 loop topology with 

8 hemi-protonated base pairs.76 However, as mentioned in Section 1.2, with the 

help of artificially induced negative supercoiling to mimic conditions within a 

cellular context, Laurence Hurleyôs group showed that c-MYC promoter is able to 

form a different i-motif structure at neutral pH with a 6:2:6 loop topology.53,60 Later 

studies identified two proteins that bind to the C-rich single strand of c-MYC NHE 

III1, named heterogeneous ribonucleoprotein K(hnRNP K) and human 

nonmetastatic 23 isoform 2(NM23-H2).53 

GC-rich sequences can also be found close to the Bcl-2 P1 promoter, the C-rich 

sequence is able to form an i-motif structure with a high transitional pH (pHT 6.6).
42 

The Bcl-2 i-motif adopts a óClass IIô loop topology (8:5:7) with a highly dynamic 

equilibrium towards a hairpin structure.42,56 Hurleyôs group found two specific 

ligands, NSC 1398948 and NSC 59276 (Figure 1.6), that are able to interact with 

this i-motif forming sequence.56 NSC 1398948 binds the i-motif structure while 

NSC 59276 binds a hairpin structure which exists in equilibrium with the i-motif. 

Further experiments showed that the Bcl-2 mRNA expression level was up-

regulated by the stabilization of i-motif structure and down-regulated by converting 

the i-motif structure into a hairpin.56 This is direct evidence that, like G-

quadruplexes, ligands that target the i-motif may also have the ability to regulate 

gene expression.  

 

Figure 1.6  Ligands interacting with the i-motif forming sequence from Bcl-2 

    promoter 
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A follow-up study carried out by Hurleyôs group found the protein responsible for 

converting Bcl-2 i-motif into its hairpin form, hnRNP LL, an analogue of hnRNP 

K that binds to c-MYC G-quadruplexes (Section 1.2).57 The dissociation constant 

of hnRNP LL towards Bcl-2 i-motif was determined at pH 6.5 via surface plasmon 

resonance.The Kd for i-motif was found to be 19.4 pM whilst the Kd for the single 

stranded DNA was 69.8 pM.57 Futher studies showed that the RRM1 and RRM2 

domains of hnRNP LL contribute to the binding and unfolding of i-motif.58 As a 

result, the current working hypothesis is that transcription will increase as the 

consequence of i-motif unfolding.57 

1.3.3 Methods for characterising i-motif structures 

A wide range of biophysical methods are employed to characterise and investigate 

non-canonical secondary DNA structure. The examples presented below are 

commonly used for i-motif research.  

Fºrster resonance energy transfer (FRET) DNA-melting 

A FRET DNA-melting assay is a routine primary screen to study the structure and 

the effects of ligands on the stability of G-quadruplexes and i-motifs.80 The 

experiment is carried out with artificially-synthesised nucleic acids tagged with two 

fluorescent substituents on either end of the oligonucleotide. For example, 6-

carboxyfluorescein (6-FAM or FAM) can be conjugated to the 5ᾳ- end and 6-

carboxytetramethyl-rhodamine (6-TAMRA or TAMRA) to the 3ᾳ- end (Figure 

1.7).81 
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Figure 1.7  Chemical Structure of FAM & TAMRA 

In this case the FAM fluorophore behaves as a donor while TAMRA serves as an 

acceptor (quencher). When the DNA is unfolded, there is no interaction between 

FAM and TAMRA due to a large distance between them. Exciting the FAM group 

at 495 nm gives rise to an emission from FAM at 517 nm. Once the DNA structure 

is folded, FAM can be designed to be proximal to the TAMRA group. In this case, 

exciting FAM at 495 nm results in the emission of FAM at 517 nm being quenched 

and replaced by the emission of TAMRA at 580 nm, known as the FRET 

phenomenon.80 During the process, the energy received by the donor is transferred 

to TAMRA via a non-radiative dipole-dipole interaction if the distance between the 

donor and acceptor is within the range of 15 to 60 ¡. The FRET efficiency (EFRET) 

can be described mathematically as the distance between the two fluorophores 

(Equation 1.1) or the change in fluorescence of the donor (Equation 1.2).82 

Equation 1.1:     Ὁ  

Equation 1.2:     Ὁ ρ  

Where EFRET is the FRET efficiency, R is the distance between FAM and TAMRA, 

R0 is the Fºrster distance, where the energy transfer between fluorophores is 50%, 

FId is the fluorescence of FAM in the presence of TAMRA, FId
0
 is the fluorescence 

of FAM in the absence of TAMRA. 
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By selectively filtering and measuring the emission intensity of FAM at 517 nm, an 

indication of how much of the DNA population is folded or unfolded can be 

determined by the changes in fluorescence (Figure 1.8).  

 

Figure 1.8  A diagram illustrating how Fºrster resonance energy transfer can 

 monitor folding of DNA 

Disassociation of oligonucleotides can be achieved by changing their environment 

or temperature. Thus, thermal stability of a particular oligonucleotide structure can 

be assessed by measuring and comparing the melting point (Tm) of DNA, the 

temperature at which 50% of the secondary structure population has unfolded into 

single strands.80 Additionally, FRET can also be applied at a static temperature to 

investigate the folding or unfolding patterns of i-motif on changing the conditions 

or adding a ligand. 

UV-Vis Spectroscopy 

Oligonucleotides contain purine and pyrimidine bases. Both of which absorb light 

around 260 nm as a characteristic property of their aromaticity. However, this 

property is altered when oligonucleotides are folded due to -́́  stacking interactions 

between nucleobases. This phenomenon can also be employed to identify and 



Chapter 1 General Introduction 

16 

 

investigate DNA conformational changes.39,83 In the study of i-motifs, UV-

absorption is normally recorded from 220 to 330 nm.76 When i-motif forming 

sequences become folded into an i-motif, this results in an increase in absorbance 

at 240 nm and a decrease in absorbance at 295 nm.83,84 Just like FRET, UV-Vis 

spectroscopy can also be used to investigate thermal stability or folding patterns of 

oligonucleotides. However, results from UV-Vis spectroscopy may be complicated 

by ligand absorptions which commonly occur in the same region as DNA. 39  

Circular Dichroism (CD) 

Circular dichroism is a low-resolution but highly-sensitive experimental technique 

using circularly polarised electromagnetic rays to detect macro-biological 

molecules such as peptides and nucleotides. Oligonucleotides are chiral 

macromolecules that possess different glycosidic bond angles. These glycosidic 

torsion angles absorb right- and left-handed polarized light differently, which can 

be measured and quantified empirically as ellipticity.85,86 

For an intramolecular i-motif, the characteristic CD spectrum gives a large positive 

peak at 288 nm and a strong negative peak at 255 nm. In contrast, a CD spectrum 

for a single-stranded DNA molecule has a weaker positive peak at 275 nm and a 

negative peak at 250 nm.87 CD can be employed as a diagnostic and dynamic 

method to monitor the conformational changes induced by altered environment or 

ligand interactions.  

Nuclear Magnetic Resonance (NMR) spectroscopy 

NMR spectroscopy is a high-resolution experimental technique for the study of 

oligonucleotide secondary structure, providing detailed dynamic information, 

stability, atomic resolution structures and intermolecular interactions in vitro.88 In 

a CſC+ base pair, the imino proton gives a resonance between 15 to 16 ppm and 

the two amino protons give resonances from 8 to 10.5 ppm, which can be 



Chapter 1 General Introduction 

17 

 

considered the characteristic signals for i-motif structures.89 In a Hoogsteen base 

pairing, the characteristic peak assigned as imino proton is at 15 to 16 ppm90,91 

while in a Waston-Crick base pairing, this characteristic peak is normally found 

from 12 to 13 ppm.56  

Surface Plasmon Resonance (SPR) spectroscopy 

SPR spectroscopy is an optical-based, real-time and highly sensitive detecting 

method for binding affinity and kinetic studies.92 Its mechanism is based on the 

changes in refractive index near a sensor surface (metal) induced by ligand binding 

or dissociation. In an SPR experiment, biotin-tagged oligonucleotides capable of 

forming i-motif structures are non-covalently attached to streptavidin coated 

sensor.93 The side immobilised with oligonucleotides is washed continuously with 

running buffer and laser light is cast onto the other side of gold plate with the correct 

angle to create resonant plasmons. The reflected light contains a resulting 

detectable interference band as an SPR signal. By adding ligands into the running 

buffer, the interaction between ligands and i-motif will be recorded as changes in 

the interference band.92,93 By measuring and analysing variations of refractive index 

on the interference band detailed ligand binding, information such as binding 

constants and stoichiometry, can be determined.  

1.3.4 i-Motif binding ligands 

Compared to the large library of G-quadruplex interacting compounds,94 the 

number of i-motif binding ligands is quite limited. Only a handful of compounds 

have been reported to interact with i-motifs (Figure 1.9). Apart from the Bcl-2 i-

motif interacting compound mentioned in Section 1.3.2 (NSC 1398948), one of the 

most prominent ligands is the carboxyl modified single-walled carbon nanotube 

(SWNT). This reagent is able to specifically stablise human telomeric i-motif even 

in slightly alkaline conditions (pH = 8) without any interaction with G-quadruplex 

and duplex DNA.95 A proposed mechanism for this stablisation is that the nanotube 
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Figure 1.9 Reported and group in-house ligands which have been found to 

interact with i-motifs. 
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binds to the 5ᾳ-end major groove of i-motif while the carboxyl acids attached to the 

nanotube interact with the CſC+ base pairs via electrostatics. Later experiments 

showed that this nanotube can also inhibit telomerase.72 The cationic porphyrin 

TMPyP4 is another ligand that binds to i-motifs with a dissociation constant of 45 

ɛM. Unfortunately, it also binds to duplex DNA (1.2 ɛM) and G-quadruplexes (0.5 

ɛM), so TMPyPy lacks selectivity and binds i-motif nuch weaker than other types 

of DNA structure.96 Crystal violet has been reported to bind i-motif formed from 

a poly-cytidine sequence. But its binding against other more complicated i-motif 

structures are not documented.97 BisA is another i-motif binding ligand based on 

an acridine structure that has been studied before. It was found that this compound 

stabilises human telomeric i-motif at pH 6.8.98 Other ligands, such as 

phenanthroline derivatives99 and terbium complexes100, showed very weak i-motif 

binding affinities. In our group, several i-motif binding ligands were identified via 

FRET melting and SPR binding studies.101 These compounds include 

mitoxantrone, tilorone, tyrothyrcin and tamoxifen. Among them, mitoxatrone 

was the most effective i-motif binder, possessing the lowest micromolar Kd towards 

human telomeric i-motif (Kd = 11 ɛM).
101,102 meanwhile, tilorone was found to bind 

with a far weaker affinity (Kd = 158 ɛM).101  

Given the scant literature reporting i-motif interacting ligands, and bearing in mind 

the potential biological implications of being able to target them, more work needs 

to be done to discover new compounds which can bind and stabilize i-motif. 

1.4  Thermodynamics of oligonucleotides 

Oligonucleotides tends to self-assemble into higher order structures, driven by the 

local thermodynamic and mechanical properties of the molecules. The study of 

thermodynamics includes binding energies (thermodynamics), transition-state 

enerties, mechanisms and transformational rates (kinetics), yielding macroscopic 

data of DNA self-assembly or DNA-ligand interactions.  



Chapter 1 General Introduction 

20 

 

1.4.1 DNA self-assembly 

Single-stranded DNA molecules are not stable in aqueous solution due to the 

presence of hydrophobic nucleic base. These molecules can self-assemble into 

higher order structures either between two molecules or on their own. The whole 

process can be explamed via the classical Gibbs free energy equation and a diagram 

shown below. 

 

Figure 1.10 DNA folding process pushing the water molecules aside, human 

telomeric i-motif structure as an example. 

Equation 1.3     Ὀὔὃ ᵾὈὔὃ  

Equation 1.4     ЎὋ  ЎὌ ὝЎὛ ὙὝÌÎ ὑ 

In Equation 1.4, the sign and value of ȹG determines the spontaneity of the reaction. 

The æH is generally attributed to changes in covalent and hydrogen bonds and salt 

bridges. In the process of DNA self assembly, enthalpy changes are generally 

negative in duplex DNA, G-quadruplex and i-motif formation due to the energy 

output in hydrogen bond formation. 103-105 The æS attributes to the order of system, 

which is also generally negative due to the changes from a less ordered structure to 

an ordered system. However, to the whole environment (including the DNA 
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molecules and buffer), the entropic changes is increased.  

Whether the higher-order DNA structures are present or not is determined by the 

competitation between entropic (TȹS) and enthalpic (ȹH) components. By 

changing the temperature of the environment, the ȹG can reach 0, where 

oligonucleotides exist in a transit state between folding and unfolding. 105  

1.4.2 DNA-ligand binding.  

Intercalation 106 and the minor groove binder 107 are the two principle mode in 

DNA-ligand binding. 107 In the case of intercalation, flat and aromatic molecules 

interacts with nucleobase by -́́  stacking, which results in a negative enthalpic 

change while the hydrophobicity of the molecule contributes to a positive entropic 

change. 107 However, for minor groove binders, such as Hoechst 33258, positive 

changes in entropy alone contributes to the majority of the Gibbs free energy. 107 

 

 



 

22 

 

 

 

 

 

 

 

Chapter 2 Development of a High-throughput Fluorescent 

Intercalator Displacement Assay for Human 

Telomeric i-motif  

 

 



Chapte 2 Development of a High-throughput Fluorescent Intercalator Displacement Assay for Human Telomeric i-motif 

23 

 

2.1  Introduction 

Despite the fact that research in the field of i-motif is growing rapidly, there are still 

only a limited number of i-motif interacting compounds recorded in the literature.40 

Additionally, compounds identified to interact with i-motifs often possess higher 

affinity towards duplex or G-quadruplex structures.40 Thus, to search for 

compounds which specifically interact with i-motifs has became increasingly 

important in the research of i-motifs.  

As described in Section 1.3.3, FRET melting based DNA experiments are widely 

used as a screening method for DNA binding ligands. However, this method still 

has some limitations. First, oligonucleotide samples used in FRET assays are all 

modified on both ends of the sequences with fluorophores, such as FAM and 

TAMRA. These two bulky, planar and aromatic substituents may affect DNA 

conformations, especially if short sequences are used.80 Futhermore, the addition 

of fluorophores to the DNA is more expensive than using non-labelled 

oligonucleotides. Apart from their price, FRET-labelled oligonucleotides may also 

possess altered binding affinities towards various DNA binding ligands.80 

Additionally, melting experiments require heating the sample to break down 

hydrogen bonding interactions between the CſC+ base pairing, which is very 

different from physiological process observed in the cell and also prevents the use 

of traditional plate readers for screening different types of ligands. 

In this chapter, a screening method based on fluorescent intercalator displacement 

was developed to identify DNA interacting ligands, and tested in human telomeric 

i-motif.   

2.1.1 Fluorescent Intercalator displacement (FID) 

Fluorescent intercalator displacement, also known as fluorescent intercalator 

replacement, is a simple, cost-effective, nondestructive and high-throughput 
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method to study DNA sequence selectivity and binding affinity. This assay was first 

described by Boger, Fink and Hedrick,108 where DNA was treated with a 

fluorescent intercalator (Figure 2.1a), such as ethidium bromide,108 thiazole orange 

(TO),109  and Hoechst 33258 (Figure 2.1b),110 resulting in significant fluorescence 

enhancement due to DNA intercalation. When a non-fluorescent DNA binding 

agent was added and replaced the bound fluorescent intercalator, the fluorescence 

of the DNA-intercalator complex decreased as the result of competitive 

displacement (Figure 2.1a).108,109 By calculating the decreasing percentage in 

fluorescence, relative DNA binding affinities can be calculated. In the same way, 

when subsequent quantitative titration is applied, accurate absolute binding 

constants may be obtained by calculation of the changes in fluorescence. By 

altering the DNA sequence, even more detailed insights such as the size of the 

binding site on nucleic acids can be investigated.108 DNA intercalators, such as 

ethidium bromide and thiazole orange, insert into the gaps between adjacent base, 

exhibiting drastic changes in their respective fluorescent properties. However, non-

fluorescent Hoechst 33258 does not bind DNA in the same way, instead 

intercalating into the minor-grove and binding specifically to adenine and 

thymidine base pairs, but still exhibits enhanced fluorescence in a similar manner 

to thiazole orange and ethidium bromide.  
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Figure 2.1  a) Example of fluorescent intercalator displacement on B-DNA 

 structure. b) common fluorescent probes for FID assay 

FID assays were first established on double-stranded and hairpin structures111 and 

later on applied to G-quadruplexes.112,113 In terms of executing an FID assay, 

thiazole orange (TO), an asymmetric cyanine, offers many advantages over 

ethidium bromide.The fluorescence quantum yield (ūF) of thiazole orange is very 

low (ūF = 2 Ĭ 10
-4) in the absence of DNA, however, when bound to G-

quadruplexes and double-helical DNA, the quantum yield increases 100 to 1000 

times.111 For comparison, fluorescence enhancement caused by ethidium bromide 

is only 20-fold.109 Apart from that, G-quaduplex-bound thiazole orange possesses 

a large Stokes shift. It is excited by light at 485 nm but emits fluorescent radiation 

at 550 nm. This property minimises the possibility of fluorescence self-quenching. 

In a series of fluorometric studies carried out by Teulade-Fichouôs group, thiazole 

orange was observed to bind intramolecular human telomeric G-quadruplexes 

(22AG, 5ᾳ-AG3(T2AG3)3-3ᾳ) in an anti-parallel conformation with reasonably high 

affinity (Ka = 2.1 to 3.4 Ĭ 106 M-1) and an unambiguous 1:1 stoichiometry (Figure 

2.2) in both K+ and Na+ buffers.114 Once thiazole orange was bound to 22AG, it can 

be excited at 501 nm and its corresponding fluorescent emission peaked at 539 

nm.112 In contrast intermolecular G-quadruplex composed of four oligonucleotides 
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([TG3T]4) has two available binding sites for thiazole orange and a similar binding 

affinity (Ka = 1.5 Ĭ 106 M-1, for each of the binding sites).114 The only difference 

between these two G-quadruplex structures is the loop region. Thus thiazole orange 

locates in the loop-free end of human telomeric G-quadruplex, exerting external -́

ˊ stacking on G-tetards.114 Thiazole orange binds to double-helical DNA with 

similar affinity (Ka = 2 to 3 Ĭ 106 M-1).115 The stoichiometry of thiazole orange 

binding to G-quadruplexes was further studied with ESI-MS experiments. 115 In 

these experiments, the result suggested a different binding stoichiometry. The major 

observation of thiazole orange binding falls in the 1:1 stoichiometry, with a 

marginal sub-population of 2:1 TO:DNA complex. This might result from a second 

binding site for thiazole orange which possesses a very weak fluorescence quantum 

yield.115 

 

Figure 2.2  Example of fluorescent intercalator displacement on human 

 telomeric G-quadruplex structure 

After confirming the binding mode between thiazole orange and human telomeric 

G-quadruplex, Teulade-Fichou et al. carried out a series of fluorescent intercalator 

displacement experiments with different G-quadruplex forming sequences and 

various G-quadruplex binding ligands.115-117 These G-quadruplex forming 

sequences were not restricted to human telomeric repeats but also included other 

proto-oncogenic sequences, such as VEGF, c-kit, c-MYC and K-ras G-quadruplex 

forming sequences, indicating that a wide range of G-quaduplexes are suitable for 

FID assay. Additionally, the ligand to oligonucleotide ratio was set as 2:1 to mimic 

the two plausible binding sites on G-quadruplexes.115 Further development led to a 

high-throughput screening method for G-quadruplex ligands allowing for quick 
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determination of ligand-G-quadruplex interactions.117 

2.1.2 Fluorescent probes interacting with i-motifs  

Given the success of using FID for DNA binding compounds and the lack of known 

i-motif binding ligands, we decided to explore the potential of using FID assays to 

identify ligands for i-motif structures. Thus, the first step for the development of an 

i-motif-FID assay is to find the ideal fluorescent probes for i-motif structures. 

Crystal violet  

Crystal violet, a triphenylmethane dye (Figure 2.3), is widely used as a biological 

stain and probe in biochemical research.  

 

 

Figure 2.3  Chemical structure of crystal violet  

Examples of crystal violet binding to i-motif structures have been reported.97,118 

Oligonucleotide C29 (5ᾳ-(C5T3)3C5-3ᾳ) was shown to be a stable i-motif with 5 layers 

of intercalated CſC+ base pairs at pH 5.0. Crystal violet binds to this rigid i-motif 

structure with a similar affinity (Ka = 1.2Ĭ106 M-1 1:1 stoichiometry)97 as seen for 

G-quadruplexes.119 In the UV absorption titration experiment and a drastic 

enhancement of the fluorescent emission at 580 nm was observed when crystal 

violet solution was titrated with C29 oligomer at pH 5.0.
97 Crystal violetôs binding 

to a tetramolecular i-motif (5ᾳ-(AC3T)4-3ᾳ) was studied via molecule docking. The 

in silico calculation results suggested two capping sites on either end of the i-motif 

(-38.44 and -31.57 kcalĿmol-1 as binding energy, respectively).97 The insertion of 
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crystal violet into this tetramolecular i-motif seems, however, not to be a 

spontaneous event (23 kcalĿmol-1 as binding energy). Crystal violet also shows 

great ólight-onô i-motif selectivity over double-helix and single-stranded 

structures.97 In addition, crystal violet was used as a selective electrochemical probe 

for i-motif structure to achieve pH-driven electrochemical switch.118 

Thiazole orange 

Thiazole orange (TO) has been shown to interact with i-motifs as well (Figure 

2.4).118,120-122  

 

Figure 2.4  Chemical structure of thiazole orange 

In 2014, Shaoôs group reported a pH-gated exciplex using modified i-motif forming 

sequences. Thiazole orange was covalently conjugated to the human telomeric i-

motif, replacing a thymine substituent (T16) on the loop. (Figure 2.6a) Later the 

exciplex was shown to possess a strong fluorescent emission at 580 nm and a Stokes 

shift of 90 nm at pH 5.5. The fluorescence quantum yield of this exciplex is 

comparable to that of thiazole orange intercalated into the double-helix DNA (ūF 

= 4 Ĭ 10-2).120 The fluorescence life-time of this exciplex was significantly 

prolonged ( ̱= 2.49 ns), which is even higher than thiazole orange in duplex (̱ = 

1.83 ns). This study suggested that TO can be used as a fluorescent probe if it binds 

to human telomeric i-motif.120 

In 2016, a study on i-motif unfolding pathways was carried out using human 

telomeric i-motifs tethered with thiazole orange as a fluorescent reporter. In this 

study, single thiazole orange molecules replace multiple nucleic bases on the human 

telomeric sequences, such as at the 5ᾳ-end, loop I, loop II, loop III and the 3ᾳ-end 
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position.122 All TO-modified nucleic acids adopted i-motif structures at pH 5.0 in 

sodium cacodylate buffer and were excited at 490 nm in the same condition. When 

thiazole orange was at the 5ᾳ -end, the 3ᾳ-end and loop II, fluorescent emission was 

observed at 535 nm and when thiazole orange was at the loop II and loop I and loop 

III, fluorescent emission was observed at 580 nm.122 By monitoring the change of 

fluorescence for four TO-modified i-motifs individualy when changing the 

temperature, it was concluded that the disassociation of intermolecular human 

telomeric i-motif starts with unzipping CſC+ base pairs initiated from the 3ᾳ- to 

form a triplex-like intermediate first.122  

Pei et. al. questioned whether thiazole orange can be directly used as fluorescent 

light-up probe for human telomeric i-motif in 2015.121 In their research, they 

focused on applying H+ or Ag+ to achieve óORô logical gate with TO-i-motif 

complex.121 Thiazole orange was previously incubated with human telomeric i-

motif in PB buffer at pH 6.0. A fluorescent emission at 535 nm was observed when 

TO bound to pre-formed human telomeric i-motif and excited at 488 nm.121  

Pyrene 

The interaction of pyrene and i-motif structures has also been reported (Figure 2.5). 

 

Figure 2.5 Chemical structure of pyrene 

In 2011, Kim et. al. described an oligonucleotide-based nanostructure close to that 

observed for thiazole orange with a shorter oligonucleotide (5ᾳ-(TA2C4)2T-3ᾳ).
123 

Two adenosines on each of the loop region were modified with pyrene. In acidic 

buffer, four pyrene motifs on the loop were able to cap both ends of the bimolecular 

i-motif formed (Figure 2.6b). This capping effect dramatically increased the 

melting temperature of modified oligonucleotides (ȹTm = 23.5Ņ) and the 
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formation of pyrene-capped i-motif in turn enhanced pyreneôs fluorescence 4ïfold 

(Figure 2.6b).123 Pyrene has also been conjugated to i-motif forming sequences 

closer to human telomeric repeats. In 2013, Majimaôs group reported an i-motif-

based, pH-gated electronic device in which pyrene-appended uridine replaced one 

thymidine on a TTA loop and successfully achieved photoinduced electron transfer 

with an anthraquinone substituent conjugated to the other end of human telomeric 

i-motif.124  

 

Figure 2.6 Exciplex formed from thiazole orange (a) or pyrene conjugated human 

telomeric i-motif (b)Pyrene-appended bimoleculear i-motif 

2.2  Aims 

Although G-quadruplexes-FID assays have been established for over 8 years, there 

are no reports of i-motif-FID assays. In light of the successful development of FID 

assays that use thiazole orange as the DNA intercalator and the lack of i-motif 

binding compounds, it was proposed that a similar assay could be established for 

screening ligands against i-motif DNA. (Scheme 2.1) 
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Scheme 2.1  Proposed FID assay on human telomeric i-motif  

The aims of this project are: 

1) To investigate the potential suitability of different i-motif binding compounds 

for use as FID fluorescent probes. 

2) To characterise the binding properties of the selected fluorescent probes with 

human telomeric i-motif, to evaluate binding stoichiometry, stabilization of i-

motif, binding affinity and the plausible structural alteration of the i-motif.  

3) To apply the selected fluorescent probe in an FID assay with some known i-

motif binding compounds, to determine methods to screen for possible i-motif 

binding compounds 

4) To estabish a high-throughput ligand screening method for human telomeric i-

motif using a compound library. 

2.3  Results and discussion 

2.3.1 Screening of fluorescent probes suitable for i-motif-FID assay  

Ideally a fluorescent probe needs to have a drastic change in fluorescent emission 

upon binding oligonucleotides. At the beginning of the screening, several G-

quadruplex and i-motif fluorescent probes were considered, including acridine 
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orange, ethidium bromide, crystal violet and 1-pyrenemethanol (Figure 2.7). 

Acridine orange and ethidium bromide are both used as nuclear stains. Ethidium 

bromide has been used as a fluorescent probe replacement for thiazole orange in an 

FID assay previously.125,126 In the early study of fluorescent intercalator 

displacement on double helical DNA, acridine orange was reported as an 

ineffective dye.127 However, due to the structural differences between double helix 

and i-motif, acridine orange was still considered as one of the candidate probes.  

 

Figure 2.7 Fluorescent probes screened in finding the intercalator for FID assay 

The compounds were assessed by monitoring the change in fluorescence after 

addition of human telomeric i-motif forming DNA (hTeloC, 5ᾳ-

TAACCCTAACCCTAACCCTAACCC-3ᾳ), at pH 5.5, conditions where most i-

motif structures are stable. The aim was to observe any changes in fluorescence, 

such as fluorescence intensity, excitation and emission wavelength, after the probes 

binds to hTeloC. The result showed that thiazole orange has a dramatic fluorescent 

enhancement (125-fold) after binding to i-motif with 1:1 concentration ratio 

(Figure 2.8a). However, the excitation band peaks at 430 nm and gives a narrow 

Stoke shift of only 21 nm, which is very different from reported i-motif induced 

fluorescence.121,122 This might be a result of the fact that thiazole orange in our 

experiments is not closely stacking on either end of the i-motif. 
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Figure 2.8 Fluorescence emission of TO-i-motif complex in 10 mM sodium  

   cacodylate buffer. The sample was excited at 430 nm. Thiazole orange 

   is 5 ɛM. a) pH = 5.5, b) pH 7.4 

Binding of thiazole orange to hTelo i-motif in pH 7.4 buffer was also studied but 

no significant fluorescence was observed compared to that in pH 5.5 buffer (Figure 

2.8b). This can be explained by the lack of -́́  stacking since the human telomeric 

i-motif forming sequence is mostly in the unfolded conformation at pH 7.4. It is 

unsurprising that when the pH value was at 5.5 the hTeloC i-motif was rigid enough 

to provide strong a ́-́  stacking effect, and thus enhanced the fluorescence of 

thiazole orange. An additional small shoulder on the emission spectra was observed 

at 535 nm with an intensity of only 1/3 of the highest emission peak at 451 nm. 

Thus the emission peak at 451 nm should be selected as the target for fluorescence 

screening. 

In contrast, attempts to use other probes were rather unsuccessful. Although crystal 

violet had been demonstrated to interact with poly-cytidine DNA, we observed no 

useful changes in fluorescence on addition of hTeloC (Figure 2.9).  
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Figure 2.9 Fluoresent emission of probe-i-motif complex in pH 5.5 10 mM 

sodium cacodylate buffer. a) [ethidium bromide]= 5 ɛM, excited at 

490 nm; b) [acridine orange]=5ɛM, excited at 490 nm; c) [1-

pyrenemethanol] = 5 ɛM, excited at 440 nm; d) [crystal violet] = 5 

ɛM, excited at 580 nm.  

The fluorescence of ethidium bromide and acridine orange only increased by 25 to 

70 % upon binding to human telomeric i-motif (1:1 binding), which is not sufficient 

for a potential FID assay (Figure 2.9a and Figure 2.9b). For 1-pyrenemethanol, its 

fluorescence decreased by 70% after titration with human telomeric i-motif (Figure 

2.9c), indicating a fluorescent quenching on DNA binding. A plausible explaination 

for this phenomenon is i-motif condensation in the buffer after pyrene binds to 

human telomeric i-motif. The same phenomenon occurred with ethidium bromide 

as well. For crystal violet, only a very weak fluorescent emission was detected 

when the sample was excited at 580 nm (Figure 2.9d). Thus, the other fluorescent 

probes tested failed to exhibit equal ólight-upôfluorescence properties as thiazole 

orange. A summary of the fluorescence properties of the tested probes can be found 
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in Table 2.1. Due to these observed characteristics, thiazole orange was selected as 

the fluorescent probe for further studies. 

Compound 
Excitation 

(nm) 

Emission 

(nm) 

Fluorescent Emission 

enhancement (%) 

Acridine orange  490 520 23 

Crystal violet 580 625 70 

Ethidum bromide  490 620 -12 

Thiazole orange 430 450 11860 

1-pyrenemethanol 440 470 -74 

Table 2.1 Fluorescence probe screening upon binding to hTeloC (1 equivlent). 

[hTeloC] = 5 ɛM, [probe] = 5 ɛM. Buffer: pH 5.5, 10 mM sodium 

cacodylate.  

Fluorescence enhancement of thiazole orange upon i-motif binding 

Fluorescent enhancement experiments were performed in collaboration with 

Tasnim Mahound, a project student previously working in our lab. In order to study 

the enhancement of fluorescence upon binding to human telomeric i-motif, aliquots 

of preformed human telomeric i-motif were titrated into a solution of thiazole 

orange at pH 5.5, resulting in a steady increase in fluorescence emission. This result 

suggested a concentration-dependant binding event between thiazole orange and 

hTeloC (Figure 2.10). With 1 equivalent of added DNA, the fluorescence 

enhancement was found to be 4.52 Ĭ 106 (A. U.), 2 equivalence gave 6.14 Ĭ 106 (A. 

U.) and the enhancement started to plateau at 3 equivalence.  
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Figure 2.10 Fluorescence emission of thiazole orange titrated with hTeloC at pH 

5.5 in 10 mM sodium cacodylate buffer. [TO]= 5ɛM. [hTeloC] = 0 - 

20 ɛM. Samples were excited at 430 nm.  

Additionally, the interaction of thiazole orange and the i-motif forming sequence 

from the c-MYC promoter (c-MYCC,41 5ᾳ-TCCCCACCTTCCCCACCCTCCCCA 

CCCTCCCCA-3ᾳ) was also examined by analogous titration experiments. The 

results also showed a concentration-dependant fluorescence enhancement similar 

to that observed for hTeloC (Figure 2.11). This suggested that the FID assay 

developed on thiazole orange with human telomeric i-motif can be applied to other 

i-motif structures in the future.  
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Figure 2.11 Fluorescence emission of thiazole orange titrated with c-MYCC at pH 

5.5 in 10 mM sodium cacodylate buffer. [TO]= 5ɛM. [hTeloC] = 0 ~ 

20ɛM. Samples were excited at 430 nm. 
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2.3.2 Determining the binding stoichiometry and affinity of thiazole orange 

After confirming the potential of thiazole orange as the fluorescent probe in i-motif-

FID assays, the binding properties of thiazole orange towards hTelo i-motif needed 

to be determined. Two UV-based methods were used to characterise the interaction 

between TO and i-motif. These experiments were performed in collaboration with 

Joe Neaveason, a project student under my supervision throughout his research in 

the lab.  

Continuous Variation Binding analysis 

Using the method of continuous variation binding analysis (also known as a Job 

plot) with UV spectroscopy we were able to determine the stoichiometry of thiazole 

orange binding to hTeloC i-motif.115,128 In these experiments, the total 

concentration of thiazole orange and hTeloC was kept constant, but the ratio of 

TO:hTeloC varied. Using maximum concentrations of 20 ÕM of each component 

in 50 mM sodium cacodylate buffer at pH 5.5, the samples were measured using 

UV spectroscopy. In Figure 2.9, the peak at 505 nm increased as more thiazole 

orange was titrated with the hTeloC, however this absorption peak plateaued when 

the concentration ratio of thiazole orange to hTeloC was around 6:4 to 7:3. The 

resulting Job plot indicated a 2:1 binding ratio of TO:hTeloC (Figure 2.12). This 

result may suggest an end-stacking binding mode between human telomeric i-motif 

and thiazole orange. 
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Figure 2.12 a) UV-vis spectra of hTeloC and thiazole orange at pH 5.5 in 50 mM 

sodium cacodylate buffer; b) UV Job Plot for thiazole orange;hTeloC 

titration, indicating 2:1 stoichiometry 

UV titration and curve fitting 

The binding affinity between thiazole orange and hTeloC was determined using UV 

titrations. Starting with 5 ÕM of hTeloC in 50 mM sodium cacodylate at pH 5.5, 

small aliquots of thiazole orange were titrated in and the resulting UV spectrum 

taken. Using the least squares method,129,130 a hyperbolic binding curve of fraction 

bound versus TO concentration was generated. Given the known stoichiometry, the 

data was fitted with an independent two-site binding model (Equation 2.2) to give 

two dissociation constants (Kd1 = 3.61 ÕM and Kd2 = 75.6 ÕM, Figure 2.13). Fitting 

to a 1:1 binding model (Equation 2.1) was also attempted (Figure 2.13) but did not 
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give a good fit to the data.  

Equation 2.1     

Where ɗ is the fraction of binding measured, K1 = the equilibrium association 

constant for the binding sites. Kd = 1/K1. n = 1 due to the set-up of the model.131,132 

Equation 2.2     

Where ɗ is the fraction of binding measured; K1 = the equilibrium association 

constant for the first binding site; and K2 = the equilibrium association constants 

for second binding site. Kd1 can be determined by the reciprocal of the binding 

constant (ie. Kd1 = 1/K1). The results from the binding studies support the model 

that two thiazole orange molecules bind to one i-motif.130-132  
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Figure 2.13 UV-vis spectroscopy titration of thiazole orange with hTeloC at pH 

5.5 in 50 mM sodium cacodylate buffer. UV absorbance was 

measured at 505 nm. [hTeloC] = 10ɛM 
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The experiments were also conducted in an opposite manner, by titrating hTeloC 

into 5 ÕM TO and monitoring the fluorescence enhancement. The resulting binding 

constants were found to be the same within error. These results reveal that thiazole 

orange binds in a weaker affinity to i-motif compared to G-quadruplex and duplex 

DNA (which demonstrate Kd between 0.3 and 0.67 ÕM).114,115 However, this is 

important, because if thiazole orange were to bind i-motif DNA too tightly, it would 

be more difficult for a ligand being tested to displace it from the DNA. Since 

previous assays with other DNA secondary structures have been shown to work 

with TO binding with similar affinities, these results demonstrate that TO can bind 

i-motif DNA strongly enough to observe good fluorescence, but weakly enough to 

be displaced by a ligand.  

2.3.3 Effect on i-motif conformation and stability of thiazole orange binding 

Experiments in Section 2.3.3 were performed in collaboration with Joe Neaveason, 

a project student under my supervision throughout his research in the lab. 

Given i-motif forming sequence can exist in equilibrium with hairpin structure,49,57 

experiments to determine the nature of the bound complex are required. Circular 

dichroism (CD)87 is a technique capable of distinguishing between hairpin and i-

motif secondary structures. It was therefore used to investigate the effects of adding 

thiaozle orange to hTeloC under different pH conditions to determine whether the 

ligand is able to alter or influence the conformation of the i-motif.  

At and below the transitional pH (pH 6 and pH 5.5) intense positive signals are 

observed around 288 nm accompanied by negative signals around 258 nm for 

hTeloC, both characteristic of i-motif formation.87 These signals are less intense at 

pH 6 compared to pH 5.5, indicating the proportion of i-motif present is higher at 

pH 5.5. At pH 7.4 the signal at 288 nm is absent, indicating hTeloC is no longer 

folded into an i-motif. At this pH the equilibrium is shifted towards a mixture of 

random coil and possible hairpin structures.87 Thiazole orange was titrated into 
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hTeloC at different pHs to investigate whether it could alter the conformation of 

DNA. At pH 5.5, significant changes in the CD spectrum were observed, with a 

shift in the negative signal from 258 to 270 nm and a decrease in the positive signal 

at 288 nm (Figure 2.14a). A decrease in the positive signal at 288 nm rather than a 

shift in the positive signal from 288 nm to 275 nm indicates the changes observed 

are not consistent with i-motif unfolding or converting to a hairpin structure. The 

smooth CD spectra obtained when 10 equivalents of thiazole orange were titrated 

with human telomeric i-motif indicated the signal-to-noise ratio was not affected 

and unlikely to be the result of precipitation. The signals could be due to an induced 

CD signal (ICD), which occurs on TO-i-motif binding. A similar ICD effect was 

also observed at pH 6 (Figure 2.14b). However, at pH 7.4 (Figure 2.14c), a 

reduction in signal intensity appeared at 10 ÕM and 50 ÕM of thiazole orange, 

coupled with a change to poor signal-to-noise in the spectrum. Additionally, a 

positive absorbance was also observed at 300-320 nm, indicating a scattering effect 

Together these features indicate precipitation at pH 7.4. This shows that at higher 

pH and higher concentrations of thiazole orange the DNA condenses and scatters 

light. It also reveals that the i-motif is less susceptible to condensation in acidic 

conditions than the same sequence at physiological pH.  
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Figure 2.14a: Circular dichroism titration of hTeloC (10 ɛM)with thiazole 

orange (0 ï 100 ɛM) at pH 5.5 10mM sodium cacodylate buffer.  
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Figure 2.14b: Circular dichroism titration of hTeloC (10 ɛM)with thiazole 

orange (0 ï 50 ɛM) at pH 6.0 10mM sodium cacodylate buffer. 
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Figure 2.14c Circular dichroism titration of hTeloC (10 ɛM) with thiazole 

orange (0 - 50 ɛM) at pH 7.4 10mM sodium cacodylate buffer.  

These experiments highlighted some potential limitations of the conditions possible 

for use in an FID-type assay; to counter this, acidic pH and lower molar equivalents 

of thiazole orange were therefore selected. Nevertheless, the results from the CD 

indicate that the addition of thiazole orange does not alter the conformation of the 
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hTeloC i-motif within 10 micromolar concentration, so is suitable for use in a FID 

assay under these conditions.  

To determine whether thiazole orange can stabilise i-motif DNA at different pHs, 

DNA melting experiments were conducted using FRET-melting experiments.  

In addition to hTeloC and c-MYCC41 which are i-motifs that are stable at slightly 

acidic pH, HIF-1ŬC39 (5ᾳ-CGCGCTCCCGCCCCCTCTCCCCTCCCCGCGC-3ᾳ) 

was also examined as it is relatively stable at near-physiological pH (Figure 2.12a). 

For comparison, G-quadruplex (hTeloG, 5ᾳ-GGGTTAGGGTTAGGGTTA GGG-3ᾳ) 

and double helical DNA (ds, 5ᾳ-TATAGCTATA-HEG(18)a-TATAG CTATA-3ᾳ) 

were also studied (Figure 2.15). For the i-motif forming sequences, melting 

experiments were performed at the transitional pH (where 50% of the i-motif is 

folded) and also at pH 5.5. All experiments showed that thiazole orange has a 

stabilising effect on i-motif DNA, regardless of sequence or pH. For example, 

adding 12.5 ɛM of TO to hTeloC at pH 5.5 resulted in an increase in Tm of 13ÁC.  
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Figure 2.15 ËTm vs concentration on different i-motif forming sequences with 

TO in 50 mM sodium cacodylate buffer at pH 5.5, TO 

concentration ranges from 0 to 25 ɛM. Fluorescent emission was 

measured at 533 nm. 
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The effect of adding thiazole orange is even more noticeable at the transitional pH 

(Figure 2.16). For example, a large increase in melting temperature of HIF-1ŬC 

(æTm = 12.5ÁC) was observed even with addition of just 3.1 ɛM TO. In general, 

with addition of 6.25 ɛM TO, the thermal stability of three i-motif forming 

sequences at their transitional pH was increased by 12-18ÁC (Figure 2.16). The 

differences in æTm between the different i-motif forming sequences were minimal, 

suggesting that TO binds a region in the structure which is common to all of these 

different i-motif sub-types, ie. it does not bind the loop-region, where these i-motif 

forming sequences vary. 
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Figure 2.16 æTm vs concentration on different i-motif forming sequences with 

TO in 50 mM sodium cacodylate buffer at transitional pH , TO 

concentration ranges from 0 to 25 ɛM. Fluorescent emission was 

measured at 533 nm. 

Results from the experiments carried out on hTeloG and double helical DNA 

sequences at pH 7.4 also show some degree of stabilistion, as consistent with 

previous disclosures.113,133,134 In general, duplex DNA structure was more prone to 

be stabilised by addition of TO (Figure 2.17). After adding 3.1 ɛM of TO, the æTm 

was shown to be above 6ÁC. In contrast, induced thermal stabilisation of human 

telomeric G-quadruplex by TO was not that significant, for example a æTm of only 

5ÁC was observed even when 12.5 ɛM TO was added.  
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Figure 2.17 FRET melting experiment on double-stranded DNA and G-

quadruplex forming sequences with TO at pH 7.4 in 50 mM 

sodium cacodylate buffer. TO concentration ranges from 0 to 25 

ɛM. Fluorescent emission was measured at 533 nm. 

 

2.3.4 Development of an i-motif FID titration assay 

After confirming the binding and stabilising effects of TO on human telomeric i-

motif, the next step was to develop an assay to explore whether pre-bound TO can 

be replaced by candidate i-motif binding ligands (Scheme 2.1).  

Using the information obtained from the preliminary experiments, 1 ɛM of pre-

annealed hTeloC i-motif in 10 mM sodium cacodylate at pH 5.5 was incubated with 

thiazole orange. The equivalence between hTeloC and thiazole orange was set as 

2:1, consistent with the 2:1 binding mode determined in Section 2.3.2. After an 

equilibration period of 5 minutes, the samples were excited at 430 nm and the 

fluorescence spectra of the samples were recorded using a fluorimeter.  

Initial studies were performed using the known i-motif binding ligand 
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mitoxatrone.101,102 On addition of mitoxatrone, a significant loss in fluorescence 

emission at 450 nm was observed (Figure 2.18), indicative of displacement of TO 

from the DNA. Displacement at different ligand concentrations was calculated 

using Equation 2.3 (Figure 2.18).  

Equation 2.3    Ὀ ρ ρ         

Where Dx is TO displacement resulting from competitive substitution of ligand; F0 

= the fluorescence intensity of the TO-i-motif complex at 450nm in the absence of 

any ligands; Fx = the fluorescence intensity at 450 nm after titration with the 

candidate ligand.  

By varying the concentration of ligand added, the ligand concentration where 50% 

of the TO was displaced by competitive ligand (DC50), can be calculated from a 

plot of Dx against [ligand] (Table 2.2). The results show that i-motifDC50 for 

mitoxantrone was 1.92 Ñ 0.15 ɛM. Additionally, other ligands previously found to 

bind i-motif in the Waller group: tilorone, tamoxifen and tyrothyrcin, were also 

used in the assessment (Figure 2.19). Tilorone exhibits an i-motifDC50 of 2.47 Ñ 0.44 

ɛM, which is slightly weaker than that of mitoxatrone. The other two compounds 

have i-motifDC50 higher than 5 ɛM, suggesting far weaker binding properties 

compared to mitoxatrone and tilorone. This suggests that the TO FID assay might 

be able to adequately act as a threshold to eliminate weaker i-motif binders. 
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Figure 2.18 Fluorescent intercalator displacement assay carried out using 

hTelo i-motif forming sequences and mitoxatrone at pH 5.5 in 10 

mM sodium cacodylate buffer. [hTeloC] = 1 ɛM, [TO] = 2 ɛM, 

[mitoxatrone]= 0 ï 5 ɛM. The sample was excited at 430 nm.  
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Figure 2.19 TO displacement calculation based on hTelo i-motif FID assay on 

mitoxatrone, tilorone, tamoxifen and tyrothrycin at pH 5.5 in 10 

mM sodium cacodylate buffer. [hTeloC] = 1 ɛM, [TO] = 2 ɛM, 

[ligand]= 0 ï 5 ɛM. The sample was excited at 430 nm and the 

fluorescence emission was measured at 450 nm.  
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Compound i-motifDC50 (ÕM) 

TMPyP4 1.15Ñ0.15 

Mitoxatrone 1.92Ñ0.15 

Tilorone 2.47Ñ0.44 

Tamoxifen N/A 

Tyrothrycin N/A 

Table 2.2 TO displacement calculation based on hTelo i-motif FID assay on 

mitoxatrone, tilorone, tamoxifen and tyrothrycin at pH 5.5 in 10 

mM sodium cacodylate buffer. [hTeloC] = 1 ɛM, [TO] = 2 ɛM, 

[ligand]= 0 ï 5 ɛM. The sample was excited at 430 nm and the 

fluorescence emission was measured at 450 nm. 

Additionally, TMPyP4, another model compound which binds to the hTelo i-

motif,135 was also studied. Although it showed very good binding affinity in the 

FID assay (Figure 2.20) with a i-motifDC50 of 1.15 Ñ 0.15 ɛM. Further investigation 

indicated that the drop of fluorescence was caused by the UV absorption of 

TMPyP4 instead of thiazole orange displacement (Figure 2.21). This case indicated 

that UV absorption of the ligand itself can be a source of a false positive hit due to 

a óself-quenchingô event. Thus checking the UV absorption of ligand hits would be 

necessary for the FID assay to be reliable. 
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Figute 2.20 Fluorescent intercalator displacement assay carried out using 

hTelo i-motif forming sequences and TMPyP4 at pH 5.5 in 10 mM 

sodium cacodylate buffer. [hTeloC] = 1ɛM, [TO] = 2ɛM, 

[TmPyP4]= 0 - 5ɛM. The sample was excited at 430nm and 

fluorescence signal dropped as more TmPyP4 was titrated. 
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Figure 2.21  UV-vis spectrum on TmPyP4 at pH 5.5 in 10 mM sodium  

    cacodylate buffer 

In conclusion, non-fluorescent thiazole orange was found to become fluorescent 

when titrated with pre-formed i-motif structures at acidic pH. The fluorescent 
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emission was detected at 450 nm when the sample was excited at 430 nm. Although 

the Stokeôs shift in i-motif assay is very narrow when compared to G-quadruplexes 

(a Stokeôs shift of 20 nm compared to 38 nm from the original G-quadruplex-FID 

assay112), it is still possible to conduct FID on i-motif with thiazole orange. Four 

previously identified i-motif compounds were tested in a trial i-motif FID assay. 

Their relative binding affinity towards human telomeric i-motif can be quantified 

by calculating their i-motifDC50
 and the results from i-motif FID assay were 

consistent with studies carried out previously.101 

2.3.5 Development of a high-throughput screen based on FID i-motif assay 

(HT-IM-FID) 

After confirming the result from the i-motif-FID assay using a fluorimeter, the next 

stage was to develop TO as a fluorescent indicator in a high-throughput screening 

FID assay in a microplate format. To establish a low-cost and viable screening 

method using FID aganist human telomeric i-motif, a microplate and plate-reader 

were used. A 384-well PCR black microplate was chosen due to its relatively small 

well volume to reduce the amount of material consumed. The Gen-Plus compound 

library, was obtained from Microsource Discovery Systems Inc (a gift from Prof. 

Rob Field, John Innes Center) and contains 960 ligands, including the previously 

identified mitoxatrone, tilorone, tyrothrycin and tamoxifen. In the screening, 0.5 

ɛM (1 equivalents) pre-folded hTelo i-motif was mixed with 1.0 ɛM (2 equivalents) 

TO in the sodium cacodylate buffer in the well and the sample was made to 40 ɛL. 

Then 2.5 ɛM (5 equivalents) ligand from the compound library was added into the 

well to screen. The microplate was excited at 430 nm and the read of the signal was 

defined as the intergration of fluorescent intensity from 460 to 480 nm. The value 

of TO displacement (Dx) was calculated via Equation 2.3 shown before. Then the 

compounds were ranked according to their Dx (Table 2.3) to identify the strong i-

motif binders. The result from the primary FID assay was then compared with a 

FRET-melting based ligand screening perform in the group before101 and futher 
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additional experiments performed using SPR. 

Position  Compound name  Structure TO displacement (%) 

P9H8 
Mitroxatrone 

hydrochloride 

 

85.8 

P9C11 
Alexidine 

hydrochloride  
82.5 

P11H11 Tilorone 

 

70.1 

P2B6 Tobramycin 

 

48.6 

P1A3 Chlorhexidine 

 

42.3 

P3C9 
Phenazopyridine 

hydrochloride 
 

30.5 

P7B10 
Amodiaquine 

dihydrochloride 
 

29.7 

P1A11 
harmalol 

hydrochloride  
26.7 

P4A8 Quinalizarin 

 

22.2 

P5B11 
Minocycline 

hydrochloride 

 

21.0 

P3A4 tyrothrycin  18.6 

P2H4 Cadmium acetate  16.7 

Table 2.3 FID screening result on NIC library (960 compounds). [hTeloC] = 0.5 ɛM, 

[TO] =1.0 ɛM, [ligand] = 2.5ɛM. Buffer: pH 5.5, 10 mM sodium cacodylate. 

Excitation range: 415 to 430 nm, emission recorded: 445 to 495 nm. The 

data was recorded as the integration of emission curve from 445 to 495 nm.  

In the FID screening of 960 ligands (see Table 2.3), mitoxantrone and tilorone 
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were confirmed as top hits with FID displacement of over 80%, followed by 

chlorhexidine and alexidine hydrochloride (83% and 42%, respectively). However, 

the later are known nucleotide condensing reagents,101 so they were omitted from 

further studies. Tyrothricin and tamoxifen were both found to displace TO under 

the conditions of the experiment but did not meet the 50% disppacement criteria 

set for hits. This is consistent with their low-affinity towards human telomeric i-

motif described in Section 2.2.4.  

Other DNA alkylating reagents (such as cisplatin and carboplatin) present in the 

library previously gave rise to false positive hits in FRET-melting experiments;101 

however, they did not show any activity in the FID assay. This is because the two 

screens are measuring different DNA interaction properties. In the FRET-melting 

experiments, pre-annealed i-motif is heated to 95ÁC in order to melt the DNA and 

the change in melting temperature on addition of ligands is used as a measure of 

interaction. In this case, DNA alkylating reagents can hold the DNA conformation 

by cross-linking the structure. However, in the FID assay the mechanism is based 

on competitive binding with pre-bound thiazole orange. This will only give a result 

if the molecule of interest interacts in the same way. This means, alkylating reagents 

will not give a postitive result in these experiments. However, it does mean that if 

the tested ligand binds elsewhere on the structure, ie a place not occupied by TO, 

this may result in a false negative. 

Interestingly, tobramycin was found to be a hit using the FID screening method, 

but not in the previously used FRET assay.101 This might indicate that if DNA 

FRET-melting and FID screening were performed side by side, different properties 

could be revealed on a large scale with ease. Further studies to characterise 

tobramycin are discussed in Section 2.3.8. 

2.3.6 Assessing the high-throughput screening with Zᾳ factor 

The quality of the TO-based FID high-throughput screening can be quantified using 
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the Zᾳ factor (Equation 2.4) as demonstrated below.136,137 Zᾳ factor gives an 

indication of the statistical effect size, ie whether a type of response in an assay is 

large enough to be called a ñhitò or worth repeating. 

Equation 2.4     ὤ ρ  
 

ȿ ȿ
      

Here, ůp = the standard deviation of positive control; ůn = the standard deviation of 

negative control; ɛp = the mean value of positive control; and ɛn = the mean value 

negative control  

When the Zᾳ value is between 0.5 and 1.0, this gives a strong indication that the 

positive responses from the assay are more likely to be actual hits.137 A Zᾳ value 

lower than 0 indicates that the signal from the positive and negative controls 

overlap and will not provide enough distinction to identify hits; Zᾳ values between 

0 and 0.5 are marginal. In this assay, as we already know tobramycin and 

mitoxatrone were an effective hit in FID screening, it was possible to use them as 

a positive control; the wells with only TO and hTeloC were then set as a negative 

control. The calculated values of Zᾳ in this assay were found to be 0.66 for 

mitoxantone and 0.97 for tobramycin, which are both within the range from 0.5 to 

1.0, indicative that the result of the screen is a true hit worth following up with 

further experiments.137  

2.3.7 Assessing the hit compounds with SPR  

In collaboration with Dr. Clare Stevenson at the John Innes Center, the hit 

compounds were studied using SPR at a single concentration. A moderately high 

concentration (50 ɛM) was used to give an indication for a wide range of 

compounds with different binding capabilities. In this situation, high affinity 

ligands would be expected to provide a very high response on association with the 

target oligonucleotides immobilised on the sensor chip; in contrast, low affinity 

compounds would give a poor response. Also, a concertation higher than 50 ɛM 
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would be reaching the solubility limit for some of these compounds.  

In this experiment, 50 ɛM of the óhitô ligands in buffer were measured using a 

streptavidin coated chip with immobilised biotinylated duplex DNA, hTeloC and 

c-MYC i-motifs at pH 5.5. The responses were recorded at equlibrirum and 

compared to the predicted binding response (Rmax) calculated with a 1:1 binding 

stoichiometry (Table 2.4, Equation 2.5). 

Equation 2.5    Ὑ  ὙὟ Ὥ.  

Where: MWligand = the molecular weight of tested ligands; MWoligo = molecular 

weight of the immobilised oligonucleotides on the chip. RUoligo = the average 

response in the SPR experiments in the absence of ligand. i = stoichiometry of 

binding.  

As shown in Table 2.4, the percentage of predicted maximium response (%Rmax) is 

an indicator for binding affinity. Of all the compounds tested, mitoxatrone has the 

highest %Rmax (2125% for hTeloC, 2534 % for c-MYCC and 4894% for double 

helical DNA), followed by tobramycin (325% for hTeloC, 419 % for c-MYC and 

810% for double helical DNA). Tilorone was found to bind to all three DNA types 

as well, but not as strongly as tobramycin and mitoxatrone (116% for hTeloC, 121% 

for c-MYC and 233% for double helical DNA). The fact that tilorone possesss 

higher affinity towards double helical DNA rather than c-MYCC and hTeloC i-

motifs was consistent with previous studies using SPR (hTeloCKd
 = 158 ɛM vs duplexKd 

= 14.7ɛM).101 Other ligands such as amlodiaquine, harmalol, minocycline and 

tyrothrycin failed to exert similar affinity towards the i-motifs compared to 

mitoxatrone and tobramycin. This is consistent with the fluorescent intercalator 

screening in Section 2.2.5, providing some validation to the procedure and 

technique used. 
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Ligands %Rmax (%) 

hTelo i-motif c-MYC i-motif Duplex DNA 

mitoxantrone 2125 2534 4894 

tobramycin 325 420 810 

tilorone 116 121 233 

phenazopyridine 37 70 136 

minocycline 29 49 95 

amodiaquine 14 31 59 

tyrothrycin  6 14 26 

quinalizarin  -0.37 36 69 

harmalol -27 64 123 

Table 2.4 SPR screening on the hit compounds from the FID screen against 

hTelo i-motif, c-MYC i-motif and duplex DNA. [ligands] = 50 ɛM 

Running buffer: [sodium cacodylate] = 10mM, [NaCl] = 100 mM, 

0.05% tween, pH 5.5 

Tobramycin was subjected to further SPR binding experiments across a wider 

concentration range and the dissociation constants were found to be 23 Ñ 3.7 ÕM, 

22 Ñ 6.9 ÕM and 13 Ñ 3.4 ÕM for hTeloC, c-MYCC and duplex DNA respectively 

(Figure 2.22), calculated using a 1:1 binding model (Equation 2.6).132  

Equation 2.6     

Where: ɗ = the fraction of binding; Req = the response at equilibrium from the 

sensorgram; Rmax = response at saturation.132   

—  
Ὑ

Ὑ

ὲὑ ὒὭὫὥὲὨ

ρ ὑ ὒὭὫὥὲὨ
       ὲ

ρ 
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Figure 2.22  SPR titration of tobramycin against hTeloC, c-MYCC and duplex 

    DNA at pH 5.5 Running buffer; pH 5.5, [sodium cacodylate]=  

    10mM, [sodium chloride] = 100mM, 0.05% tweet 20, 5% DMSO 

    tweet 20, 5% DMSO 

The Kd for tobramycin binding to the human telomeric i-motif (23 Ñ 3.7 ÕM) was 

the same order of magnitude as mitoxatrone (Kd = 12 Ñ 3.0 ɛM).102 However, 

although tobramycin binds i-motif structures well, it also binds duplex DNA with 

almost 2-fold higher affinity. A plausible explaination is that the multiple amino 

groups on the tobramycin will be protonated in acidic conditions, providing 

multiple positive charges which can then interact with oligonucleotide sugar 

phosphate backbones indiscriminately. 
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2.3.8 Further studies on tobramycin 

In the studies above, it was confirmed that tobramycin was the effective hit in the 

high-throughput screening. Tobramycin is an aminoglycoside used to treat airway 

infection caused by Pseudomonas aeruginosa.138 To provide another supportive 

technique, tobramycin binding to the hTeloC i-motif was measured using circular 

dichroism as well (Figure 2.23). Aliquots of tobramycin were titrated into 10 ÕM 

pre-formed human telomric i-motif at pH 5.5. Since tobramycin is a chrial molecule, 

the molar ellipticity signal of tobramycin was measured and then subtracted from 

the subsequent spectra. As shown in Figure 2.16, the positive peak at 289 nm and 

the negative peak at 255 nm indicates intramolecular human telomeric i-motif 

structure.86  
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Figure 2.23  Circular dichroism titration of hTeloC DNA sequences with 

 tobramycin at pH 5.5 10mM sodium cacodylate buffer 

 (tobramycin signal subtracted). The molar ellipticity signal 

 was recorded from 500 nm to 230 nm. 

On addition of tobramycin, the signal is observed to shift towards longer 
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wavelengths by 20 nm. This is consistent with tobramycin binding i-motif. The 

changes in the spectrum are not consistent with conformational changes on the i-

motif structure, or conversion to a hairpin or unfolded species.49,56 The increased 

signal between 300 and 500 nm is unusual, but may arise from the chiral nature of 

the ligand. Despite substracting control spectra containing equivalent proportions 

of ligand, these signals remain, indicating perphaps a form of induced signal which 

arises on binding.  

In a previous study of tobramycin-DNA interaction, DNA forms columnar close-

packed hexagonal DNA complexes in the presence of tobramycin.139 Tobramycin 

is electrostatically bound in these tobramycin-DNA complexes due to its 

multivalent catonic charges at pH 7.0.139 Thus as a negatively-charged 

polyelectrolytes in a packed formation, human telomeric i-motif may also binds to 

tobramycin and the i-motif structures may be unfolded into other formations due to 

the presence of tobramycin as well. 

2.4  Conclusions 

In this chapter, a fluorescent intercalator displacement assay against human 

telomeric i-motif was developed. In the development of the assay, several DNA-

binding fluorescent probes were screened with the C-rich sequence from the human 

telomere, hTeloC. It was found that thiazole orange exhibited the ideal fluorescent 

ólight-upô property when bound to hTeloC at pH 5.5. Subsequently, thiazole orange 

binding to the hTeloC i-motif was studied intensively using UV-vis spectroscopy, 

Jobôs analysis, FRET-melting and circular dichoism experiments. These revealed 

thiazole orange binds to hTeloC at acidic pH with a 2:1 stoichiometry, with a high-

affinity binding site and a weaker secondary site (Kd1 = 3.61 ÕM and Kd2 = 75.6 

ÕM). CD experiments indicated the conformation of human telomeric i-motif was 

not altered when bound to thiazole orange under the conditions used in the FID 

assay. FRET-melting experiments showed the thermal stability of several i-motif 
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structures increased upon addition of thiazole orange indicating that TO is able to 

stabilize multiple i-motif structure types. Fluorescent intercalator displacement 

experiments were developed using some known i-motif binding ligands previously 

discovered in the Waller group as positive controls.101 Finally, a high-throughput i-

motif ligand screening method based on fluorescent intercalator displacement was 

established. A library of 960 known biologically active compounds were tested and 

the screening result was verified via SPR. The TO displacement assay offers an 

alternative to using FRET-based DNA melting experiments for discovery of i-motif 

binding ligands.  

Tobramycin was found to be an effective i-motif binding ligand in the high-

throughput screening. It binds to human telomeric i-motif with a Kd of a similar 

magnitude to that of known i-motif binding compound mitoxatrone.  

The FID assay as a primary ligand screening method has its own advantages as well 

as some flaws. In principle, the FRET-bsed DNA melting assay is focused on 

measuring the the stabilising effect of the tested compound while FID assay was 

designed to measure ligand binding. Both the FID titration and high-throughput 

screening experiments are carried out under room temperature, which remove the 

possibility of ligand degradation caused by heating in DNA-melting based assay. It 

is much more cost-effective compared to the FRET-melting assay, because there is 

no requirement for specialised DNA synthesis, furthermore FID experiments use 

unmodified DNA, and are therefore not affected by the prescence of fluorophores 

on the DNA. Unfortunately, like all other screening methods, FID has limitations 

as well. Firstly, FID is not able to distinguish nucleic acid condensing reagents from 

hit binding compounds but may also be used as a tool to assess nucleic acid 

condensing reagents. Additionally, its accuracy can be easily affected by 

compounds which either have UV-absorption or fluorescent emission within the 

range of 420 to 490 nm. There is also the possibility that tested ligands may have a 

higher affinity for the thiazole orange itself rather than the i-motif structure, thus 
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causing false hits. Also if the tested ligand binds i-motif in a region where TO does 

not, these will not be picked up. Neverthless, every method has its advantages and 

disadvantages and FID can be a screening and analysis method to support existing 

i-motif characterization methods, such as circular dichroism and FRET melting 

experiments. 

In the context of tobramycin, it was the first time that an aminoglycoside was shown 

to be an i-motif binding ligand. However, it was also shown that tobramycin was 

not able to distinguish duplex DNA with i-motif structures. Thus, tobramycin 

would not be a suitable ligands for use in i-motif binding studies. However, it is 

possible to use medicinal chemistry approaches to develop a tobramycin based 

ligand to target i-motifs with improved selectivity. 
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3.1  Introduction 

Very few molecules have been documented in the literature to interact with i-

motif.40 However, it is widely known that calixarene derivatives have multiple 

applications in medicinal chemistry and biology.140 Herein, an attempt to use 

calixarene derivatives to interact with DNA secondary structrures is described.  

3.1.1 Calix[4]arenes 

Calixarenes are a family of macrocyclic oligomers arising from the by-product of 

phenol-aldehyde resin synthesis.141,142 The word ócalixareneô (calix: Greek for cup) 

was coined by Gutsche, indicating a bowl-shaped supramolecular macrocycle with 

aryl groups in the cyclic array.143 The number of aromatic rings can be any number 

above 3 and their structural flexibility increases with increasing ring number.144 But 

commonly-used calixarenes usually contain 4 to 8 aromatic rings. The number of 

rings is given as [n] between ócalix-ô and ó-areneô.  

In the 1940ôs, an efficient base-induced reaction of p-alkyl phenols with 

formaldehyde yielding p-tert-calix[4]arene was discovered by Zinke and Ziegler, 

marking the beginning of calixarene chemistry.142 A calix[4]arene scaffold has four 

phenol rings linked by four methylene bridges, resembling a cup-shaped molecule 

bearing a higher rim (wider edge) and a lower rim (narrower edge); both these 

aspects can also be functionalised. Phenol member rings can be replaced by other 

substituted phenols145, polycyclic or even heteroaromatic rings, while methylene 

bridges can also be replaced by ethers, thiolethers, or tertiary amines according to 

the different needs. The central cavity inside a calix[4]arene is a hydrophobic space 

suitable for transporting lipophilic reagents.146,147  

Calix[4]arenes can adopt four distinct conformers: cone, partial cone, 1,3-alternate 

and 1,2-alternate; this is due to the free rotation of the carbon bonds on the 

methylene bridges (Figure 3.1).148,149 A fixed conformation of calix[4]arene can be 
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achieved via metal templating, followed by alkylating the phenol group to create 

steric hindrance.150 

Figure 3.1  p-tert calix[4]arene and its conformer.  

Compared to other macrocycles, calix[4]arene platforms, especially the water-

soluble versions, have indispensable advantages; including synthetic availability, 

low toxicity, negligible immunogenicity and efficient regioselective synthesis.151 

Calixarenes also have various biological applications, including being used as 

antineoplastic, antiviral, antibacterial and antifungal therapeutics,152 and also in 

DNA chips153,154 and biosensing technology.152,155,156 

Due to the many applications of calix[4]arene derivatives in pharmaceutical studies, 

these will be described separately in detail.  

3.1.2 Calix[4]arenes in drug delivery 

Functionalised calix[4]arene derivatives have been investigated both as drugs and 

as drug delivery vectors. Their delivery mechanisms include host-guest inclusion, 

micelle and vesicle formation.157 Host-guest inclusion utilises the complimentary 

hydrophobicity of drugs and the cavity of calix[4]arenes. The most commonly used 

amphiphilic calixarene in drug delivery is p-sulphonatocalixarene. p-
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sulphonatocalix[4]arene 1 has been reported by different groups to encapsulate 

small molecules such as dinuclear platinum complex, topotecan, irinotecan and 

Vitamin B6 (Figure 3.2).146,158,159  

 

 

Figure 3.2  Examples of drugs which have been encapsulated in calixarene 1. 

Amphiphilic calix[4]arenes have the ability to self-assemble. They can 

spontaneously aggregate into micelles or vesicles under the right conditions to host 

lipophilic molecules (Figure 3.3).  
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Figure 3.3  Examples of calix[4]arene-based drug delivery strategies 

 dependant on forming micelles 

In terms of micelles, Zhu et al. described a PEGylated-calix[4]arene 2 micellar drug 

delivery system to encapsulate the photosensitizer chlorin e6.160 Another example 

was reported by Raston et al., using phospholipid calix[4]arene 3 micelles to 

deliver the antioxidant curcumin under conditions of oxidative stress.161 Apart from 

micelles, vesicles formed by amphiphilic calix[4]arenes are larger and often 

reported to carry hydrophilic ligands. Lee et al. reported tunable and stable vesicles 

based on amphiphilic calix[4]arene 4 to the host hydrophilic dye calcein. These 

vesicles dissipate to release calcein when the pH value drops from 7 to 5.162 A more 

recent and sophisticated vesicle system was reported by Liu et al., where p-

sulphonatocalix[4]arene 1 vesicles are loaded with doxorubicin, 8-hydroxypyrene-

1,3,6-trisulfonic acid (HPTS) and cationic protein protamine. The protein guest can 

be cleaved by trypsin, a natural serine protease. Disaggregation of the resulting 

vesicles is triggered by addition of trypsin. Controlled release of doxorubicin via 
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this vesicle system has been observed in both cell and mouse models.163 

3.1.3 Calix[4]arenes in gene delivery 

Gene therapy depends on transporting target genes into cells efficiently without 

causing elevated cytotoxicity. Calix[4]arenes serve as a perfect non-viral, 

preorganised platform to aid this process. In the field of calixarene-DNA 

interactions, cationic amphiphilic calixarene conjugates are commonly used as 

gene delivery agents.151 In order to interact with DNA/RNA, calix[4]arenes are 

modified with positively-charged functionalites on one rim. The electrostatic 

attraction between modified calix[4]arenes and the negatively-charged 

phosphodiester backbone causes the condensation of DNA, facilitating its uptake 

by cells. The lower rim (narrow edge) is normally functionalised with long aliphatic 

chains to minimise the critical micelle concentration (CMC). In order to bind to 

DNA, calix[4]arenes are required to be in the cone conformation to maximize the 

unequal distribution of hydrophilic/hydrophobic characteristics.  

The most popular hypothesis starts with formation of amphiphilic calix[4]arene 

micellar nano-particles, followed by the DNA wrapping around the pre-formed 

particles.151 In this way, amphiphilic calix[4]arene micelles could be considered 

acting like artificial histones. More densely packed micelles are favored due to the 

maximal presentation of positively-charged groups for ion pairing or hydrogen 

bond formation (Figure 3.4).151,164 Another proposed mechanism suggests that 

individual calix[4]arene amphiphiles bind directly to minor grooves or the 

phosphate backbone of duplex DNA structures. Similarly, this process involves ion 

pairing and hydrogen bond formation.126 The DNA-binding calixarenes attract each 

other and assemble into DNA-calixarene complexes (Figure 3.4).165 
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Figure 3.4  Proposed mechanism of calix[4]arene-induced nucleic acid 

 condensation. (a) Mechanism of nucleic acid binding after 

 micelle formation.151 (b) Mechanism of calix[4]arene-nucleic 

 acid binding before nucleic acid condenation.165  

In order to interact with oligonucleotides, guanidine, amine, imidazolium and 

polyamine groups can be inserted on the cone-shaped platforms (Figure 3.5).151,165-

169  
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Figure 3.5  Examples of calix[4]arene-based amphiphiles for gene delivery 

Such modified ligands are capable of transferring DNA (both linear and plasmid) 

across the cell membrane. As an example, amino-functionalised calixarene 5 was 

found to form solid lipid nanoparticles via layer-by-layer assembly and was shown 

to transfect plasmid DNA into the Madin-Darby canine kidney cell line.166 Other 

positively-charged, nitrogen containing calixarenes include tetraalkylammonium-

functionalised calixarene 6 and methylimidiazolium calix[4]arene 7, which possess 

long octyl chains on the lower rim. These are able to self-assemble into micelles of 

6 nm in diameter at low CMC (48 ɛM and 10 ɛM, respectively). In transfection 

experiments, calixarenes 6 and 7 were used with plasmid DNA encoded with 

luciferase. Effective cell transfection was observed in both human cervical cancer 

cell and monkey kidney fibroblast-like cell lines.  
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Ungaroôs group developed a series of guanidium functionalised calixarenes to study 

calixarene-induced nucleic acid condensation. Calixarene 8 exhibitied efficient 

plasmid transfection in human rhabdomyosarcoma cell lines.165 Later Ungaroôs 

group developed arginine grafted tetralysinocalix[4]arene 9 to achieve 55% to 82% 

DNA transfection in human rhabdomyosarcoma, cervical cancer cell, mouse 

neuroblastoma and equine adipose-derived stem cell lines.167  

Other notable examples of gene delivery include the cationic choline-conjugated 

calixarene 10, which was able to form virus-sized nanoparticles with plasmids for 

gene delivery.168 Apart from small calixarene conjugates, dendritic calixarene-

based scafolds were also used in gene delivery. The amino-functionalised 

multicalix[4]arene 11 was also demonstrated to transfect genes into Chinese 

hamster ovary cell with negiligable cytoxicity.169  

3.1.4 Calix[4]arene derivatives as drugs 

Apart from delivering drugs and nucleic acids into the cells, calix[4]arenes 

derivatised with functionalites to achieve receptor or enzyme binding have also 

been developed. Existing examples have expanded the use of calixarenes in 

targeting various diseases such as viral infections, bacterial infections and 

malignancy.  

Calix[4]arenes tethered with glycosides 

Lectins are a family of specific sugar-binding proteins expressed on the cell surface 

in various organisms. They are involved in many biological recognition processes 

in nature. The binding affinity of polysaccharides towards lectin can be enhanced 

by the number of saccharide units presented via non-covalent interactions; this is 

known as the óglycoside cluster effectô.170 The calix[4]arene scaffold itself serves 

as a perfect dendrimer platform to present a sufficient bulk of diverse carbohydrate 

motifs for lectin recognition.171  
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In an antiviral study, calix[4]arene 12 conjugated with N-acetylneuraminic acid via 

click chemistry (Figure 3.6) was shown to have a 83-fold increase in binding 

affinity on haemagglutinin expressed on the surface of influenza virus A.172,173
  

 

 

Figure 3.6  Examples of calix[4]arenes tethered with carbonhydrate motifs. 

In Ungaroôs group, the study of glycocalix[4]arene was focused on treating cholera. 

Glycocalix[4]arene 13 (Figure 3.6) bearing ganglioside GM1 mimic was synthesed 

and tested with cholera toxin, a protein complex174 secreted by bacterium Vibrio 

cholerae. This protein complex is responsible for massive fluid release in a cholera 

infection.175 It was found that its affinity towards cholera toxin was increased by 4-

fold compared with its mimicking target, GM1 pentasaccharide.176  
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In the study of lung infection, a calix[4]arene tethered with galactose was used as 

an anti-adhesive agent aganst Pseudomonas aeruginosa. Matthews and Vidal 

reported a calixarene conjugate 14 with a Kd in the nanomolar range against LecA, 

a soluble lectin expressed by Pseudomonas aeruginosa.177 Futher studies showed 

that designed glycoclusters on the calixarenes prevented lung infection by 

Pseudomonas aeruginosa in a mouse model.178  

In 2014, another example using glycocalix[4]arene chemistry was published; 

lactosyl and galactosyl motifs were attached on either cone calix[4]arenes or the 1, 

3-alternate structure. The resulting gylcocalix[4]arenes were then tested with Gal-

3 protein, a lectin heavily involved in cancer metastasis and migration. The study 

showed that cone-shaped lactosylcalixarene 15 (Figure 3.6) possessed the highest 

affinity for Gal-3 lectin.179 

Calixarene in protein-binding studies 

Calix[4]arenes in the cone conformation can be decorated with peptide motifs for 

peptide-protein interactions; as a result, modified calixarenes have the potential to 

block protein-protein interactions. In light of the shape of antibodies, Hamilton and 

co-workers proposed the idea that calix[4]arene analogues can be modified to 

mimic an artificial binding surface for several proteins.180 In the late 1990ôs, 

calixarene 17 (Figure 3.7) was shown to bind cytochrome C, a critical protein in 

the electron transport chain in mitochondria.181 Later studies confirmed that 

calix[4]arene 16 forms a 1:1 complex with cytochrome C and blocks the heme 

edge.182 Another study on calix[4]arene 16 showed that the protein mimic on the 

calix[4]arene also inhibits -hchymotrypsin at a nanomolar level, suggesting a 

multifunctional role.183 Calix[4]arene 17 (Figure 3.7), was shown to achieve potent 

platelet-derived growth factor (PDGF) inhibition (IC50= 250 nM, Figure 1.17).184  
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Figure 3.7  Examples of calix[4]arenes in protein-binding studies 

Other research has focussed on attaching pseudo peptides or amino acid motifs onto 

calix[4]arenes to achieve biological effect on receptors and proteins. For example, 

calix[4]arene 18 (Figure 3.7) with an arginine methyl ester on the upper rim was 

shown to be a reversible inhibitor of the voltage-gated potassium channel.185 This 

effect was attributed to the relatively small size of the lower rim, which can enter 

the channel with ease, while cationic guanidines on the upper rim interact with the 

Asp-379 residue in the vestibule by ionic and hydrogen bonding.185 Another similar 

study used tetraguanidiniomethylcalix[4]arene 19 (Figure 3.7), which had a fixed 
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lower rim and was shown to bind p53-R337H, a mutant form of the tumour 

suppressor protein p53.186 In the mutant p53-R337H, an important salt-bridge 

between Arg337 and Asp352 is lost, which destabilized the mutant compared to 

wild-type p53. Furthermore, calixarene 19 can strongly enhance the thermal 

stability of p53-R337H by wedging into two of the four monomers via hydrophobic 

interaction ion-pairing and hydrogen bonding.186  

Calixarene derivatives have also been investigated as tools drugs in the studies of 

epigenetics. As an example, arylamidocalixarene 20 (Figure 3.7) was developed as 

a potent histone deacetylase (HDAC) inhibitor with three positions on the upper 

rim functionalised with anthracene while the remaining position is functionalised 

with an aryl carboxylate. This calixarene was found to possess an in vitro IC50 of 

0.14¤0.02 ɛM against an HDAC enzyme derived from human cervical cancer cell 

nuclear extracts. In silico modeling suggested that its anthracene substituents 

interacts with two tyrosine residues in pocket A (Tyr 91) and pocket C (Tyr 264) on 

the surface of HDAC via ́-́ stacking as well as participating in a cation-́ 

interaction with a lysine residue in pocket A (Lys19). Meanwhile, the carboxylate 

binds to the crucial Zn(II) cations in the pocket.187 

In antiviral studies a proteomimetic calixarene 21 (Figure 3.7) was shown to block 

HIV-1 entry into cells via binding to the exterior surface of gp120. It projects an 

aromatic isophthalate spacer on the upper rim which is crucial for targeting gp120, 

possessing a submicromolar-range anti-HIV IC50 for 0.65Ñ 0.07 ɛM. Additionally, 

21 is active againist BMS-378806 resistant HIV strains from human patients.188,189 

Apart from modifying the calixarene into protein-binding ligands, Consoli and co-

workers used a calix[4]arene functionalised with folate acid as a tumour targeting 

motif and nitrobenzoxadiazole (NBD) as a fluorescent cargo (22, Figure 3.8).190 

The folate-acid conjugate was shown to enter neoplastic cells via folate receptor-

mediated endocytosis.191 In cell imaging experiments, 22 showed cellular uptake in 
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human cervical cancer cells, mouse embryonic fibroblasts and human malignant 

melanoma cell lines. Among them, the cervical cancer cells had the highest level 

of folate receptor expression whereas the melanoma cell line had only a modest 

folate receptor expression level. The results showed that after being treated with 10 

ɛM calix[4]arene 22 for 3 hours, mouse embryonic fibroblast cell line had only 

internalised 10% of the fluorescent ligand while human malignant melanoma cell 

line had internalised 37% calix[4]arene 22 compared to that internalised by the 

human cervical cancer cells. Internalisation of compound 22 by human cervical 

cancer cells was also shown to be blocked by administration of free folic acid.190 

This showed the presence of folic acids on the upper rim of the calix[4]arene was 

effective at achieving receptor-specific internalisation.  

 

Figure 3.8  Folate-acid appended calix[4]arene-based imaging ligand: FA-

    C4-NBD 

3.1.5 Calixarenes interacting with nucleic acid secondary structures 

Calixarene conjugates have been extensively used as nucleic acid condensing 

reagents, as discussed in Section 1.4.2. But their sequence-specific DNA-binding 

properties are less well-known. By carefully tuning the functionalites on the 

calix[4]arene, they can be used to target nucleic acids, for example as DNA 

intercalators192 and as major groove binders126 for duplex DNA. In addition, there 
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are also some examples of calixarenes targeting G-quadruplexes.192-196   

Methylazacalix[6]pyridine 23 (Figure 3.9) was the first recorded calixarene 

compound interacting with G-quadruplex forming sequences.193 It has been shown 

via circular dichroism that calixarene 23 is able to induce the formation of c-Kit 

and c-MYC G-quadruplexes.193 Molecular docking suggested that 

methylazacalix[6]pyridine 23 exists in a flexible conformation in solution. It binds 

to the nucleic bases on the loop region of these two G-quadruplexes,193 but does 

not binds to double-helical DNA. Additionally, the binding mode towards different 

intermolecular G-quadruplexes was investigated.194 It was shown that 23 can 

increase the thermal stability of intermolecular G-quadruplexes formed from T12 

(5ᾳ-TAGGGTTAGGGT-3ᾳ, dimeric) and H12 (5ᾳ-TTAGGGTTAGGG-3ᾳ, tetrameric) 

by 4 and 7 ÁC, repectively.194 Docking experiments demonstrated that methyl-

azacalix[6]pyridine 23 possesses a twisted cone conformation when bound with 

one pyridine subunit intercalating into the cavity at the 3ô-terminal of the 

intermolecular G-quadruplex. Computational docking also indicated that 

compound 23 should additionally be able to bind other intramolecular G-

quadruplexes such as thrombin-binding DNA aptamer,195 c-kit and Bcl-2. 

Methylazacalix[6]pyridine 23 also possessed the lowest free energy of binding 

towards intermolecular hTelo G-quadruplexes compared to other 

methylazacalixpyridines with different pyridine numbers (MACP-n, n= 4, 7, 8, 

9).194  

 

Figure 3.9  Methylazacalix[6]pyridine 23, the first studied calixarene-based 

    G-quadruplex interacting compound. 
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In another example, calixarenes functionalised at the lower rim with amine groups 

were shown to interact with the G-quadruplex forming sequences from the human 

telomere and promoter region of c-MYC.196 hTeloG and c-MYC G-quadruplexes 

were treated with calix[4]arene 24 (Figure 3.10) and circular dichroism melting was 

performed to monitor the conformational changes. Calix[4]arene 24 was found to 

bind and stabilise both G-quadruplex types. However, the thermal stability of these 

G-quadruplexes were only increased by 2.7 ÁC.196 Further circular dichroism 

experiments suggested that addition of calix[4]arene 24 altered the conformation 

of hTeloG from anti-parallel to parallel. In supporting cell-based studies, 

calix[4]arene 24 also showed significant anti-proliferative effect towards human 

breast cancer, androgen-sensitive prostate adenocarcinoma, primary glioblastoma  

and dermal fibroblast cell lines even at 1 ɛM concentration. However, the anti-

proliferative effects of calix[4]arene 24 were not clearly linked to its G-quadruplex 

stablising effect.196  

 

Figure 3.10 Chemical structure of calix[4]arene 24 

Calixarenes functionalised with DNA-binding polycyclic-aromatics were shown to 

bind to duplex DNA (Figure 3.11).192 In silico modeling shows that the pyrene 

groups on calix[4]arenes 25 and 26 are able to intercalate into DNA base pairs and 

the whole calix[4]arene structure can insert into the minor groove of B-DNA. 

Cytotoxicity experiments showed that 26 possessed high potency against the 

human thyroid cancer cell line, with an IC50 of 95 nM.192  
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Figure 3.11 Chemical structure of polycyclic aromatic hydrocarbons-  

   presenting calix[4]arenes 25 and 26 

In Schraderôs group, a flexible calixarene dimer 27 functionalised with 

guanidinium groups was developed (Figure 3.12).126 27 was shown to intercalate 

into the major groove of B-DNA with a 0.6:1 to 0.8:1 (dimer vs DNA) stoichiometry. 

These were determined to have a Kd between 0.2 and 1.3 ɛM, depending on the 

DNA sequence used.126 The binding was also supported by data obtained from 

ethidum bromide displacement assays, UV-Vis melting and circular dichroism 

experiments. Further NMR experiments and computer modeling together showed 

that dimer 27 bridges up to nine base-pairs in B-DNA.126 The authors indicated that 

further modification of 27 may lead to sequence-selective DNA recoginition.126 
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Figure 3.12 Calix[4]arene dimer 27 that binds to the major groove of doube- 

   helical DNA 

3.2  Aim 

There is an opportunity for investigating the use of the calix[4]arene scaffold in 

binding DNA structures further. Given the beneficial properties of calix[4]arene 

derivatives, such as defined conformation,140 cell-permeablity,140,169 and potential 

for multi-valency,140 a novel family of calixarene-based DNA-interacting ligands 

can be designed and made. In short, this proof-of-concept project can be divided 

into 4 small goals to achieve. 

1) To prepare a series of amino functionalised calixarenes featuring suitable 

 substituents for conjugation at the lower rim. 

2) To prepare compementary derivatives of DNA binding motifs which can be 

 attached to the calixarene.  

3) To prepare calix[4]arene conjugates containing DNA binding moieties. 

4) To investigate the interaction of the calix[4]arene-conjugates with DNA using 

 FID, DNA FRET melting and circular dichroism.  
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3.3  Results and discussions 

3.3.1 Calixarene conjugate design 

In a previous study in the Matthewôs group, a mono-pyrene-substituted amino-

calix[4]arene (28, Figure 3.13)197 was prepared and preliminary studies using 

FRET melting experiments indicated that it interacts with DNA. However, a 

detailed study had not been undertaken. 

 

Figure 3.13 Fluorescent amino-calix[4]arene 28  

Given the previous work in synthesising this compound, it was decided to use a 

similar approach initially to conjugate DNA binding moieties to a calix[4]arene 

scaffold. Thus the individual components would need to be compatible with the 

Huisgen cycloaddition to form the triazole ring.  

Copper catalysed azide-alkyne cycloaddition 

Copper catalysed azide-alkyne cycloaddition (CuAAC), also commonly reffered to 

as the óclickô reaction, is a widely used chemical reaction to create a covalent 

linkage between two molecules. The cycloaddition without any catalysts was first  

discovered by Rolf Huisgen198 in the 1960s; thereafter in the late 1990s, both 

Morten Meldal199 and Karl B. Sharpless200 in separate studies showed it was 

possible to achieve regioselectiviy using copper (I) catalysts. This reaction has 

become a prominent synthetic procedure in various medicinal chemistry research 
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areas,201 including small molecule ligands,202 glycobiology,203 bioconjugates,204,205 

nanocarriers,206 and macrocyclics.207 This reaction can be described as a 1,3- 

dipolar cycloaddition, where the chemically inert azide group and propargyl group 

are non-regioselectively bonded together (Scheme 3.1a). However, the presence of 

Cu (I) cations, the regiochemistry is restricted to only a 1, 4-substituted pattern 

(Scheme 3.1b),199,200 as well increasing the rate of reaction by a factor of 107. 

Alternatively, with the help of a Ruthenium catalyst, 1,5-substituted 

regioselectivity is also available.206 (Scheme 3.1c). However, to date, CuAAC has 

been applied far more frequently than its ruthenium complex counterpart. 

 

Scheme 3.1  a) Huigsen alkyne-azide cycloaddition without catalyst, both 1,4-

 substituted and 1,5-substituted products are formed. b) Copper(I) 

 cation catalysed alkyne-azide cycloaddition. c) Ruthenium 

 complex catalysed alkyne-azide cycloaddition 

In the proposed mechanism, the reaction is initiated by coordination between an 

alkyne and one Cu (I) cation (Scheme 3.2). This results in a decreased pKa for the 
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alkyne-terminal hydrogen. This proton is later replaced by another copper (I) cation 

to form Cu(I)-acetylide I.208 This structure was stablised by an other copper (I) 

cation. The source of copper (I) cations can be from either copper (I) iodide209 or 

prepared in situ from CuSO4 reduction in the presence of sodium ascorbate.200 Also, 

normally some organic bases, such as TEA, DIPEA or tris-(benzyl-

triazolymethyl)amine (TBTA), are added to ligate copper (I) cations and increase 

their solubility in organic solvent.207 The entry of the azide group into the catalytic 

cycle (Scheme 3.2) immediately gives a metallocycle 2. The resulting complex 

undergoes a ring contraction to get a stable copper triazolide 3. In the last step, the 

copper (I) cation on the 5ᾳ- position of 1,2,3-triazole is replaced by protons from 

the environment due to pKa preference again (Scheme 3.2).208 With the help of 

copper (I), CuAAC occurs about seven orders of magnitude faster than the 

uncatalysed cycloaddition.208 

 

Scheme 3.2  Proposed mechanism of copper catalysed azide-alkyne 

 cycloaddition208 

In CuAAC, the resulting planar 1,2,3-triazole group is a chemically-inert 

heteroaromatic group with a proton signal at around 7 ppm on 1D 1H NMR. This 

group can be also considered as a Z-amide bond mimic (Figure 3.14).201  
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Figure 3.14  Structural comparison between the Z-amide and 1,2,3-triazole 

A lone pair on the N3 atom in the triazole resembles that on the carbonyl oxygen 

while the C4 atom possess similar electrophilic and polarised properties to the 

carbonyl carbon. Unlike the amide bond, 1,2,3-trazole is completely resistant to 

hydrolysis under physiological conditions. Additionally, the two nitrogen atoms 

(labelled N2 and N3 in Figure 3.14) resemble hydrogen bond acceptors whereas the 

proton on the C5 atom can act as a hydrogen bond donor. A higher dipole moment 

on the 1,2,3-triazole group suggested an increase in peptide bond mimicry 

compared to the original carbonyl amide.201 Thus 1,2,3-triazole is widely accepted 

as an enhanced pharmacophore rather than a conventional linkage.210 Another 

difference between Z-amide and 1,2,3-triazole is the distance between two 

substituents, where the distance in the triazole is about 1.1 times larger than that of 

Z-amide. 

There are further advantages for using CuAAC to assemble molecules. Firstly, large 

molecules can be easily adorned with the necessary alkyne and azide functionality. 

Secondly, CuAAC can be achieved in a large variety of solvent systems, such as 

water, THF, acetone, DMSO, DMF or water/acetonitrile. Thirdly, the reaction 

usually can be carried out within a large range of temperatures (eg between 0ÁC to 

160 ÁC) and pH values (4 to 9), indicating the robustness of the reaction.201 In 

addition, most products are purified with simple work-up procedures without 

recrystallisation and chromatography.201,208 However the toxicity of copper (I) in 

living systems was recorded as a major drawback for CuAAC, as reactive oxygen 
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species (ROS) can be generated by copper (I), ascorbate and atmospheric 

oxygen.211 Current research has extended the idea of CuAAC towards copper-free 

óbioorthogonal chemistryô,212,213 where large biomolecules can be linked with 

fluorescent molecules without interfering with their native biochemical processes. 

In bioorthogonal chemistry, the conventional aryl alkyne can be replaced with an 

alkyne activated by ring strain (Figure 3.15).214 Another way to improve cell 

survivability is to add sacrificial reductants to counter ROS.215-217 

 

Figure 3.15  Examples of activated alkynes (BARAC & TMTH) and reductant 

 (THPTA) in bioorthogonal chemistry215,218,219 

Calixarene conjugate design 

To investigate the potential of lower-rim functionalised calixarenes to bind to DNA 

structures further, a series of first-generation ligands were designed incorprating 

DNA probes, such as pyrene and a derivative of the dye Nile Red (Figure 3.16a). 

Pyrene was selected as the major DNA interacting motif due to its known 

interactions with i-motifs and G-quadruplexes (Figure 3.16a).172,173,187 NRD-2 has 

previously been shown to bind to c-kit G-quadruplex and down-regulated the 

corresponding gene expression in human gastric carcinoma cells.220  

 

All compounds were fixed in the cone conformation and designed to possess 

hydrophilic amine groups on the upper rim (Figure 3.16b) to enhance solubility in 

aqueous media. Three different platforms, mono-substituted, 1,2-disubstituted and 

1,3-disubstituted calixarene, were investigated to explore the structure-activity 
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relationships.  

 

Figure 3.16  a) two DNA binding motifs selected in the proof-of-concept 

 studies; b) three amino-functionalised calixarene platforms 

 bearing alkyne in the proof-of-concept studies 

 The proposed first generation of calixarene conjugates are shown in Figure 3.17.  
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Figure 3.17  First-generation amino-calix[4]arene conjugates with DNA- 

    interacting moieties 

3.3.2 Preparation of clickable calix[4]arene platforms 

Preparing p-tert-butylcalixarene 

To synthesis the clickable mono, 1,2- and 1,3-alkyne functionalized calix[4]arenes, 

a general procedure previously described by Karthauser was followed (Scheme 

3.3).197 
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Scheme 3.3  Synthetic route to prepare mono-propargylated calixarene 33, 1,3-propargylated calixarene 37 and 1,2-propargylated calixarene 41 
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Synthesis of the calixarene conjugates started first by preparation of p-tert-

butylcalixarene 29. In this reaction, the first step is base-catalysed phenol-

formaldehyde polymerization at 120ÁC, followed by the breaking of the polymer-

chain, and the reorganization of the fragments into four-membered macrocycles 

which was then precipitated from the mixture with ethyl acetate (Scheme 3.4).221 

The amount of base added is crucial since it determines the number of phenols in 

the final calixarene system. It was found that addition of 0.03-0.04 equivalents of 

sodium hydroxide facilitates the formation of calix[4]arene while 0.3 equivalents 

of sodium hydroxide facilitates the synthesis of calix[6]arene.222,223  

 

Scheme 3.4  Synthesis of p-tert-butylcalix[4]arene 29 

The resulting compound 29 was an off-white powder isolated in 50% yield. The 

structure was confirmed using 1H NMR spectroscopy, which was consistent with 

the literature (Figure 3.18).221  

 

Figure 3.18  1H-NMR spectrum of Compound 29 (p-tert-butylcalix[4]arene) 

Compound 29 is a highly symmetrical molecule. However, the two protons on the 

methylene bridge exhibit a very interesting property in the 1H NMR spectrum 

(Figure 3.18). These two protons experience very different chemical environments. 
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The proton pointing upwards (Hexo) has a lower chemical shift (3.5 ppm) than that 

of the proton pointing downwards (Hendo) (4.2 ppm); since the latter is closer to the 

O atom (Figure 3.18). Thus the diastereotopic effect results in a pair of doublets 

with a coupling constant of 13.5 Hz. 

The cone conformation of compound 29 was retained at room temperature due to 

the hydrogen bonding at the lower rim. However, it changes its conformation freely 

at higher temperatures from cone to partial cone, 1,2-alternate or 1,3-alternate.149 

Alkylating the lower rim helps to block this transannular rotation, essentially 

locking its conformation150,224 and consequentially improving the calix[4]areneôs 

solubility in non-polar solvent.225 In order to lock the conformation of compound 

30, any aliphatic chain longer then ethyl can be applied.150,224  

Synthesis of mono-propargyl calix[4]arene platform 

In order to prepare mono-substituted amino-functionalised calix[4]arene 33, the 

synthetic route in Scheme 3.5 was used.197  

Scheme 3.5  Synthetic route towards clickable calixarene 31 

In the first step, 29 was stirred for 30 minutes with a mixture of barium oxide and 

barium hydroxide at 30 ÁC prior to the addition of propyl bromide. 

In this step, different bases can be used to achieve regioselective alkylation through 

metal templating effects in the SN2 Williamson ether formation. Barium was chosen 

for tri-propylayion due to its ability to strongly co-ordinate only one phenolic 

residues preventing alkylation due to its size and electropositivity.226 
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After stirring the reaction mixture overnight, water was poured into the reaction 

mixture to precipitate the crude product. The crude product was collected and 

recrystallised in DCM/methanol to yield 30 as a white crystalline solid (69% yield). 

Propargylation of the remaining phenol was carried out using sodium hydride as a 

strong base and propargyl bromide (Scheme 3.5).The small Na+ holds the cone 

conformation of calixarene by coordinating all four oxygens on a single face. Tthe 

final phenol anion formed by deprotonation is able to react with bromide 

nucleophile in an SN2 reaction mechanism.177 

After the hydroxyl group of 30 was activated by treatment with sodium hydride for 

at least one hour, propargyl bromide was added into the reaction mixture and stirred 

overnight. The crude product was precipitated with the addition of water, then 

collected and recrystalised in DCM and methanol to yield mono-propargylated 

compound 31 in 89% yield. Preparation of 31 was confirmed using 1H NMR 

spectroscopy (Figure 3.19).  

 

Figure 3.19  Proton splitting pattern in the 1H NMR spectrum of 31 
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For the monopropargylated derivative 31, there is a single plane of symmetry 

resulting in three separate environments within the calixarene (Figure 3.19). Thus 

additional inequivalence of the methylene bridge protons was observed (HC and HD 

at 4.5 ppm̆HA and HB at 3.1 ppm). The introduction of propyl groups can be 

clearly seen from the two signals at 3.7 ppm and 3.9 ppm with an integration of 2 

and 4 respectively representing the OCH2 group, whilst the propargyl group can be 

identified at 4.95 ppm and 2.35 ppm for the OCH2 and CſCH protons which show 

characteristic long range coupling of 2.5 Hz.  

In order to improve the water solubility of the calixarene, modifications were then 

applied to the upper rim to introduce an amine group. The initial step is ipso 

nitration to replace the p-tert-butyl group (Scheme 3.6). This step can be achieved 

via several methods, such as such as KNO3/AlCl3, HNO3/CH3COOH and 

HNO3/Ac2O. 
227 Among them, the combination of HNO3/CH3COOH is 

advantagous due to its high yield and reaction kinetics.227 

Scheme 3.6  Synthetic route from 31 to 33 

Nitration was achieved by adding a mixture of 100% nitric acid and glacial acetic 

acid into the proparglated compound 31 dissolved in DCM (Scheme 3.6). The 

reaction mixture turned from colourless to deep-blue immediatedly after the 

addition of nitric acid, and then slowly changed to orange at which point the 

reaction was quenched with addition of cold water. After aqueous workup, the 

product 32 was recrystalised from DCM/methanol to give a off-white crystalline 

solid (62% yield). 

The nitro groups were then reduced using Sn(II)Cl2Ŀ2H2O. Other reduction 
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methods which have been used with calixarenes include hydrazine with Raney 

nickel or palladium with either hydrazine or hydrogen.228,229 The later two methods 

are not suitable for calixarene 31, as they could potentially reduce the propargyl 

group on the lower rim as well as the desired nitro groups. Thus the first method 

was selected as a mild reduction procedure. The insoluble starting material 31 was 

initially suspended in refluxing ethanol with Sn(II)Cl2Ŀ2H2O overnight. When the 

reduction of 31 was complete, product 32 was soluble in ethanol. The crude amino-

intermediate 32 was obtained as a brown-colored solid with a simple aqueous 

workup with DCM and used in the next step without further purification.  

The amine groups in 32 were then protected as the Boc derivatives by stirring with 

Boc-anhydride and DIPEA for 18 hours.230 It is to avoid gradual degraration of the 

unprotected amine group on 32 over time.231 The product 33 was purified via 

column chromatography, giving a 34% yield over two steps. The preparation of 

calixarenes 31, 32 and 33 were confirmed with 1H NMR spectroscopy (Figure 3.20) 
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Figure 3.20  Comparison of chemical shifts in 1H NMR spectrum between  

    compound 31, 32 and 33 

Comparing compound 31 and 32 (Figure 3.20), the three singlets around 1.25 to 

0.90 ppm in 31 for p-tert-butyl groups are not present in the 1H NMR spectrum for 

compound 32, confirming the replacement of the p-tert-butyl groups with nitro 

groups. In addition, the chemical shifts of the aromatic protons were shifted to the 

higher peak positions due to the electron-withdrawing effects of the nitro group on 

the aromatic rings.  

Comparing 32 with 33 (Figure 3.20), the chemical shifts for the aromatic protons 

in 33 were shifted back due to the electron-donating effect of the amine. The 

installation of the Boc-protecting group was observed through three singlets around 
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1.5 ppm (tert-butyl groups) and three small singlets at 6.38 and 5.92 ppm (amide). 

The critical propargyl group was not affected by the reduction with Sn(II)Cl2Ŀ2H2O. 

This can be revealed by the two proton signals at 4.86 ppm and 2.31 ppm (Figure 

3.20).  

Preparation 1, 3-dipropargyl calixarene platform  

In order to introduce two propargyl groups on the distal phenols, a different 

alkylation procedure was required for the first step (Scheme 3.7). p-tert-Butyl 

calixarene 29 was heated at reflux in acetone with potassium carbonate for 30 

minutes, followed by addition of propyl bromide.232 K2CO3 was chosen as a mild 

base to deprotonate only two diagonal phenol and hold the whole calixarene 

structure in a cone conformation.150,232 After stirring the reaction mixture for 18 

hours, water was added to precipitate the crude product. The crude product were 

collected and recrystalised in DCM/methanol to yield the pure product as a white 

crystalline solid (46% yield).  

Scheme 3.7  Synthetic route to 1,3-dipropargyl calixarene platform 37 

In the next step, as previously sodium hydride was used used as a strong base to 

deprotonate the remaining phenol groups on 34 to allow the installation of 

propargyl, yielding the desired product (77%). This is because sodium hydride used 

in the reaction was a strong base capable of deprotonate the remaining protons. 

Meanwhile its templating effect is weak as well.150 Formation of 35 was confirmed 

with NMR spectroscopy (Figure 3.21).  
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 Figure 3.21  Proton splitting pattern in the 1H NMR spectrum of compound 35 

For 1,3-dipropargylated compound 35 (Figure 3.21), it has two planes of symmetry 

(dashed line in Figure 3.21) passing through two diagonally located aromatic rings. 

The methylene groups connecting two adjacent aromatic rings were spotted as two 

doublets at 4.5 ppm (HA) and 3.2 ppm (HB). Lower-rim propyl proton signals on 

compound 35 are demonstrated as three proton peaks at 3.7 ppm, 2.0 ppm and 1.1 

ppm. The propargyl group was observed as two proton signals at 5.01 ppm and 2.35 

ppm for the OCH2 and CſCH protons which show characteristic long range 

coupling of 2.5 Hz. 

Upper rim modification on 35 was achieved by following the same procedures for 

33 (Scheme 3.8). The yield for 36 was 48% after recrystalisation from 

DCM/methanol and the yield for 37 was 25% over two steps after column 

chromatography. 
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Scheme 3.8  Synthetic route from 35 to 37 

The structures of products 36 and 37 were confirmed with 1H NMR spectroscopy 

(Figure 3.22). Conversion of p-tert-butyl groups to nitro groups was observed 

thtough the deletion of two large singlets at 1.30 ppm and 0.8 ppm in the spectrum 

of product 36. The chemical shifts of aromatic protons on the compound 36 was 

moved from lower field to higher field (7.1 ppm to 8.4 ppm and 6.4 ppm to 7.1). 

The presence of the Boc-protected amino group on the calixarene 37 was verified 

with the appearance of two singlets around 1.5 ppm. There were also two singlets 

at 6.5 ppm and 6.0 ppm in the spectrum of 37 representing the amide proton on the 

Boc-protected amine group. The protons on the propargyl group were not affected 

by the reduction as verified by the doublets at 4.92 ppm and the triplets at 2.34 ppm. 
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Figure 3.22  Comparison of chemical shifts in 1H NMR spectrum between  

    compound 35, 36 and 37 

Preparation 1, 2-dipropargyl calixarene platform  

As with the distally functionalised molecule 37, the synthesis of proximally 

functionalised 41 requires a different first alkylation step (Scheme 3.9). Compound 

29 was stirred with a large excess of sodium hydride in DMF, followed by the 

addition of 2.2 equivalent of propyl bromide.233 Sodium hydride as a strong base is 

able to deprotonate all four phenol protons on the lower rim. 2 equivalent of sodium 

hydride was able to achieve the 1,2-deprotonation by statistics preference.The 

reaction mixture was precipitated with addition of water after stirring overnight, 

followed by purification via column chromatography to yield a white crystalline 

solid 38 (31% yield). The next step was to install the propargyl group to the 
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remaining two adjancet hydroxyl group to prepare 39 in a an analogous manner to 

33 and 37 (79% yield).  

 

Scheme 3.9  Synthetic route to 1,3-dipropargyl calixarene platform 41 

The structure of calixarene 39 was confirmed using 1H NMR spectroscopy (Figure 

3.23). Compared to 31 and 35, calixarene 39 gives a more complex spectrum as the 

plane of symmetry passes through the two methylene bridges linking two 

propargylated or propylated aromatics (Figure 3.23). Diastereotopic proton signals 

for the methylene bridge show a clear (1+2+1) pattern in integration at 4.50 ppm 

and 3.25 ppm, which is consistent with the methylene bridges having 6 different 

chemical environments. The presence of the propyl groups in compound 39 were 

demonstrated by the three proton signals at 4.70 ppm, 2.10 ppm and 1.10 ppm, with 

an integration of 4, 4 and 6, respectively. The presence of propargyl group was 

confirmed as two proton signals at 4.78 ppm and 2.42 ppm for the OCH2 and CſCH 

protons which show the characteristic long range coupling of 2.5 Hz.  
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Figure 3.23  Proton splitting pattern in the 1H NMR spectrum of compound 39 

Later conversions from 39 to 41 (Scheme 3.10) follow the same procedures as that 

for Boc-amino calixarenes 33 and 37. The yield from 39 to 40 was 39% and the 

yield from 40 to 41 was 45%.  

 

Scheme 3.10  Synthetic route from 39 to 41 

Preparation of 40 and 41 were also confirmed using 1H NMR spectoscopy (Figure 

3.24). As described previously for 32 and 36, removal of the p-tert- butyl group 

was shown as the missing two singlets at 1.1 ppm in compound 40 and a shift of 

the aromatic proton signals towards the higher field comparing to compound 39 

(6.80 ppm to 7.60 ppm). The presence of the Boc-amino groups on the upper rim 

of the calixarene 41 was confirmed with the emergence of two singlets at 1.5 ppm, 

a shift of aromatic proton signals back towards the lower field (7.60 ppm to 6.60 
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ppm) and the presence of amide protons at 6.2 ppm. After reducing the nitro group 

to the amine in 40, the propargyl group on the lower rim of 41 was not affected. 

This can be concluded from that the propargyl protons at 4.60 ppm and 2.32 ppm. 

 

Figure 3.24  Comparison of chemical shifts in 1H NMR spectrum between  

    compound 39, 40 and 41 

3.3.3 Preparation of DNA-interacting moieties 

After the preparation of alkyene-bearing calix[4]arene platforms, making DNA-

secondary structure-targeting motifs were required. Two DNA-intercalating 

moieties were proposed (Figure 3.25). Pyrene, when appended to a calix[4]arene 

has previously been shown to intercalate into double helical DNA192 and when 
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covalently attached to oligonucleotides has been demonstrated to cap i-motif 

structures.124 Thus pyrene is an interesting group to be investigated further. 

Additionally, a Nile Red derivatives (NRD) was also chosen as it is a known small, 

fluroscent G-quadruplex binding compound which has been shown to decrease c-

kit gene expression.25   

 

Figure 3.25  Azido-functionalisesd DNA-interacting moieties prepared to 

 append on amino-calix[4]arene 

Azido-functionalised Pyrene 

In order to incorporate the dyes to the calixarene, functionalisation as the azides 

was required. Clickable pyrene derivatives were made according to established 

methods in the Matthews group.209 1-Pyrenemethanol 42 was brominated with PBr3 

to obtain compound 43, which was then treated with sodium azide in DMF to obtain 

the final azido-functionalised pyrene 44 with only one carbon chain (Scheme 3.11). 

The preparation of 44 was confirmed using 1H NMR spectroscopy. The 

experimental data was consistent with the existing literature.209   

 

Scheme 3.11  Synthesis of 1-azidomethylpyrene 44 

Azido-functionalised Nile red derivatives 

The Nile red derivative was synthesized as previously described (Scheme 3.12).220 

The reaction starts with modifying the aliphatic linker 45 bearing bromine to the 
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azide-containing aliphatic chain 46 by treatment with sodium azide in water. 

Compound 47 was made from 2,3-dichloro-1,4-naphtoquinone and 3-amino-4-

hydroxy anthranilic acid via condensation. (I performed this step with Rouven 

Becker, a project student worked in our lab before.) Then the side chain was 

introduced under anhydrous conditions in the presence of Ghosez reagent to make 

compound 48, which was finally obtained via column chromatography to give a 

red-colored solid (75% yield). 

 

Scheme 3.12  Synthesis of clickable Nile Red 48  

The structure of 48 was confirmed using 1H NMR and IR spectroscopy (Figure 

3.26). In the 1H NMR spectrum of 48, proton signals on the aliphatic chain can be 

found at 3.75, 3.50 and 2.05 ppm, while signals for the aromatic protons on the Nile 

red were observed from 8.5 to 7.5 ppm. The amide proton of 48 was assigned at 9.6 

ppm. In the IR spectrum, there was an absorbance at 2107 cm-1, indicating the 

presence of azide group. 

 



Chapter 3 Synthesis of Fluorescent Calix[4]arene Derivatives and Investigation of Binding to DNA 

102 

 

 

4000 3500 3000 2500 2000 1500 1000
60

80

100

T
ra

n
s
m

it
ta

n
c
e

 
(%

)

Wavenumber (cm
-1
)

 92

 

azide

 

Figure 3.26  1H NMR and IR spectra of compound 50 

3.3.4 Conjugating DNA-interacting moieties with amino-functionalised 

  calix[4]arenes via CuAAC 

As discussed in Section 3.1.2, two main methods have been developed for the 

CuAAC reaction between azides and alkynes.200,209 Both of them were investigated 

in a preliminary screen to determine the best conditions for the click reaction on 

the calixarenes (Scheme 3.13).  

The solubility of amino-calix[4]arene 33 in DMF at room temperature was poor, so 

the reaction required heating to dissolve all the components. Thus 33 and pyrene 
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were dissolved in DMF at 90ÁC; sodium ascrobate and CuSO4Ŀ5H2O or CuI was 

added to catalyse the reaction and after 2 or 3 hours the reaction was quenched by 

removal from the heat and the addition of cold water. After aqueous workup, the 

crude brown-colored product was purified with column chromatography in DCM 

and acetone.197  

When comparing the results with the catalysts, the combination of sodium 

ascorbate and CuSO5Ŀ5H2O was chosen for subsequent reactions due to its higher 

yield (60% vs 40%).  

 

Scheme 3.13  Two methods for copper-catalysed azide-alkyene cycloaddition  

    (compound 49 an example) 

All other calixarene conjugates were prepared in the analogous way for 49 with 

CuSO4ϊ5H2O and sodium ascorbate (Scheme 3.14), reaction yields for each 

conjugate are provided in Table 3.1.  
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Scheme 3.14  Synthetic routes to different calixarene conjugates with CuAA 

 

DNA binding moiety Calixarene conjugtes, yield(%) 

Mono-propargyl 33 1, 3-dipropargyl 37 1, 2-dipropargyl 41 

Pyrene 44  Calixarene 49, 60% Calixarene 50, 61 % Calixarene 51, 52% 

NRD 48   Calixarene 52, 37% Calixarene 53, 31% N/A 

Table 3.1  Reaction yields of CuAAC for calixarene conjugates 
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3.3.5 Boc-group deprotection  

Mono-pyrene substituted calixarene 28 

To remove the Boc protecting groups, 49 was dissolved in DCM and treated with 

gaseous HCl to obtain 28 as a brown colored solid (Scheme 3.15).197,234 Other 

methods to remove the acid-labile Boc protecting groups include addition of TFA 

or HCl in dioxane.165,190 However, gaseous HCl was chosen because it reacts with 

Boc group quickly and the work up involves simply removing excess DCM solvent 

in vacuo.  

 

Scheme 3.15  Boc group deprotection for calixarene conjugates (compound 28 

    as an example) 

Compound 28 was purified via rp-HPLC for the biophysical assays to give the final 

compound as a dark yellow crystalline solid (33% over two steps). The chemical 

structure of compound 28 after purification was confirmed using 1H NMR (Figure 

3.27), with the triazole proton (proton on the 1, 2, 3-triazole group) been seen at 

7.79 ppm.  
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Figure 3.27  1H NMR spectrum of compound 28 

Protons on the carbon between the 1,2,3-triazole and pyrene were identified as the 

singlet at 6.38 ppm, while protons on the carbon between the triazole and oxygen 

were at 5.07 ppm, confirmed by HSQC (Figure 3.28) and HMBC (Figure 3.29). In 

the HSQC spectrum (Figure 3.28), both the peaks at (6.38, 52.36) and (5.07, 66.27) 

ppm represents two methylene groups. These are the two methylene groups invoved 

in the discussion below. In the HMBC spectrum (Figure 3.29), when exciting the 

carbon at 52.36 ppm, a long-range coupling proton signal was detected in the 

aromatic region at 8.08 ppm in the pyrene region, suggesting that the methylene 

group having the carbon signal at 51.82 ppm (HB) is closer to the pyrene. When 

exciting the proton at 5.06 ppm in the 1H NMR spectrum, another long-range 

coupling carbon was detected at 154.40 ppm. The carbon signals in turn have an 

interaction with a proton peak at 6.14, which corresponds to an aromatic proton on 

the calixarene. This signal at 5.06 ppm in the 1H NMR spectrum was assigned to 

the protons on the methylene group connecting the triazole group and aromatic ring, 

assigned as HA. The protons on the calixarene (Hcalix) were also found to be 

interating with proton HA in the HMBC spectrum (Figure 3.29) instead of HB, 

further confirming the idea that HA was at (5.07, 66.27) ppm and HB was at (6.38, 

52.36) ppm in the HSQC spectrum (Figure 3.28).  
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Figure 3.28  HSQC spectrum of compound 28 
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Figure 3.29  HMBC spectrum of compound 28  

1,3-dipyrene substituted calixarene 54 

Distally pyrene-substituted calixarene 50 prepared from the 1,3-diproparglated 

calixarene platform 37 and pyrene 44, was also deprotected with gaseous HCl in 

DCM/methanol (Scheme 3.16), the crude product after solvent evaporation was 

purified with precipitating from diethyl ether at 0ÁC. The structure and purity of 

calixarene 54 was confirmed with 1H NMR spectroscopy (Figure 3.30).  
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Scheme 3.16  Synthetic route towards compound 54  

 

 

Figure 3.30  1H NMR spectrum of calixarene 54 

As described in Section 3.3.4, the singlet at 7.85 pm can be assigned as the click 

protons in the structure, while the singlet at 6.24 ppm belongs to 4 protons on the 

methylene group connecting pyrene and triazole. Due to the fact that compound 54 

possesses two planes of symmetry, the proton signals are reltively simple from 4.0 

ppm to 0.1 ppm. Two doublets at 4.0 and 2.8 ppm represent the protons on the 

methylene bridge of calixarene and the triplet at 3.2 ppm is for the protons on the 

propyl groups next to the oxygen (Figure 3.30). Other lowfield protons can be 

assigned to respectiveprotons as described in section 3.3.2 for 37. 

1,2-dipyrene substituted calixarene 55 

Compound 51 after column chromatography was deprotected with gaseous HCl in 

DCM/methanol (Scheme 3.17). The solvent was removed in vacuo to obtain a 

brown colored crystalline solid. The crystals were then purified via precipitation 
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from diethyl ether at 0ϲC.  

 

Scheme 3.17  Synthetic route towards compound 55 

For compound 55, attaching the pyrene motif to two adjacent aromatic rings results 

in changes in the splitting patterns of the proton signals in the 1H NMR spectrum 

(Figure 3.31). Further investigation of the proton signals from 6.25 to 2.25 ppm 

was achieved COSY spectscopy (Figure 3.32).  

 

Figure 3.31 1H NMR spectrum of compound 55 
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Figure 3.32 COSY spectrum of compound 55 in deutrated methanol 

As shown in the COSY spectrum (Figure 3.32), protons giving rise to the signals at 

4.25, 4.10 and 3.60 ppm are coupled with protons at 3.10, 2.80 and 2.40 ppm. These 

protons can be assigned as the diastereotopic protons on the methylene bridge. The 

proton signals at 6.10 and 4.50 ppm do not couple with any other protons signals 

on the spectrum, thus these protons should be close to the triazole bridge. As 

described in Section 3.3.4, protons on the methylene bridge connecting triazole and 

pyrene usually have higher chemical shifts. Thus the signal at 6.10 ppm can be 

assigned as the methylene between the triazole and the pyrene moiety. The signal 

at 4.50 ppm can be assigned to the methylene connecting triazole and oxygen atom. 

Compared to compound 28 and 54, proton HH and proton HG (Figure 3.31 and 

Figure 3.32) are split. 

Mono-NRD tethered calix[4]arene conjugate 56 

Mono-NRD appended calixarene 52 was made in an analogous way to 29 and 54 

(Scheme 3.18). The red colored crude product after deprotection with gaseous HCl 
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was redissolved in methanol and precipitated using diethyl ether for 5 to 6 times 

before structural characterization (Scheme 3.18).   

Scheme 3.18  Preparation of mono-NRD substituted calix[4]arene 56 from 52 

Product 56 was confirmed with 1H NMR spectroscopy with the click proton found 

at around 8.26 ppm to 8.5 ppm. (Figure 3.33).  

 

  

Figure 3.33  1H NMR spectrum of calixarene 56 

As shown in Figure 3.33, the NRD was identified as several multiplets from 8.0 

ppm to 7.3 ppm, which were accompanied by two triplets (4.6 ppm and 3.7 ppm) 

and one multiplet at 2.4 ppm representing the aliphatic linker on the NRD binding 

moiety. The methylene bridges on the mono-substituted calixarene 56 were 

identified as 4 doublets from 4.25 ppm to 4.0 ppm and 3.4 ppm to 3.0 ppm. Protons 
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on the carbon atom (Ha) connecting the oxygen on the lower rim and triazole group 

were found at 4.9 ppm. 

1, 3-diNRD substituted calix[4]arene conjugate 57 

Distally NRD-substituted calixarene 53 was separated from the reaction mixture 

via column chromatography, which was further deprotected and purified in an 

anlogues way to prepare calixarene 57 (Scheme 3.19). 

 

Scheme 3.19  1, 3-diNRD substituted calix[4]arene 57 from 53 

 

The structure of calixarene 57 as its hydrogen chloride salt was confirmed with 1H 

NMR spectroscopy (Figure 3.34).  
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Figure 3.34  1H NMR spectrum of calixarene 57 

As described for 56 (Figure 3.34) the proton on the triazole group was found at 8.40 

ppm and the NRD moiety can be recognised as several multiples from 8.2 to 7.4 

ppm. Protons on the carbon atom connecting the oxygen on the lower rim and 

triazole group were found at 5.4 ppm. Compared to 56, protons on the methylene 

bridges split into two doulets at 4.5 ppm and 3.3 ppm (overlapped with residual 

methanol signal). 

3.3.6 Preparation for biophysical experiments. 

Before any biophysical assays, the prepared ligands (pyrene-appended and NRD-

appended calix[4]arene) were tested for their solubility in water and buffer. 

Solubility results for these five ligands are provided in Table 3.2. As it can be seen 

on the table, though all ligands prepared are soluble in pure water, their solubility 

in buffer is generally reduced. With increasing complexity in the structure and 

sodium concentration in buffer, ligand solubility in buffers containing sodium 

chloride decreases. Thus compound 28 and compound 54 were the two main 






































































































































































































































































































