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Thesis abstract 
 

Friedreich’s ataxia (FRDA) is a recessive inherited neurodegenerative disorder, 

characterised by a trinucleotide repeat expansion mutation on the FXN gene 

consisting of a (GAA)n base triplet, where n = 66-1700. This mutation results in the 

transcriptional silencing of the FXN gene. One hypothesis for how this mutation causes 

gene silencing is the formation of a persistent DNA, or DNA-RNA, triplex. The work 

presented herein focuses on the biophysical study of DNA and DNA-RNA triplexes 

formed from sequences containing the (GAA)n sequence of varying lengths, and 

subsequently the development of fluorescence lifetime probes with the aim to image 

triplexes in cellulo.  

Initially, the formation and stability of triplexes made from short oligonucleotides 

containing the (GAA)n FRDA repeat sequence, where n = 5, 10 and 20, was studied 

under various pH and salt conditions. It was found that triplexes only formed under 

acidic conditions. 

A molecular biology approach was taken to produce polynucleotides containing a 

(GAA)n FRDA repeat sequence of pathological length, where n = 55, 75 and 200. The 

formation of DNA-DNA and DNA-RNA hybrid structures under varying conditions was 

studied using gel electrophoresis and AFM. It was found that multiple higher order 

structures formed at acidic pH with DNA, and physiological pH with DNA-RNA. The 

DNA triplexes formed at acidic pH were visualised with AFM. 

Lastly, fluorescence lifetime probes based on the structure of thiazole orange were 

synthesised, and their fluorescence properties when bound to different DNA 

topologies were investigated. It was found that all probes exhibited long fluorescence 

lifetimes when bound to triplex DNA, presenting a strategy for imaging triplexes. These 

probes were then incubated with cells containing a (GAA)310 mutation and the 

fluorescence lifetime was measured using FLIM. However, no difference in average 

lifetime was seen between these cells containing the mutation and the wild type. 
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1 Introduction 
 

 Friedreich’s ataxia 
Friedreich’s ataxia (FRDA) was first described by German pathologist and 

neurologist Nikolaus Friedreich in 1863. Friedreich wrote five papers on a seemingly 

new spinal disease, detailing his observations on the thinning of the spinal cord and 

dorsal roots. It wasn’t until 1876 that the hereditary nature of FRDA was discussed; 

Friedreich was studying two siblings with the disease, despite their parents not 

displaying any symptoms. Friedreich did not receive recognition for this work in his 

lifetime, though as more research was conducted into this disease the name 

‘Friedreich’s ataxia’ persisted.1 

FRDA is an autosomal recessive genetic disorder of the cerebellum, spinal cord 

and nervous system. It is the most common form of inherited ataxia, with a prevalence 

of 2x10-5 in the Caucasian population and a carrier frequency of around 1 in 100. 

Symptoms typically develop between the ages of 5 and 15, beginning with walking 

difficulties and poor balance. These symptoms become steadily worse as the disease 

progresses and the extent of muscle degeneration increases, with sufferers generally 

becoming wheelchair bound within 15 years of diagnosis. There are many other 

complications associated with FRDA, including diabetes, scoliosis, heart failure and 

vision and hearing loss. FRDA can significantly shorten life expectancy, with the most 

common form of death being heart disease.2 

FRDA is characterised by a triplet repeat expansion mutation on intron 1 of the 

FXN gene, located on chromosome 9, which encodes for the protein frataxin (crystal 

structure seen in Fig. 1.1).3  Autosomal recessive refers to the requirement for both 

inherited alleles to contain the mutation. As such, it falls within a group of 

approximately 20 human disorders known as ‘Repeat Expansion Diseases’. The 
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repeat expansion consists of a (GAA)n  base triplet. In the normal version of the gene 

this base triplet is repeated between 7 and 22 times, however in the defective version 

of FXN gene, this triplet can be repeated up to 1700 times. It has been reported that 

96% of FRDA sufferers have (GAA)n repeat lengths of 44-1700, with 600-900 being 

the average. The number of repeat units is correlated with the severity of the disease, 

with longer repeat lengths resulting in an earlier onset of more severe symptoms owing 

to the increased instability of the repeat.3 This mutation greatly disrupts the normal 

production of frataxin, causing progressively less  protein in the body as the disease 

advances - although the function of frataxin is not currently known.4 It is located in the 

mitochondria and has been proposed to act as an iron chaperone or storage protein 

involved in the assembly of iron clusters.5,6 Frataxin is primarily expressed in tissues 

with a high metabolic rate, with frataxin mRNA being most abundant in the heart and 

spinal cord, followed by the liver, skeletal muscle and the pancreas.7 Without normal 

levels of frataxin these tissues produce energy much less effectively. It has been 

reported that binding of iron by frataxin also reduces the amount of free iron in the cell, 

Fig. 1.1: Crystal structure of mature human frataxin (1EKG, taken from the PDB). Alpha 
helices (two) are displayed in blue, beta sheets in red (four) and loops in pink.198 
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and hence reduces the amount of iron available for free radical-generating reactions.6 

Without this protein, excess free iron can accumulate in cells, generating free hydroxy 

radicals by acting as a catalyst for the Haber-Weiss reaction with hydrogen peroxide, 

or through oxidation by hydrogen peroxide in the Fenton reaction, and causing 

oxidative stress which can eventually lead to cell damage.6  

The disruption of frataxin production is ultimately caused by the partial 

transcriptional silencing of the FXN gene. The repeat expansion mutation allows the 

synthesis of some frataxin, as the coding sequence is not located within the mutation 

intron containing the mutation; frataxin levels in peripheral blood leukocytes were 

found to be between 5 and 30% of normal, depending on the length of the mutation.8  

The (GAA)n repeat expansion mutation is hypothesised to inhibit transcription by two 

broad mechanisms: the formation of non-canonical DNA and DNA-RNA hybrid 

structures and the triggering of chromatin condensation, both of which block access 

by transcriptional machinery.9  

The non-canonical DNA structures suggested to form are triple-stranded, or 

triplex, structures.10 These triplexes are also hypothesised to aggregate with each 

other to form ‘sticky DNA’.11 The DNA-RNA hybrid structures are known as ‘R-loops’.12 

These triplexes are the primary focus of the work presented herein and the general 

characteristics of which are discussed in more detail below. A DNA triplex may form 

in the context of FRDA by the folding back and hybridisation of one strand of the duplex 

into the major groove of the duplex (see Fig. 1.2). As such, this third strand can either 

consist of the purine base strand (GAA) or the pyrimidine base strand (TTC), forming 

a purine or pyrimidine triplex respectively.10 This can be initiated at a small 

denaturation bubble in the duplex, whereby the duplex can rotate slightly either side 

of the bubble, allowing it to fold back and form a triplex.10 A model was proposed by 

Grabczyk and Usdin (2000) that suggested intramolecular triplexes can form at 

GAA:TTC repeats when RNA polymerase is reading the template strand, and the non-

template strand folds back onto the duplex.13 This is driven by the negative 

supercoiling behind the replication fork.13 This triplex can then block subsequent RNA 

polymerase at the promoter proximal end, reducing production of frataxin.13 Indeed, 

triplex formation at (GAA)n repeats has been reported to impede DNA polymerisation 

in vitro. Another study has reported the stalling of replication at the FRDA repeat 



 18 

sequence (GAA)40  in plasmids in vivo, which was not seen with a normal length of 

(GAA)20 repeats.14 The threshold repeat length for replication stalling in yeast was 

reported to be n = 40; similar to the FRDA pathological threshold in humans.14 It was 

also reported that the stalling was primarily seen when the purine (GAA) strand was 

the lagging strand, leading to a hypothesis that this stalling was caused by the 

formation of an intramolecular purine triplex.14 Alternatively, another study suggests 

that pyrimidine triplexes form at (GAA)n repeats in vitro.15 This study uses peptide 

nucleic acids (PNAs) consisting of (GAA)n or (TTC)n units to study their effects on 

plasmids containing FRDA repeats under negative supercoiling. Chemical probing 

found triplex structure and purine ssDNA present, indicating the pyrimidine strand was 

involved in the triplex.15 It was also reported that the (GAA) PNAs formed a duplex-

invasion complex, abolishing any detectable triplex structure, whereas the (TTC) 

PNAs did not.15 This also indicates pyrimidine triplex, as the (TTC) PNA will stabilise 

the purine ssDNA while the pyrimidine strand participates in the triplex.15  

 ‘Sticky DNA’ is a DNA structure described to form at (GAA)n repeats in FRDA. 

It has been previously reported to form by the association of two or more purine 

triplexes in negatively supercoiled plasmids at neutral pH.16 In a later study, it was 

Fig. 1.2: Schematic showing intramolecular triplex formation during transcription. Once the 
duplex is denatured for transcription, non-template DNA strand (blue) folds back onto the 
duplex to form an intramolecular triplex while RNA polymerase is reading the template 
strand. 
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reported that in vitro transcription of a supercoiled plasmid containing a ‘sticky DNA’ 

region formed at (GAA)n repeats of pathological length was greatly reduced in 

comparison to the linear template without the ‘sticky DNA’.11 A subsequent study used 

b-Alanine-linked pyrrole-imidazole polyamides to block ‘sticky DNA’ formation through 

high-affinity binding to (GAA)n tracts, resulting in the increase in FXN expression in 

cells from patients with FRDA.17 

Several studies implicated DNA-RNA hybrid structures in FRDA such as R-

loops, as mentioned above. They can form during transcription, when nascent RNA 

hybridises to the DNA template, leaving the non-template strand as ssDNA (see Fig. 

1.3). A recent study showed that R-loops form at expanded repeats on the FXN gene 

in cells derived from FRDA patients, by using a specific antibody that recognises DNA-

RNA hybrids.12 The level of R-loops was also found to correlate with the length of the 

(GAA)n repeats.12 Moreover, it was reported that these R-loops were stable and 

impeded transcription of the FXN gene by RNA polymerase.12 Relating to 

heterochromatin formation (another hypothesised mechanism of transcriptional 

silencing in FRDA), the study also reported increased R-loop levels correlate with 

increased repressive chromatin markers.12 However, this study also suggests that 

formation of heterochromatin is not the cause of transcriptional silencing of FXN, but 

a downstream effect of R-loop formation at expanded (GAA)n repeats.12 A more recent 

study reported that knocking out the enzymes in yeast that counteract formation of 

Fig. 1.3: Schematic showing R-loop formation during transcription. Once the duplex is 
denatured for transcription, the RNA strand binds to the template strand of the duplex. 



 20 

DNA-RNA hybrids resulted in increased rate of (GAA)n expansion and contraction 

upon transcription of the repetitive sequence.18 This study postulates that (GAA)n 

expansion is induced by DNA-RNA hybrids that trigger break-induced replication, 

which is independent of which strand (purine or pyrimidine) is in the transcript.18 

Hence, it is suggested that rather than conventional R-loops, the structures formed 

could be triplexes stabilised by DNA-RNA hybrids (H-loops).18 

There is some debate over whether FRDA is an epigenetic disorder.19 

Epigenetics deals with non-genetic mechanisms of regulating gene activity and 

expression, including changes to DNA that do not alter the underlying sequence; these 

include DNA methylation and histone modification. It is known that some other Repeat 

Expansion Diseases such as fragile X syndrome (FXS) are associated with 

heterochromatin formation,20 however the notion that FRDA repeats are linked to 

unusual epigenetic modifications is relatively new. Heterochromatin is a form of tightly 

packed, or condensed, DNA, and is involved in the regulation of gene expression.21 

There are many varieties falling under two broad categories, constitutive and 

facultative heterochromatin. Constitutive heterochromatin affects the expression of 

genes in its vicinity through positive-effect variegation (PEV).22 Constitutive 

heterochromatin is typically repetitive and plays structural roles such as formation of 

telomeres and centromeres. All cells of a particular species contain constitutive 

heterochromatin in the same regions, and as such any genes that fall within this region 

will always be poorly expressed.22 Facultative heterochromatin is however not 

consistent between cells of the same species and hence a gene in one cell may be 

packaged in heterochromatin and be poorly expressed, yet in another cell may not be 

packaged and exhibit normal expression.23 Facultative heterochromatin is generally 

regulated and is heavily associated with differentiation. It has been previously reported 

that (GAA)n repeats can induce heterochromatinization in a transgenic mouse model.24 

In addition to this, epigenetic modifications such as hypoacetylation of histones H3 

and H4 (H3K9me2 and H3K9me3), consistent with high-order chromatin structures, 

were found in the vicinity of the (GAA)n repeat sequence in FRDA human and mouse 

tissues.24 Acetylation of core histones is a primary factor in influencing gene 

expression; for example, K9 and K27 trimethylation of histone H3 promotes 

condensation of chromatin, favouring gene silencing.25 Hence, inhibition of 
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deacetylase enzymes has been investigated as a strategy to increase FXN 

expression.26 One study reports the re-activation of FXN in several FRDA models by 

treating with nicotinamide (a histone deacetylase inhibitor), resulting in apparent ‘de-

condensation’ of heterochromatin.30,31 There are many proteins that bind to 

heterochromatin; the heterochromatin protein 1 (HP1) family are a group of highly 

conserved proteins that have functional importance in the cell.27  

DNA methylation is another epigenetic process also associated with gene 

silencing. The extent of DNA methylation has been reported to be much higher in the 

region flanking the (GAA)n repeats in FRDA patient cells in comparison to normal 

alleles.28 A direct correlation between extent of methylation and length of (GAA)n 

repeats in patient cells has also been reported.29  

While there is abundant evidence that unusual DNA and DNA-RNA hybrid 

structures and ‘sticky DNA’ form at the site of (GAA)n repeats in vitro under particular 

conditions, it remains to be proven whether they occur in cellulo.  

 

 Triplexes and other non-canonical DNA structures 
DNA is typically found in the classical Watson-Crick double helical form. In this 

structure, two oligonucleotide strands run anti-parallel to each other, held together by 

hydrogen bonding and base stacking interactions between complementary base 

pairs.32 There are two types of natural DNA base: purine and pyrimidine. The purine 

bases consist of guanine (G) and adenine (A), while the pyrimidine bases are cytosine 

(C), thymine (T) and the RNA base uracil (U). In the double helix, G is complementary 

to C and A is complementary to T or U. DNA duplexes come in at least three forms in 

nature: A-DNA (right-handed 11 bp/turn), B-DNA (right-handed 10 bp/turn) and Z-DNA 

(left-handed 12 bp/turn), with B-DNA being the most prevalent.33 
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  DNA and RNA triplexes 
Since the elucidation of the double-helix, there have been more and more 

secondary DNA structures discovered. One such DNA structure is the triplex, first 

described in 1957.34 As already mentioned above, DNA triplexes are triple-stranded 

structures consisting of a duplex with a third nucleic acid strand bound in the major 

groove (see Fig. 1.4). This can happen in an intermolecular or intramolecular 

fashion.35 Triplexes can be ‘homopurine’ or ‘homopyrimidine’, depending on the DNA 

bases making up the triplex-forming oligonucleotide (TFO). Other common 

annotations are R*R-Y and Y*R-Y for purine and pyrimidine triplexes respectively. 

Homopurine triplexes contain a B-DNA duplex and a TFO consisting of only G and A 

bases bound in the major groove of the duplex in an antiparallel orientation. 

Homopyrimidine triplexes contain a B-DNA duplex with a TFO consisting of only C and 

T bases (or U if RNA) bound in the major groove of the duplex in a parallel fashion.35 

The third strand is held in the major groove by Hoogsteen hydrogen bonding with the 

homopurine strand of the duplex (Fig. 1.5). The homopurine triplex base triplets 

consist of G*G-C and A*A-T, whereas the homopyrimidine triplex base triplets consist 

Fig. 1.4: A solution structure of triplex DNA (1D3X, taken from the PDB). The two strands 
corresponding to the duplex are blue, while the TFO is shown in orange, bound in the 
major groove of the duplex. 
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of C+*G-C and T*A-T. It can be seen that protonation, at the N7 position of the cytosine, 

in the homopyrimidine TFO is required for formation of one of the Hoogsteen hydrogen 

bonds. Hence, acidic conditions are favourable for pyrimidine triplex formation, while 

this is not required for purine triplex formation. Purine triplex formation is strongly 

favoured by the presence of divalent metal ions such as magnesium (Mg2+). Generally, 

triplexes have a much higher charge density in comparison to dsDNA due to the three 

polyanionic strands in close proximity.36 Due to this, it can be expected that the charge 

Fig. 1.5: Schematic showing the bonding in pyrimidine triplexes (left) and purine triplexes 
(right). Watson-Crick hydrogen bonding is indicated with a striped line, while Hoogsteen 
hydrogen bonding is indicated with a dashed line. The bases in the TFO are indicated with 
the coloured boxes; blue for pyrimidine and orange for purine. 
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repulsion effect between the negatively charged phosphate backbones of the three 

nucleic acid strands is more significant. The presence of cations can act to shield this 

repulsion in solution, allowing the strands to come together with less resistance. 

Stabilisation of purine triplexes by divalent metal cations has been extensively 

reported in the literature. One theoretical study found a large stabilisation of the G*G-

C base triplet with Mg2+, predominantly arising from the balance of electrostatic 

interactions between the salt cations and the three negatively charged DNA bases in 

the triplet.37 It was also reported that the cation-induced polarisation, which was 

centred on the guanine of the third strand, contributed considerably to the stabilisation 

of the triplet.37 Experimental studies have shown similar results.38 It has been 

previously reported that divalent metal cations are instrumental in the formation of a 

purine triplex from a G-rich sequence as seen by mass spectrometry.38 In particular, 

divalent cations have been demonstrated to coordinate to certain sites on DNA 

nucleotides. This has been reported for the binding of Mg2+ and Zn2+ to the N7 position 

of purine nucleotides G and A, enhancing the formation of Hoogsteen hydrogen bonds 

with these bases.39 This is supported by another study showing the stabilisation of G-

rich intramolecular triplexes with divalent cations including Mg2+ and Ca2+.40 Some 

studies have suggested that monovalent cations are actually detrimental to triplex 

formation, especially in G-rich sequences.41 This could be due to competition arising 

with self-association structures such as dimers or tetramers, which have been 

previously reported for sequences containing (GA) and (GT) repeats.42 Monovalent 

cations are known to stabilise alternative non-canonical DNA structures, as discussed 

in more detail later. The stability of triplexes is highly dependent on solvent 

environment, sequence and whether it is an intermolecular or intramolecular structure. 

Triplex stability also greatly depends on the nature of the underlying duplex, though 

triplexes tends to be much less stable than their counterpart duplexes.43 In fact, there 

are few studies on unmodified triplexes at physiological pH.  

Molecular crowding conditions also stabilise triplexes and other non-canonical 

DNA structures.44 The molecular environment in cellulo is inherently crowded, with 

biomacromolecules such as proteins occupying 20-40% of the cellular environment 

and creating steric hinderance in the nucleus.44 This can be emulated using large 

molecules like polyethylene glycol (PEG). Triplexes have exhibited increased melting 
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temperatures in the presence of 19% (v/v) PEG, with greater stabilisation seen with 

larger PEG molecules.45,46 Another study reported the promotion of G-triplex formation 

in the presence of 40% (v/v) PEG.40 This is related to the change in the 

thermodynamics of base pairing caused by the presence of PEG. An increased 

concentration of PEG in solution is accompanied by a decrease in the activity of water, 

hence favouring the pairing of bases in order to reduce the hydrophobic effect.44 

Triplex formation in the presence cellular concentrations of macromolecules in vitro 

provides further indication that triplexes may form in vivo under similar conditions. 

As well as DNA triplexes, DNA-RNA hybrid and pure RNA triplexes have also 

been reported. In fact, RNA triplexes were the first to be observed in vitro.47 DNA-RNA 

hybrid triplexes are subject to more sequence restraints than pure DNA triplexes; the 

RNA bases are required to be pyrimidine only, with uracil also being favoured over 

cytosine. The rU base forms a triplet with an A-T DNA base pair and protonated rC+ 

base forms a triplet with a G-C base pair; these structures are among the most stable 

triple-helical structures.48 The polypyrimidine RNA strand binds in an antiparallel 

orientation with respect to the polypyrimidine DNA strand, and hence the RNA cannot 

generally form a triplex with its own transcript unless it’s a mirrored or repeat 

sequence. Despite these restraints, it has been found that triplexes where the TFO is 

RNA instead of DNA are generally more stable.49 It has been previously reported that 

triplexes with a RNA TFO also maintain their thermal stability upon the introduction of 

dehydrating co-solutes such as EtOH and ACN, whereas triplexes formed with a DNA 

TFO do not.50 More recently, it has been suggested that long noncoding RNAs 

(lncRNAs) form DNA-RNA hybrid triplex structures in order to effect biological change. 

Only in the last decade or so has it been discovered that although most mammalian 

DNA is transcribed, only a small fraction of it actually encodes for functional proteins, 

and the majority of RNA transcribed is ‘noncoding’.51 These lncRNAs have now been 

implicated in many biological processes, including epigenetic regulation.52 Though the 

mechanisms by which they regulate gene expression is still relatively unknown, 

lncRNAs have been shown to form DNA-RNA triplexes in many cases.53 One such 

example is the recruitment of DNA methyltransferases by specific binding to a DNA-

RNA triplex formed from a promoter lncRNA bound to a transcription factor target 
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sequence.54 This suggests that DNA-RNA triplexes could be instrumental in the 

epigenetic regulation of chromatin through recruitment of DNA methylation enzymes. 

Modifying oligonucleotides to encourage triplexes to form under physiological 

conditions has been the basis of much investigation in recent years. This has been 

prompted by the concept of using sequence-specific targeting oligonucleotides as 

potential gene editing tools.55 It has been previously reported that photoreactive 

psoralens conjugated with oligonucleotides can induce site-specific DNA damage and 

control gene expression through formation of cross-linked intermolecular triplexes, 

which halt the progression of RNA polymerase.56 This was also seen to happen in 

plasmids in human cells, demonstrating that triplex formation can occur within cells.57 

TFOs that have been modified by incorporating unnatural bases to facilitate triplex 

formation are also a promising strategy for gene therapy. Peptide nucleic acids (PNAs) 

are synthetic DNA mimics that contain a pseudo-peptide backbone rather than the 

natural deoxyribose phosphate backbone. Without the negatively charged backbone, 

this eliminates the charge repulsion between nucleic acid strands and allows 

secondary structures to form more easily, although also makes them much less 

soluble. The backbone is also inherently more flexible, meaning that PNAs often bind 

to polynucleotides with higher affinity than natural DNA and RNA.58 The first example 

of this showed the formation of a stable triplex between a polypyrimidine PNA hairpin 

and a polypurine DNA strand.59 Since then, PNAs have been investigated for their 

potential in antigene applications. PNAs can form several different complexes with 

dsDNA, including duplex invasion complexes, triplex invasion complexes and 

standard triplex structures. It has been previously reported that PNAs can form triplex 

invasion structures within the transcribed region of a template strand, preventing 

elongation by RNA polymerase and inhibiting transcription.60 PNAs can also inhibit 

transcription by preventing the unwinding of duplex DNA and blocking the binding of 

transcription factors to promoter regions of target genes.60 A recent study employed a 

poly-pyrimidine triplex-forming PNA with thiazole orange (TO) as a base surrogate for 

fluorescence sensing of dsRNA.61 The TO-PNA conjugate formed a thermally stable 

triplex at acidic pH with dsRNA, prompting a ‘light up’ response from the TO unit and 

allowing real-time monitoring of triplex formation.61 As previously mentioned, PNAs 
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have also been used to investigate secondary structure formation in supercoiled 

plasmids containing the FRDA (GAA)n sequence.15 It was reported that (GAA)4-PNAs 

abolished all detectable triplex structures, yet (TTC)5-PNAs did not.15 It was shown 

that (GAA)4-PNAs can invade the duplex at the repeat region by binding the (TTC)n 

DNA strand and preventing triplex formation, and (TTC)5-PNAs can form triplex 

invasion complexes at the site of the repeats.15 The same study also reported the use 

of locked nucleic acids (LNAs) to disrupt the higher order structures formed at the 

repeat region. Locked nucleic acids (LNAs) are modified RNA bases containing an 

extra bridge between the 2’ oxygen and 4’ carbon (see Fig. 1.6). The ‘locked’ 

conformation enhances the base-stacking properties and increases melting 

temperatures of structures.62 LNAs are also more stable than natural RNA, as they 

cannot undergo base-catalysed hydrolysis and cleavage of the phosphodiester 

backbone, as LNAs do not have hydroxyl group at the 2’ position. Incorporation of LNA 

bases into TFOs increases the stability of the resulting triplex, including promoting 

pyrimidine triplex formation at physiological pH.63 A recent study showed that 

incorporation of LNA bases into the polypyrimidine DNA strand of dsDNA, forming a 

hetero-duplex, enhances triplex formation with TFOs by distorting the duplex 

structure.64 Another recent study reports the increased thermodynamic stability of 

Fig. 1.6: The chemical structure of the backbone of DNA, PNA and LNA. The backbones 
of PNA and LNA lack the negatively charged phosphate group, reducing charge repulsion 
between strands. The LNA is conformationally restrained, enhancing base-stacking 
properties. 
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RNA triplexes with incorporation of LNA and 2-thiouridine residues into the TFO.65 In 

addition to this, these triplex structures were reported to inhibit GFP expression and 

regulate GFP gene silencing in HeLa cells as seen by quantitative analysis of GFP 

expression.65 This research demonstrates how modified nucleic acids can be used to 

form more stable secondary structures for possible therapeutic applications. 

 

  Evidence of triplexes in vivo 
Despite implications that triplexes play a role in cellulo, this evidence is based 

on in vitro studies and is primarily circumstantial. Bioinformatics tools developed to 

analyse the genome and locate any potential triplex-forming sequences have 

suggested triplex-forming motifs are prevalent across the genome.66 These motifs 

have primarily been found in gene promoter regions, thus adding to the hypothesis 

that triplexes may play an important part in gene regulation. 

 More recently, proteins have been discovered that are thought to bind to triplex 

structures in cells. For example, the high mobility group proteins HMG1 and HMG2, 

associated with chromatin and distribution of heterochromatin, have the ability to bind 

triplexes.67 Another example is the GAGA transcription factor in Drosophilia, which 

specifically binds d(GA:TC) sequences known for forming triple-stranded structures 

and other non-B conformations.68 GAGA has been previously reported to bind with as 

high affinity to a pyrimidine intermolecular DNA triplex as the corresponding dsDNA, 

and these triplexes are seen to inhibit transcription of genes situated downstream.68 

Furthermore, the GA factor in Drosophilia is known to be involved in the epigenetic 

maintenance of heterochromatin and hence the silencing of genes.69 Alternatively, the 

STM1 gene in yeast encodes for a protein that binds to a purine triplex motif.70 The 

protein Stm1p was seen to bind purine triplexes through electrophoretic mobility shift 

assay.70 Interestingly, Stm1p had already been identified as binding to G-quartets, an 

alternative non-B DNA structure also held together by Hoogsteen-bonded guanine 

bases.71 Perhaps most interestingly, it has been found that the highly conserved 

human initiation protein Orc4 binds preferentially to triplex DNA.72 The protein Orc4 is 

essential for initiation of DNA replication in cells, and its binding site coincides with 

known triplex-forming sequences, suggesting possible significance of unusual DNA 

structures in recognition by ORC proteins.72  
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As well as cellular proteins that bind to triplexes presenting indirect evidence that 

they form in cellulo, the presence of proteins that destabilise triplex structures provides 

further justification. For example, different families of helicase enzymes can dissociate 

intramolecular DNA triplexes upon binding to the single-stranded loop region.73,74 

Increased genomic instability has been reported in the absence of these enzymes, 

particularly in regions with triplex-forming potential.75 Warsaw breakage syndrome is 

a rare genetic disorder associated with mutations of the human ChIR1 (DDX11) gene 

encoding for ChIR1 helicase. The disorder is characterised by defective genome 

maintenance. A study reported that ChIR1 selectively and efficiently unwinds 

intermolecular and intramolecular DNA triplex substrates and was the preferred 

substrate over G-quadruplexes and replication forks.76 In contrast to this, the mutated 

protein from Warsaw breakage syndrome failed to unwind these triplexes.76 Cellular 

assays also showed increased levels of triplex DNA in ChIR1-deficient cells, 

suggesting physiological relevance of triplexes in this disease.76 In the study relating 

to psoralen-conjugated TFOs discussed earlier, it was found that nucleic excision 

repair proteins XPC-hHR23B and XPA-RPA recognise the triplex-directed psoralen 

DNA interstrand crosslinking and may act in a cooperative manner to repair the DNA 

damage.77 

There is little direct evidence of naturally occurring triplex structures in cells. 

Triplex-specific antibodies have been employed in an attempt to image triplexes in 

vivo. There are early examples of this: a monoclonal antibody Jel 318 was produced 

by immunising mice with poly[d(TmC)]-poly[d(GA)]-poly[d(mCT), a sequence which 

forms a stable triplex at physiological pH.78 This antibody was seen to bind strongly to 

triplex-forming sequences, but not to ssDNA or dsDNA such as calf thymus DNA.78 

Subsequently, another monoclonal antibody called Jel 466 was produced in an 

analogous way and found to have similar properties, however did not bind to poly(dT)-

poly(dA)-poly(dT) base triplets.79 Both Jel 318 and Jel 466 showed little structural 

homology, however both contained numerous positively-charged amino acids.  

Another study showed both antibodies inhibited transcription in nuclei by up to 20%, 

suggesting a role for triplex DNA in regulating transcription.80 One study uses triplex-

specific antibodies to demonstrate the presence of triple-stranded DNA sequences in 

the centromeric regions in Drosophilia melanogaster mitotic chromosomes.81 This was 
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validated by staining with thiazole orange (TO), previously shown to be able to 

reproduce results obtained from antibody binding to triplex DNA.82 Triplex-specific 

antibodies present a promising approach for imaging triplex DNA in vivo, however they 

do demonstrate differing sequence specificity between species.  

Chemical probes are another tool with which to image DNA structures in vitro 

and in vivo. As mentioned previously, TO has the ability to bind triplex DNA. A recent 

study reported that TO detects triplex DNA in the salivary gland of Drosophilia 

melanogaster in an identical location to the previously used triplex-specific 

antibodies.82 However, TO also binds to quadruplex, dsDNA, ssDNA and RNA and 

therefore does not exhibit sufficient specificity for triplex DNA. Chemical probes for 

triplex DNA and other non-B conformations are discussed in more detail below.  

 

  G-quadruplexes 
An alternative non-canonical DNA structure that is often formed at G-rich 

sequences is the G-quadruplex. G-quadruplexes are helical structures comprised of 

one, two or four strands forming guanine tetrads. Like triplexes, G-quadruplexes have 

been implicated in control of gene expression. Unimolecular (or intramolecular) forms 

in particular are found in telomeric regions and are over-represented in gene promoter 

regions.83 Targeted stabilisation of G-quadruplexes has been identified as an 

anticancer strategy; they are prevalent in oncogene promoters and hence stabilisation 

of these structures may prevent transcription of these genes.71 Also, like triplexes, 

most quadruplexes are held together by Hoogsteen hydrogen bonds.  At the core of a 

G-quadruplex are two or more π-π stacked G-quartets, an arrangement of four G bases 

bonded together through Hoogsteen interactions. There are several possible 

conformations depending on the orientation of strand binding. These structures have 

been shown to form under physiological conditions and are notably stabilised by 

monovalent metal cations such as K+ and Na+.84 This stability occurs through 

electrostatic interactions between the cations and the carbonyl moieties on the G 

bases, with additional stabilisation provided through interaction of the cations with the 

loops and grooves of the structure. It has been extensively reported that K+ stabilises 

G-quadruplexes to the greatest extent. Divalent cations, especially Mg2+, have been 

shown to destabilise G-quadruplexes under some conditions and can cause a shift in 
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conformation due to the difference in ionic radii.85 Also like triplexes, G-quadruplexes 

are encouraged to form by superhelical stress and crowding conditions.86 In vitro, G-

quadruplexes have exhibited greater stability once formed than some dsDNA 

structures, with slower unfolding kinetics than DNA and RNA hairpins.85 Bioinformatics 

analysis of the genome shows over 300,000 potential G-quadruplex-forming 

sequences.87 Like triplexes, these sequences are mostly found in functional regions 

of the genome. Highly enriched in gene promoters, it has been reported that 90% of 

human DNA replication origins contain G-quadruplex motifs.88,89 Heavily implicated in 

gene regulation, G-quadruplexes are thought to form during events such as DNA 

replication, transcription or repair, when the duplex is temporarily denatured. In 

addition to this, the tips of eukaryotic telomeres have single-stranded overhanging 

tandem repeat sequences with the propensity to form quadruplex structures.90 Also, 

transient Hoogsteen base pairs have been detected in canonical duplex DNA, 

especially at sites of damage and with specific transcription factors bound, further 

indicating the importance of non-canonical DNA structures in vivo.91 This could also 

mean that the duplex does not necessarily need to be denatured to form a G-

quadruplex, or indeed a triplex, in certain cases. 

 

Fig. 1.7: Solution structure of a G-quadruplex (2MS9, taken from the PDB).  
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 Detection of non-canonical DNA in vitro 
There are a number of biophysical and chemical detection methods for studying 

and imaging non-B DNA in vitro. The methods discussed below are used in the 

following work in the analysis and characterisation of non-canonical DNA structures. 
 

  Gel electrophoresis 
Gel electrophoresis is a useful tool for separating oligonucleotides or proteins 

based on size, mass or conformation. Samples are loaded onto a gel in an appropriate 

buffer solution and a voltage is applied across it, causing the negatively charged 

species to move through the gel towards to positive terminal (see Fig. 1.8). The 

position of species within the gel is then revealed by staining with an oligonucleotide 

intercalating agent such as ethidium bromide. The electrophoretic mobility of a species 

is dependent on its size, charge and to some extent its structural state. For example, 

linear oligonucleotides run more quickly than circular oligonucleotides of the same 

mass, and circular oligonucleotides under supercoiling runs more slowly than relaxed 

circular oligonucleotides.92  

This is useful for the analysis of secondary structure formation within linear and 

circular nucleic acids. This technique has been used extensively for the visualisation 

of triplex DNA formation, both inter- and intramolecularly.53,93–97 Intermolecular triplex 

formation will produce a distinctly different band within the gel than the corresponding 

dsDNA, as the addition of the TFO results in a heavier structure. If binding is not 

complete, three bands may be seen that are consistent with the intermolecular triplex, 

dsDNA and ssDNA representing the unbound TFO. Such an assay can be used to 

qualitatively assess the efficiency of TFO binding to a dsDNA sequence. On the other 

hand, formation of intramolecular triplexes can be investigated by observing less 

obvious changes in band shift. The linear unbound species will run more quickly 

through the gel than the more compact bound species. G-quadruplexes have also 

been investigated using gel electrophoresis. It has been reported that intramolecular 

G-quadruplexes run faster on a gel than intermolecular G-quadruplexes, which are 

both slower than the corresponding linear oligonucleotides. Though, as with triplexes, 

intramolecular quadruplexes are harder to distinguish from the corresponding linear 
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DNA than intermolecular structures are.98,99 Though gel electrophoresis does not 

provide any specific structural data, it is a valuable qualitative tool for determining 

whether secondary structures have formed and the ratio between folded and unfolded, 

or hybridised and unhybridized, structures. 
 

  Circular dichroism 
Circular dichroism (CD) is a powerful technique for detecting differences in 

nucleic acid conformation as well as identifying particular structures through 

characteristic bands. CD is a form of absorption spectroscopy based on circularly 

polarised light used to investigate the structure of optically active chiral species. CD 

uses the differential absorption of left and right circularly polarised light passing 

Fig. 1.8: Schematic demonstrating the principles of gel electrophoresis. An electric current 
is applied across the gel and the negatively charged DNA moves towards the positively 
charged terminal at different speeds depending on size and conformation. 
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through a sample to generate a characteristic spectrum for a particular structure.100 A 

chiral structure will absorb left and right polarised light by different amounts, and any 

absorption will change the amplitude of the incident wave. Since the amplitude of the 

incident wave for left- and right-handed light will be altered to different extents, the 

superimposed light is no longer linearly polarised, and the incident wave becomes 

elliptically polarised.100 CD spectra are often reported as a degree of ellipticity (θ), 

which is the angle between the magnitude of the electric field vector at its maximum 

and at its minimum.100  

CD is most widely used for identifying structural features of biomolecules such 

as DNA and proteins. For proteins, the structural elements of secondary structures 

such as α-helices and β-sheets all have signature CD spectra, hence the ratio of these 

spectral features in the CD spectrum of a protein can provide information about the 

relative numbers of these structural elements within a tertiary protein structure. A 

similar concept can be applied to DNA, though CD displays sequence dependence 

due to the different chemical structures of the nucleotide bases. The CD spectra of B-

DNA share global characteristics such as positive bands or band at 260-280 nm and 

a negative band around 245 nm, though the position and amplitude of the bands is 

dependent on the sequence.101 Where CD is most useful is following structural or 

conformational changes of polynucleotides under different conditions. For example, 

CD spectra can be collected as a DNA structure is denatured or annealed to follow 

the shifting of the bands corresponding to the formed and denatured structures. This 

can yield information about melting temperatures and thermal stability.  

There are no characteristic CD spectra for triplex DNA as it is highly sequence 

dependent.41,102,103 However, triplexes comprised of specific sequences do exhibit CD 

signatures. It has been previously reported that intermolecular R*R-Y triplexes formed 

from the FRDA sequences containing (GAA)5 repeat units gave a CD spectrum with a 

large negative band at 210 nm.93 Early structural studies of triplexes reported a strong 

negative band between 200-300 nm in CD spectra of triplexes containing GA, GT or 

CT repeats.104 In addition to this, comparing CD spectra of a potential triplex structure 
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with those of the constituent dsDNA and TFO can suggest whether a different structure 

is forming.  

The CD spectra of G-quadruplexes, however, are not sequence dependent. 

Since these structures are only formed from sequences containing runs of G and the 

foundations of the structure are stacked G-quartets, the peripheral bases do not affect 

the spectrum. The two main conformations of G-quadruplex, parallel and antiparallel, 

do have distinct CD signatures. Parallel quadruplexes display a strong positive band 

at 260 nm, whereas antiparallel quadruplexes exhibit a negative band at 260 nm and 

a positive band at 290 nm.105 In contrast to the FRDA triplex structure, both quadruplex 

conformations show a positive band at 210 nm.105 The disparity in spectra between 

the two conformations is due to different folding of the DNA and hence differing 

glycosylic angles in the backbone.105 Hence, CD is the most useful tool for 

distinguishing between these two forms and can be used to follow the transition 

between them induced by external stimuli.106,107 

Fig. 1.9: Schematic demonstrating the principles of CD. Here, the right polarised light 
(blue) is absorbed to a larger extent than the left polarised light (green). The degree of 
ellipticity (θ) is given by the angle in the triangle made between the sum of the contributions 
(ER+EL) and the difference between the contributions (ER-EL).  
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  Förster resonance energy transfer 
Förster resonance energy transfer (FRET) is the mechanism by which energy 

is transferred between a donor and an acceptor fluorophore through a nonradiative 

process. The efficiency of this transfer is highly dependent on the distance between 

the fluorophores, as shown by the equation below, and hence FRET can be used as 

a measure of this.108  

𝐸 =
1

1 + (𝑟 𝑅!( )" 

 

Where E is the FRET efficiency, r is the separation distance and R0 is the 

Förster distance between the two fluorophores, or the distance at which the energy 

transfer efficiency is 50%. 

 

A sample is irradiated at the excitation wavelength (λex) of the donor 

fluorophore, and the donor emits at its emission wavelength (λem). However, once the 

donor and acceptor are in close proximity, this energy can be non-radiatively 

transferred between the two, and the acceptor fluorophore can then release this 

energy through emission at its λem, which will be distinct from the λem of the donor 

fluorophore. Characteristics of good donor fluorophores include high quantum yield 

and a high extinction coefficient, and a suitable acceptor should have an absorption 

spectrum that overlaps somewhat with the emission spectrum of the donor to 

maximise the efficiency of energy transfer.  

This technique can be useful for the analysis of biomolecules because it can 

provide accurate measurements of distance between two points labelled with donor 

and acceptor fluorophores. This can be applied to analysis of protein-protein 

interactions, following of intramolecular nucleic acid folding and the intermolecular 

hybridisation of oligonucleotides, while also providing kinetic information about these 

processes. Increasing emission from the acceptor fluorophore indicates that the pair 

are sufficiently close enough for FRET to occur, which is generally within 10 nm.108 

FRET has been used previously to follow the hybridisation of a donor-labelled 

TFO to an acceptor-labelled duplex to form an intermolecular triplex.109,110 The 
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increase in FRET can also be measured as a function of time, showing the kinetics of 

hybridisation. The folding of intramolecular triplexes can be followed in a similar way. 

One end of the dsDNA portion is labelled with one fluorophore and the opposite end 

of the ssDNA portion is labelled with the corresponding fluorophore, such that as the 

single-stranded sequence folds back and hybridises with the duplex, the fluorophores 

become close enough to each other for FRET between them. Again, the kinetics of 

this transition can be followed with the increasing emission of the acceptor fluorophore 

with time.111  

 FRET is particularly useful for following the folding of intramolecular 

quadruplexes (see Fig. 1.10). Since intramolecular G-quadruplexes are formed when 

a G-rich single-stranded region folds into the stacked G-quartet structure, the two ends 

of this strand go from being far apart to being close together upon folding. By labelling 

of each end of the region with a donor-acceptor FRET pair, this folding can be followed 

by observing the increasing emission of the acceptor fluorophore.112 A previous study 

used FRET to follow the folding of a G-quadruplex within a fluorophore-labelled DNA 

mini-circle containing a G-rich single-stranded region, which was also seen with 

atomic force microscopy (AFM), as discussed further below.113 
 

  Atomic force microscopy 
Atomic force microscopy (AFM) is a form of high-resolution scanning probe 

microscopy which uses a sharp tip to ‘feel’ a surface to give information about its 

Fig. 1.10: Schematic demonstrating the principles of FRET. Here, when the G–quadruplex 
is unfolded (left), the donor fluorophore (green) emits upon excitation. However, when the 
G-quadruplex is folded (right), FRET occurs and the acceptor fluorophore (pink) emits. 
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topography. The tip is attached to a spring-like cantilever, which measures the 

deflection of the tip from the sample, resulting in a topographical map of the surface. 

AFM has a wide range of applications including surface chemistry, semiconductor 

technology, molecular engineering and also biology.114 

Application of AFM to biological samples is still a growing field. AFM is useful for 

biological analysis as it is flexible and relatively non-invasive; it can also be used to 

give dynamic information about biological surfaces in an aqueous and physiologically 

relevant environment. Different modes of AFM imaging have been developed for 

different applications.114 Contact mode, for example, is where constant force is applied 

through the tip and the vertical movement of the tip over the surface is tracked to map 

its features. This mode is generally used for solid surfaces as it requires direct 

interaction with the sample; the resultant frictional force can damage delicate 

biological samples, including proteins and live cells.115 To combat this, tapping (or 

oscillating) mode was developed (see Fig 1.11). This dynamic imaging mode involves 

Fig. 1.11: Schematic demonstrating the use of AFM to image proteins embedded in live 
cell membranes. Tapping (or oscillation) mode allows imaging of fragile biological 
samples. The deflection of the cantilever is measured and mapped to the surface to give 
information about the topology. 
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vertical oscillation of the tip while moving over the surface. The resonant frequency of 

the tip changes when near the sample, largely due to Van der Waals forces or dipole 

interactions, and can then be used as a feedback parameter to map the surface. AFM 

has a vertical resolution of 0.1 nm, which is sufficient to image singular proteins on a 

surface, even to a sub-molecular resolution.116 

AFM has been used to image DNA for decades, and dsDNA can now be imaged 

with helical resolution. Triplex DNA has been previously imaged by AFM; the first 

images indicate the formation of an intramolecular triplex formed in a supercoiled 

plasmid at acidic pH.117 A more recent study imaged poly(dG)-poly(dG)-poly(dC) 

triplex DNA by AFM, showing the height of the structure was around 0.5 nm taller than 

the surrounding duplex.118 This study also used AFM to follow the time-resolved 

enzymatic synthesis of the triplex structure by the Klenow exo- fragment DNA 

polymerase I, through the extension of the poly(dG) strand.118 Secondary structures 

formed in supercoiled plasmids containing the (GAA)n FRDA sequence have also 

been imaged by AFM.119 AFM has also been used to image G-quadruplexes in DNA 

mini-circles, as mentioned earlier.113 G-quadruplexes can be seen as condensed 

protrusions from the mini-circle which form upon addition of certain cations.113 

 

  Fluorescent probes 
Chemical probes have been developed to specifically image non-B DNA 

structures in vitro and in vivo. The primary detection method for these probes is 

fluorescence. Many fluorophores exhibit a ‘switch on’ fluorescence effect upon binding 

to nucleic acids.  

Upon irradiation, fluorophores enter an excited state. To return to its electronic 

ground state, the excited molecule must release energy through radiative or 

nonradiative means (see Fig. 1.12). Radiative decay involves the emission of a 

photon, resulting in detectable fluorescence. Nonradiative decay involves transfer of 

energy through non-emissive processes such as vibration, rotation, internal 

conversion or intersystem crossing.120 The fewer nonradiative decay pathways 

available, the higher proportion of decay occurs through radiative means, and the 

more emission is observed. Nonradiative decay is often governed by environmental 

factors, and this property can be useful for detecting binding to nucleic acids. Binding 
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to polynucleotides introduces the fluorophore to a more rigid environment, thus limiting 

motion and flexibility within the molecule. This will eliminate decay through 

nonradiative means such as rotation, and promote decay via the radiative pathway, 

increasing observable emission.121 Detecting this increase in fluorescence can 

indicate the binding of the fluorophore to DNA/RNA. Different nucleic acid topologies 

can restrict the movement of bound molecules to varying extents, and hence increase 

the emission to a different extent also.  

Such fluorescent probes are often used for imaging applications, such as 

staining fixed cells for fluorescence microscopy or visualising bands corresponding to 

nucleic acids in gel electrophoresis. One of the most common dyes for these purposes 

is 4′,6-diamidino-2-phenylindole (DAPI), which is a groove-binding molecule that 

displays a 20-fold increase in fluorescence intensity upon binding to dsDNA, 

particularly A-T-rich regions.122 As described above, this fluorescence enhancement 

is due in part to geometric restriction within the DNA binding pocket. This prevents 

nonradiative relaxation through torsional movement, thus increasing radiative decay 

Fig. 1.12: Jablonski energy level diagram demonstrating excitation by absorption of a 
photon, partial relaxation by nonradiative decay and then decay back to ground state 
through fluorescence. Intersystem crossing is another form of nonradiative decay, in which 
energy is transferred from a singlet to a triplet excited state, and then quenched through 
phosphorescence. 
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and as a consequence, the fluorescence intensity.123 DAPI emits in the blue region of 

the visible spectrum (461 nm) which makes it useful for staining applications that 

require more than one dye, as many fluorescent probes emit more towards the red. 

Another commonly used family of DNA dyes are Hoescht stains which also bind in the 

minor groove of dsDNA, and also to A-T-rich regions in particular.124 These dyes are 

often used as substitutes for DAPI, as they are less toxic and more cell permeable, 

making them better suited for live cell imaging.124 Another popular family of fluorescent 

DNA-binders are cyanine dyes. Pairs of cyanine fluorophores (such as Cy3 and Cy5) 

are often used for labelling oligonucleotides in FRET studies.125 One cyanine-type 

molecule that has been investigated in particular for its non-canonical DNA binding 

properties is thiazole orange. 

Thiazole orange (TO) has a large fluorescence response upon binding to 

DNA.126 The fluorescence of free TO in solution is minimal, due to quenching of its 

excited state through rotation about the carbon-carbon single bond bridging the 

aromatic regions of the molecule. The fluorescence intensity and decay of 

fluorescence are dependent on the angle of twisting. TO contains two nitrogen atoms, 

one with a positive charge; these are in resonance with each other when TO is planar, 

Fig. 1.13: The solution structure of TOTO intercalated into DNA, as determined by NMR 
spectroscopy (108D, taken from the PDB). TOTO is shown here in orange; the aromatic 
stacking interactions between the aromatic moieties of the TO monomer and the DNA 
bases is apparent. 
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creating charge symmetry across the molecule. This symmetry is broken upon 

intramolecular twisting about the carbon-carbon single bond. Binding of TO to DNA 

prevents the rotation around this bond, limiting nonradiative decay and increasing 

fluorescence.127 TO is a nucleic acid intercalator, meaning it stacks in-between the 

bases of DNA.128 The better the structural overlap, the less rotation and the more 

fluorescence. Due to this, TO binding to ssDNA does not increase fluorescence by a 

notable amount, as the molecule is not fully intercalated into the DNA strand and 

hence some intramolecular twisting still occurs. Binding of TO to dsDNA, however, 

causes a large increase in fluorescence. TO also binds to dsDNA in a dimeric form, 

TOTO.129 In this form, TOTO binds to dsDNA with such high affinity that the resulting 

complex is irreversible (Fig. 1.13).129 It has been previously reported that TO also 

binds with high affinity to triplex and quadruplex DNA.130 This can be attributed to 

better structural overlap and better intercalation (in triplex) or end-stacking (with 

quadruplex) over dsDNA. Despite this, no significant difference in fluorescence 

between TO bound to dsDNA and G-quadruplex was observed. Despite TO 

demonstrating enhanced binding to non-canonical structures, the lack of 

discrimination in fluorescence enhancement between these structures and dsDNA 

make using TO as a detection method for triplexes and quadruplexes challenging.  

However, another interesting study introduced aromatic substituents to the structure 

of TO, extending the conjugated system.131 This was accompanied with a large 

increase in fluorescence enhancement upon binding to G-quadruplex over dsDNA.131 

Metal complexes with extended aromatic ligands have also been used as ‘switch-on’ 

probes for G-quadruplexes. These are attractive as nucleic acid binders as the ligands 

can be modified, allowing rational design to target certain topologies.132 A study 

reported platinum(II) complexes with dipyridophenazine ligands exhibited high affinity 

binding to G-quadruplex over dsDNA, accompanied by a 293-fold increase in 

photoluminescence upon binding.133 

Though there are many probes designed to target G-quadruplex DNA, there 

are few probes designed specifically to target triplex DNA. Due to the similarity in 

general structure between duplex and triplex, specificity is a common issue for triplex 

probes. The two primary modes of binding of molecules to triplex DNA are intercalation 
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and binding in the minor groove. Some examples of probes studied as triplex binders 

are described in the next two sections. 

 

  Intercalators for triplex DNA 
Intercalators bind by slotting between nucleic acid bases and stacking with the 

aromatic regions. These molecules are often planar with a conjugated aromatic 

system, allowing intercalation between nucleotide bases within a helical structure. The 

extended aromatic system promotes π -π stacking interactions between the probe and 

the aromatic moieties of the bases. 

Ethidium bromide, a popular nucleic acid stain with a conjugated aromatic 

structure, was one of the first compounds thought to bind to triplex DNA through 

intercalation.134 Ethidium bromide is highly fluorescent upon binding to DNA, and a 

large increase in emission was seen upon binding to triplex DNA.134 It was reported 

that ethidium bromide also stabilised the triplex, seen by increased melting 

temperatures, and the calculated binding constants demonstrated a stronger binding 

to triplex over the corresponding duplex.134 However, ethidium bromide was found to 

be specifically stabilise T*A-T base triads, and destabilise C+*G-C triads.134 As well as 

this, ethidium bromide shows no selectivity for triplex DNA over other conformations. 

Since then, many DNA intercalating molecules have been found to stabilise 

triplexes in a similar way with similar structural features. Alkaloids, such as berberine 

and coralyne, have shown promise as triplex stabilisers, and do not exhibit the same 

levels of base specificity that ethidium bromide does.135–137 These molecules 

commonly have a planar extended aromatic system suitable for slotting into a helix, 

and a positively charged nitrogen within the ring system to increase interaction with 

the negatively charged phosphate nucleotide backbone. These molecules may 

stabilise triplexes to a larger extent than dsDNA, however they do not bind specifically 

to triplex. 

These studies led to the rational design of one of the most selective and effective 

triplex ligands thus far: benzoquinoquinoxaline (BQQ) (see Fig. 1.15, left).138 

Molecular modelling studies of benzo[f]pyridoquinoxaline (BfPQ) derivatives with 

triplex DNA showed that they were exclusively overlapping with the Hoogsteen base 

pair of the triplex. It was suggested that incorporation of an additional aromatic ring 
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into the conjugated system would improve overlap across the whole base triplet.138 

BQQ has been reported to be cell permeable and stabilise intramolecular triplex 

structures formed in plasmids in living bacterial cells.139 Subsequently, BQQ has been 

used as a targeted DNA cleaving agent through conjugation to 

ethylenediaminetetraacetic acid (EDTA) derivatives, achieving triplex-directed double-

stranded cleavage of plasmid DNA.140 This is initiated by addition and reduction of 

dithiothreitol (DTT) by Fe2+, which produces highly reactive hydroxyl radicals that in 

turn cleave the dsDNA adjacent to the triplex.140 BQQ has also been used to recognise 

intramolecular triplexes formed from (GAA)n FRDA sequences in supercoiled 

plasmids.141 BQQ was then conjugated with a 10-phenanthroline derivate to create a 

triplex cleaving agent, which was shown to eliminate any secondary structures formed 

at the FRDA repeat mutation in the plasmid.15,141 

Another family of intercalator molecules with triplex binding abilities are cyanine 

dyes, such as thiazole orange (TO), mentioned earlier (see Fig. 1.14, right). One study 

reported the formation of a stable triplex at physiological pH between dsDNA and a 

TFO conjugated with a TO moiety, which stabilised the triplex.142 This was 

accompanied with a large increase in the fluorescence of TO, as is commonly seen 

with cyanine dyes upon binding to DNA.142 Another study showed the preferential 

binding of TO to triplex  and quadruplex over dsDNA, showing staining of particular 

regions in the nucleus that  are not stained by dsDNA binder DAPI.130 However, TO 

shows no particular specificity for any type of DNA. 

Some anticancer compounds have a mechanism of action involving binding to 

DNA to prevent its transcription. A study investigating strategies for targeting the DNA 

sequence relating to protein HMGB1, a proposed target for cancer treatment, 

assessed the binding preferences of two anticancer drugs, Adriamycin and 

actinomycin, to dsDNA or triplex to ascertain whether targeted TFO therapy could be 

an option.143 A TFO was designed to hybridise to the target dsDNA sequence 

encoding for HMGB1, and it was reported that both drugs bound preferentially to the 

triplex structure.143 Both drugs bind to DNA through intercalation, with actinomycin 

also displaying minor groove-binding properties.143 

Non-specific DNA intercalation can also be used to detect triplex formation. One 

study uses the concept of FRET to follow triplex formation, but rather than labelling 
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both the target duplex and the TFO with fluorophores and measuring the FRET 

between them upon hybridisation, only the TFO was labelled with a fluorophore, and 

the FRET occurred between this and another fluorophore (SYBR green I) intercalated 

into the duplex.144 However, this approach required ‘colour compensation’ to remove 

the fluorescence signal from the SYBR green I, and it was unclear whether the 

molecule was also intercalating into triplex DNA.144 

 

Fig. 1.14: Chemical structures of triplex intercalators (left), groove binders (right), and the 
structure of the neomycin-BQQ conjugate incorporating both intercalation and groove 
binding modes below. 
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  Groove binders for triplex DNA 
Another mode of non-covalent small molecule binding with nucleic acids is 

groove binding. Groove binding compounds interact with the walls of the minor groove 

through both van der Waals forces and directed hydrogen bonding with the peripheral 

functional groups of the nucleotide bases.145 General structural characteristics of 

groove binding molecules include non-rigid aromatic systems with a cationic charge 

for interaction with the phosphate backbone, and substituents with hydrogen-bonding 

ability to interact with the function groups of the bases.145 One of the most well-known 

groove binders is DAPI; a dsDNA binder that binds strongly to A-T sequences and is 

commonly used as a nuclear stain for fixed cells in fluorescence microscopy.123 

Generally, groove binders are found to destabilise triplexes. For example, netropsin 

(see Fig. 1.14, right), a natural DNA groove-binder, has been previously reported to 

destabilise triplexes while having a stabilising effect on the corresponding dsDNA (see 

Fig. 1.15).146 

Aminosugars have been investigated for recognition of nucleic acids through 

groove-binding. Certain antibiotics, such as aminoglycosides, have been considered 

as triplex binders. Neomycin, an aminoglycoside, has been found to stabilise triplex 

DNA and interacts through minor groove binding (see Fig. 1.14, right).147 Neomycin 

has been previously reported to selectively stabilise triplex DNA in the presence of 

salt, with no stabilising effect seen for dsDNA.147 The downside to this molecule is that 

it has no inherent fluorescence, therefore eliminating a useful detection method. A 

subsequent study conjugated neomycin with fluorescent intercalator compounds, for 

which the relative binding affinities to triplex and duplex DNA could be assessed 

through fluorescent intercalator displacement (FID) assay.148 The combined triplex 

intercalator moiety and groove-binding neomycin moiety resulted in a possible 

cooperative binding mode, stabilising triplex DNA to a further extent than neomycin 

alone.148 The conjugate of BQQ and neomycin was found to be most effective at 

specifically stabilising triplex over dsDNA (see Fig. 1.14, bottom).148 However, most 

intercalators used also bound to dsDNA, and hence absolute selectivity could not be 

achieved. 

Despite fluorescence being a powerful detection tool for imaging nucleic acids, 

the lack of complete specificity of most probes to a particular DNA topology makes 
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application to live cell imaging difficult. This is especially problematic when detecting 

a structure that represents a small proportion of the total nucleic acid structure in the 

cell, such as triplexes. 

 

  Fluorescence lifetime imaging 
One of the primary drawbacks to using intensity-based probes for cellular 

imaging is the inability to differentiate whether an increased fluorescence signal is due 

to binding to a target, or simply differences in cellular uptake. To combat this, 

fluorescence lifetime imaging can be used. Fluorescence lifetime imaging is a 

technique that measures the time-resolved decay of fluorescence following excitation 

and during the return to its ground state. The main advantage of this technique is that 

it is concentration and intensity independent. This eliminates the need for a specific 

probe with a high affinity for a certain DNA topology, or homogeneous cellular 

uptake.120 

Once a fluorophore is in an excited state, the length of time it spends in that 

excited state, its fluorescence lifetime, depends on the decay pathways available. The 

Fig. 1.15: Netropsin (in green) bound to d(GGCCAATTGG) dsDNA in the minor groove (C 
and H in grey, O in red, N in blue and S in orange, 1Z8V, taken from the PDB).199 
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more decay pathways available, the faster the excited molecule will return to its ground 

state, and the shorter the fluorescence lifetime will be. Nonradiative decay is often 

governed by environmental factors. For example, for molecules that have a rotational 

nonradiative decay pathway, restriction of rotation by a rigid environment can impede 

the decay pathway and increase the fluorescence lifetime. This can be applied to the 

binding of probes with nucleic acids. As previously discussed, intercalation of a small 

organic fluorophore into a helical nucleic acid structure would restrict any possible 

rotation, and thus eliminate the nonradiative decay pathway associated with that 

rotation. This would result in an increased fluorescence lifetime in comparison to the 

free probe. Provided the fluorescence lifetime of a fluorophore is distinct enough when 

bound to different DNA topologies, these topologies can be distinguished in vitro, and 

potentially in vivo.  

An early study using this technique reported DNA binding probes exhibited 

different fluorescence lifetimes in cells at different stages of their life cycle.126 Another 

study used BODIPY, a fluorescent molecular rotor, linked to a nucleoside to feedback 

information on changes to the local environment in cells through variation in the  

fluorescence lifetime of BODIPY.149 Another study uses fluorescent analogues of 

deoxycytidine to distinguish the transition between single- and double-stranded DNA, 

showing a 2 ns difference between the two topologies.150 Trianguleniums, a family of 

planar aromatic DNA binders, have demonstrated significant difference in 

fluorescence lifetime when bound to different DNA topologies.151 It has been 

previously reported that triangulenium DOATA-M2 exhibited longer lifetimes when 

bound to G-quadruplexes in vitro than single- and double-stranded nucleic acids (see 

Fig. 1.16).151 In addition, fluorescence lifetime imaging microscopy (FLIM) was used 

to image DOATA-M2 in live cells, with evidence that suggested these probes could be 

used to study G-quadruplexes in vivo.151  

FLIM allows the principles of fluorescence lifetime imaging to be applied to 

imaging in live cells. This can give information about the molecular environment in vivo 

and biological processes such as protein interactions, nucleic acid folding and 

condensation of chromatin. FLIM involves recording a microscopy image where each 

pixel has a fluorescence lifetime value associated with it. Techniques such as FLIM-

FRET allow access to information not provided by steady-state FRET. It eliminates 
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the problem of direct acceptor fluorophore excitation, increasing the range of 

fluorophores that can be used. FLIM-FRET can also provide information on interacting 

and non-interacting species, which is useful for protein binding studies.152 FLIM has 

been previously used to follow changes in chromatin in living cells by measuring the 

change in fluorescence lifetime of DAPI. The lifetime of the probe revealed whether 

the chromatin was compacted or relaxed.153 FLIM presents a powerful intensity-

independent technique for probing cellular environments which can be adapted to 

target many different processes. 
 

 Aims and objectives 
The work presented herein broadly aims to address whether triplexes play a role 

in the silencing of the FXN gene in FRDA.  

Firstly, Chapter 2 aims to investigate the formation and stability of triplexes 

formed from synthetic oligonucleotides containing the (GAA)n repeat sequence of 

interest under varying conditions. Do stable triplexes form from short synthetic 

oligonucleotides containing the FRDA triplet repeat expansion mutation under 

physiological conditions, and how does the length of the repeat sequence effect the 

Fig. 1.16: A) Chemical structure of triangulenium DOATA-M2, B) structure of DAOTA-M2 
(in pink) bound to G-quadruplex c-myc (5LIG, taken from the PDB).151 DOATA-M2 stacks 
on either end of the quadruplex structure, with the aromatic R substituents interacting with 
the side pockets of the quadruplex.151 
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stability of these structures? The triplex formation was assessed using gel 

electrophoresis, CD and FRET. 

Secondly, in Chapter 3 aims to investigate the formation of triplexes from long 

oligonucleotides derived from plasmids, containing the (GAA)n sequence of interest at 

pathological and ‘pre-disease’ lengths. Do triplexes form from oligonucleotides of 

pathological length, and are any other alternative structures such as ‘sticky DNA’ also 

seen? Secondary structure formation was primarily assessed using gel 

electrophoresis, with structures also visualised using AFM. 

Lastly, Chapter 4 aims to investigate whether triplex DNA is present in cells by 

employing fluorescent, DNA-binding probes based on the structure of thiazole orange. 

Can fluorescence lifetime imaging microscopy be used to distinguish triplex DNA or 

other alternative structures in cells containing the FRDA (GAA)n mutation? The optical 

properties of the probes when bound to various DNA topologies were investigated. 
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2 Biophysical studies of 
triplex formation from short 
synthetic oligonucleotides 

 

 Introduction 
In this chapter, the study and biophysical characterisation of secondary 

structures formed from short synthetic oligonucleotides containing the FRDA repeat 

trinucleotide sequence of interest under varying conditions is reported. Sequences 

containing (GAA)n inserts, where n = 5, 10 and 20, were studied using techniques 

such as gel electrophoresis and circular dichroism spectroscopy (CD). 

In particular, the effect of pH, salt concentration and crowding conditions on 

secondary structure formation was investigated. As previously discussed, pH is a 

crucial factor in the formation of triplex DNA in vitro. Formation of pyrimidine triplexes 

requires the protonation of a nitrogen atom on the cytosine bases of the triplex-forming 

oligonucleotide (TFO) to form the second Hoogsteen bond between C+ and G for the 

base triplet C+*G-C. The purine triplex can form at the physiological pH of 7.4 as no 

protonation is required.154 

Triplex formation in vitro is highly dependent on the salt concentration present in 

the buffer.97 In general, monovalent cations such as sodium and potassium facilitate 

the formation of secondary DNA structures.155 This is due to the positively charged 

salt cations shielding the negatively charged phosphate backbone of the DNA and 

thus reducing charge repulsion effect between the DNA strands during annealing.  It 

has been shown that divalent cations in particular, such as Mg2+, aid in triplex 

formation.37,38,41,97,156  

Molecular crowding can mimic the conditions in cellulo by emulating high 

concentrations of macromolecules such as proteins.44 Conditions such as these are 
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prevalent in living cells, particularly in the nucleus where these secondary DNA 

structures would be found. Polyethylene glycol (PEG) is a commonly used crowding 

agent in in vitro assays.157 

Understanding how these variable conditions affect the formation and stability of 

triplexes in a controlled environment at increasing (GAA)n repeat unit lengths is a 

critical foundation for the study of pathological repeat lengths in vitro and in vivo. The 

oligonucleotides used in this chapter are shown in Table 2.1 below. These sequences, 

though not pathological, have been previously reported to form triplex structures under 

controlled conditions at physiological pH.93 By varying the length of the repeat 

sequence, length-dependency of stability can also be assessed.  

 

Table 2.1: The name and sequence of oligonucleotides used for the triplex formation 

and stability assays. 

 

Name Sequence 5’ - 3’ 

GAA5 TCGC (GAA)5 CGCT 

CTT5 AGCG (TTC)5 GCGA 

Purine_TFO5 (AAG)5 

Pyrimidine_TFO5 (CTT)5 

GAA10 TCGC (GAA)10 CGCT 

CTT10 AGCG (TTC)10 GCGA 

Purine_TFO10 (AAG)10 

Pyrimidine_TFO10 (CTT)10 

GAA20 TCGC (GAA)20 CGCT 

CTT20 AGCG (TTC)20 GCGA 

Purine_TFO20 (AAG)20 

Pyrimidine_TFO20 (CTT)20 

TAMRA-GAA5 TCGC (GAA)5 CGCT-TAMRA 

FAM-Purine_TFO5 FAM-(AAG)5 
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As described in the Methods (6.1.2), oligonucleotides were annealed by briefly 

heating to 95 •C and then cooling slowly. The heating serves to disrupt any unwanted 

secondary structures such as hairpins formed by self-hybridisation of the 

oligonucleotides in the stock solutions.42 The slow rate of cooling allows for formation 

of the most energetically favourable product, which would be the fully hybridised 

structure with no loose ends. This is particularly important for these sequences that 

contain long stretches of repeats, as the strands have multiple complementary regions 

and could hybridise incorrectly with overhanging ends. The flanking bases introduced 

either side of the repeat insert in the oligonucleotides forming the dsDNA structure 

strive to resolve this by introducing non-repeat complementary regions to encourage 

a ‘perfect’ annealing (Fig. 2.1). 

Following annealing, secondary structure formation within samples was 

investigated using a variety of techniques. Gel electrophoresis is most commonly 

used, as this allows direct visualisation of structures separated according to molecular 

weight and size. Intermolecular triplex structures have a higher molecular weight than 

their counterpart duplexes due to binding of the TFO and will therefore move more 

slowly through the gel. However, this technique relies on secondary structures being 

stable enough to remain intact during the assay. Circular dichroism (CD) is a powerful 

Fig. 2.1: Schematic demonstrating the annealing of a triplex structure from the 
oligonucleotides through heating and then slow cooling. The two oligonucleotides 
comprising the duplex are coloured in blue, while the TFO is coloured in green. 
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technique for analysing large biomolecules. CD involves the differential absorption of 

left- and right-handed circularly polarised light by chiral molecules, seen as absorption 

bands in a spectrum. Biomolecules exhibit circular dichroism due to the chirality in 

their higher order structures, and as such CD can be used to gain information about 

structure and conformation. Structures often have a ‘signature’ spectral feature: for 

example, CD is commonly used to distinguish between parallel and antiparallel G-

quadruplex conformations.  For triplexes, particularly ones containing GA, CT or GT 

repeats, this signature is a distinctive negative band at 210 nm.158 CD melting can be 

used to observe the denaturation of a structure by following the 

disappearance/appearance of characteristic peaks. This technique is conducted 

entirely in solution and as such the experimental conditions are less harsh. One 

limitation of CD is that it is unable to distinguish multiple structures in a solution. To 

supplement this, Förster resonance energy transfer (FRET) between fluorophore-

labelled oligonucleotides was also used. This technique relies on the quenching of 

fluorescence between a donor and an acceptor fluorophore. These fluorophore pairs 

are selected such that the excitation wavelength (𝜆ex) of the donor is greatly blue-

shifted in comparison to the acceptor. With spectral overlap, and when in close 

Fig. 2.2: Schematic demonstrating the design of the fluorophore-labelled oligonucleotides 
and how the FRET occurs between the pair. The purine strand of the duplex (coloured 
blue) is labelled with TAMRA (pink), while the purine TFO (green) is labelled with FAM 
(yellow). Upon association of the strands, FRET can occur, increasing emission of 
TAMRA, the acceptor fluorophore. 
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proximity (within 10 nm), a nonradiative energy transfer from the excited state of the 

donor to the excited state of the acceptor can occur. In this case, the FRET pair 6-

carboxyfluorescein/5-tetramethylrhodamine (FAM/TAMRA) was used. By introducing 

a donor fluorophore (FAM) onto the 5’ end of the TFO and an acceptor fluorophore 

(TAMRA) onto the 3’ end of the purine-based duplex strand, the FRET between these 

fluorophores can be measured and the extent of association between the strands can 

be assessed.109 The sample was irradiated at 𝜆ex for FAM, and if the TFO is bound to 

the duplex and the fluorophores are spatially close, FRET can occur, causing an 

increase in TAMRA emission. If the TFO is not bound, only FAM emission will be seen. 

FRET melting experiments can be a useful tool to follow the denaturation of a 

secondary structure by relative increase/decrease of fluorescence of the 

donor/acceptor fluorophores attached (Fig. 2.2). 

 

  Results and discussion 
  Effect of pH 

 
To study how pH affects the formation of triplexes, two conditions were 

investigated; acidic (pH 5.5) and physiological (pH 7.4). Samples were annealed as 

described in the Methods section (6.1.2), with the appropriate stoichiometry of DNA 

strands and total DNA concentration. The stoichiometry was kept 1:1 for the strands 

forming the duplex, with the TFO added at 1 or 2 equivalents to the duplex. Triplex 

formation in the samples was then assessed using gel electrophoresis, CD 

spectroscopy and FRET melting.201 

 

Triplex formation from the shortest oligonucleotides, with just 5 (GAA) repeat 

units, were tested initially. These sequences had been previously reported to form 

triplexes seen by CD and gel electrophoresis.93 It was found that the pyrimidine triplex 

formed readily at pH 5.5, but not at pH 7.4. This can be seen by a heavier band present 

in the gel that corresponds to the weight of the dsDNA plus the TFO (lanes 3 and 4, 

Fig. 2.3). In addition, the CD spectrum shows a negative band at 210 nm that is 

characteristic of triplex structure (Fig. 2.4, A, pink). This band is absent in the sample 

annealed at pH 7.4 (Fig. 2.4, A, orange). The CD spectra also display characteristic 
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duplex bands: a broad positive band at 279 nm and a broad negative band at 245nm. 

This is to be expected as the base structure of a triplex is very similar to a duplex. 

There is still dsDNA present in the sample as can be seen on the gel (lanes 3 and 4, 

Fig. 2.3), with the middle band corresponding to the double stranded structure. The 

unbound TFO can also be seen as the band that has travelled the furthest. This is 

especially prominent in the sample with a 1:2 ratio of duplex to pyrimidine TFO (lane 

4, Fig. 2.3), demonstrating that the majority of the TFO added is in an unbound state. 

The purine triplex structure was not observed at either pH. The gel above shows that 

the sample containing the duplex annealed with the purine TFO displays a band 

corresponding to dsDNA with no trace of a heavier structure present (lane 7, Fig. 2.3). 

The prominence of the band relating to the purine TFO indicates that most, if not all, 

is unbound. The CD spectra show no negative band at 210 nm at either pH 5.5 or pH 

7.4 (Fig. 2.4, B). CD melting experiments were carried out on both purine and 

pyrimidine triplexes annealed at pH 5.5 and pH 7.4. The pyrimidine triplex annealed 

Fig. 2.3: 15% PAGE of 5 repeat unit purine and pyrimidine sequences annealed in 10 mM 
NaCac buffer (pH 5.5) containing 100 mM NaCl and 30 mM MgCl2. Ladder: O’RangeRuler 
5 bp (Thermo Scientific). Lanes: 1) pyrimidine TFO, 2) duplex, 3) duplex with pyrimidine 
TFO, 4) 1:2 duplex with pyrimidine TFO, 5) purine TFO, 6) duplex, 7) duplex with purine 
TFO. 
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at acidic pH shows a strong negative band at 210 nm at cooler temperatures, which 

disappears as the sample is heated (Fig. 2.4, C); this band was not observed at pH 

7.4. However, the instrumental distortion at around 210 nm obscures this slightly as it 

seems to worsen with increased temperature. This distortion is also seen in the CD 

spectra of the purine sample; however, it is clear there is no negative band at 210 nm 

at any temperature, suggesting the purine triplex did not form (Fig. 2.4, D).201 

Though the gel electrophoresis and CD suggest that there is no purine triplex 

forming, it is possible there is association between the strands that is not strong 

enough to withstand the conditions in the gel or too transient to detect with CD. 

Therefore, FRET melting experiments were carried out with a FAM-labelled purine 

TFO and a TAMRA-labelled purine duplex strand. The sample was annealed as 

previously described and then irradiated at the FAM excitation wavelength (𝜆ex) of 494 

nm, while the temperature was slowly increased from 25-95 •C and then decreased. 

The intensity of TAMRA emission at a wavelength (𝜆em) of 580 nm was measured. If 

Fig. 2.4: A) CD spectra of duplex and pyrimidine TFO annealed at pH 5.5 (pink) and pH 
7.4 (orange). The characteristic negative band at 210 nm is present at pH 5.5. B) CD 
spectra of duplex and purine TFO annealed at pH 5.5 (pink) and pH 7.4 (orange). There 
is no characteristic triplex band present in either spectrum. C) CD melting spectra of 
pyrimidine triplex annealed at pH 5.5. D) CD melting spectra of purine triplex annealed at 
pH 7.4. 
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a triplex was forming, it would be expected that TAMRA emission would be increased 

at low temperatures and then decrease as the structure melted with the increasing 

temperature. Additionally, triplexes have a biphasic melting profile: the TFO should be 

lost from the structure at a lower temperature of around 50 oC, and subsequently the 

duplex should melt at around 70 oC. It can be seen from the plots (Fig. 2.5, A) that 

TAMRA fluorescence is at its maximum at low temperature and decreases as the 

temperature is increased. This could suggest the presence of a secondary structure 

between the duplex and the purine TFO that melts between 50 and 70 °C. Both melting 

and cooling profiles are in accordance with each other.201 

In addition to this, a fluorescence titration was performed with increasing 

amounts of FAM-labelled TFO titrated into a solution containing the TAMRA-labelled 

duplex, annealed as before. Following the same principles of FRET, if a triplex is 

forming the spectra would show an increase in TAMRA emission at 580 nm with 

increasing equivalents of TFO added. Irradiating the TAMRA-labelled duplex at FAM 

𝜆ex with 0 equivalents of FAM-labelled TFO should give a near-baseline spectrum; this 

can be seen in Fig. 2.5, B (the blue trace). There is a small amount of TAMRA emission 

which can be attributed to non-specific excitation. Upon the addition of 0.4 equivalents 

of FAM-labelled TFO, the TAMRA emission in fact decreases slightly and there is an 

increase in FAM emission at 520 nm. This increase continues as more equivalents of 

TFO are added, however the band corresponding to TAMRA emission does also 

Fig. 2.5: A) FRET melting profile of TAMRA emission for (GAA)5 TAMRA-labelled duplex 
annealed with FAM-labelled purine TFO at pH 7.4. B) Fluorescence titration of increasing 
equivalents of (GAA)5 FAM-labelled purine TFO into TAMRA-labelled duplex at pH 7.4.  
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increase. Once 2 equivalents of TFO were added, the sample was annealed overnight 

and the emission spectrum was recorded again, giving the same result. This suggests 

that the purine TFO is not binding to the duplex, as the increase in FAM emission is 

due to the increasing concentration of FAM in solution and is not being significantly 

dampened by FRET with TAMRA. The increase in TAMRA emission is likely due to 

the presence of more and more FAM-labelled TFO in solution, meaning the pair will 

inevitably be in closer proximity despite not being bound.201 This could be further 

validated with similar experiments with free FAM and TAMRA dyes. 

Following the conclusion that the purine triplex was not formed from the 

oligonucleotides containing the 5 repeat unit insert, the insert length was increased to 

10 repeat units. By increasing the length of the (GAA)n repeat sequence, the stability 

of any resulting structures should increase due to more interactions between the 

participating DNA strands. Again, it was found that pyrimidine triplex formed at pH 5.5, 

Fig. 2.6: 12% PAGE of (GAA)10 pyrimidine sequences annealed in 10 mM NaCac buffer 
(pH 5.5) containing 100 mM NaCl and 30 mM MgCl2, and subsequently incubated in the 
same buffer at increasing pH. Ladder: O’RangeRuler 5 bp (Thermo Scientific).  Lanes: 1) 
duplex, 2) duplex with pyrimidine TFO annealed at pH 5.5, 3) duplex with pyrimidine TFO 
incubated at pH 6, 4) duplex with pyrimidine TFO incubated at pH 6.5, 5) duplex with 
pyrimidine TFO incubated at pH 7, 6) duplex with pyrimidine TFO incubated at pH 7.4.  
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but not at pH 7.4, and the purine triplex was not seen at either pH, as assessed by gel 

electrophoresis and CD spectroscopy.201 

  To increase the stability of potential secondary structures, the insert length 

was increased to 20 repeat units. In a normal copy of the FXN gene, the average 

amount of (GAA) repeats is between 8-22. Thus, although 20 repeats are not believed 

to be pathological, it is nearing ‘pre-disease’ length. However, the same results were 

observed; pyrimidine triplexes formed readily at pH 5.5 but not at pH 7.4, and purine 

triplexes were not observed to form at either pH.201 

Since neither triplex was seen to form when annealed at pH 7.4, the resilience 

of pyrimidine triplexes formed at pH 5.5 to increase in pH was investigated. Pyrimidine 

triplex structures annealed at pH 5.5 were subsequently incubated in sodium 

cacodylate (NaCac) (10 mM) buffers at increasing pH from 6-7.5 and samples were 

analysed by gel electrophoresis. It was found that structures appeared to persist to 

some extent up to pH 7.5, though it can be seen that above pH 7 that the primary 

structure in the sample is duplex (lanes 5 and 6, Fig. 2.6).201 

 

The CD, gel electrophoresis and FRET results presented in this section show 

that the pyrimidine triplexes form readily at pH 5.5. This was anticipated, as pyrimidine 

triplex formation requires protonation of nitrogen on the cytosine bases of the TFO in 

order to form the second Hoogsteen hydrogen bond in the C+*G-C triplet. Alongside 

this, pyrimidine triplexes have been shown to have higher strand affinity than their 

corresponding duplexes under low pH conditions.159 This can especially be seen in 

the sample corresponding to the (GAA)5 duplex annealed at pH 5.5 (lane 2, Fig. 2.3), 

which shows some evidence of triplex formation despite the complementary strand 

stoichiometry being 1:1. The readiness to form is due in part to the presence of the 

positive charge, which reduces the charge repulsion between approaching strands 

caused by the negatively charged phosphate backbone of the DNA. 

The results showed that purine triplexes were not seen to form at either pH. This 

was in contrast to what was reported in the literature, as Jain et. al. previously reported 

the formation of intermolecular purine triplexes from identical sequences with a (GAA)5 

repeat insert.93 These triplexes were observed with CD and gel electrophoresis using 

a similar annealing protocol with radiolabelled oligonucleotides.93 Although, Bergquist 
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et. al. investigated binding of a 20-mer (GAA) TFO to a target duplex at neutral pH and 

did not observe any purine triplex formation by gel electrophoresis, even in the 

presence of triplex-stabilising agent BQQ; however pyrimidine triplexes were shown 

to form readily.141 Purine triplexes are known to be much less stable than their 

pyrimidine counterparts.160 This is partly due to the lack of positive charge to 

compensate for the charge repulsion between nucleotide strands, but is also related 

to binding orientation. The pyrimidine TFO binds in the major groove of the duplex in 

a parallel orientation, whereas purine TFOs bind in an antiparallel orientation, similar 

to Watson-Crick pairing. The triplets formed in the pyrimidine triplex, T*A-T and C+*G-

C, are structurally isomorphic in the parallel motif.161 This means that when structurally 

imposed, the positions of the C-1’ atoms of the Watson-Crick pairs and the TFO are 

almost identical.161 This results in minimal backbone distortion of both the duplex and 

the TFO, and thus only slight perturbation of the duplex structure.161 This has also 

been confirmed in previously reported NMR studies, where it was shown that the major 

groove was only slightly widened upon binding of the TFO in a parallel orientation.162 

Lastly, the formation of an antiparallel purine triplex requires G-rich oligonucleotides. 

G-rich sequences have a tendency to form other non-canonical structures such as G-

quadruplexes and GA-duplexes, which can in turn out-compete formation of a 

relatively unstable triplex structure.42,163 

 

  Effect of salt concentration 
 

The effect of varying salt concentrations in annealing buffers was tested. As 

discussed previously, the presence of salt cations is essential for the formation of 

many secondary DNA structures. They serve to reduce the charge repulsion between 

the negatively charged phosphate backbones of approaching DNA strands.155 In 

particular, divalent cations such as Mg2+ have been shown to stabilise triplexes.40 

NaCac buffers (10 mM, pH 5.5 and 7.4) with increasing or decreasing amount of NaCl 

or MgCl2 were made, and samples were annealed as described in Methods (6.1.2). As 

with the pH studies described above, oligonucleotides containing (GAA)n insert 

lengths of n = 5, 10 and 20 repeats were investigated. Triplex formation in samples 

was assessed using gel electrophoresis and CD spectroscopy, with the salt conditions 
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used summarised in Table 2.2. Generally, 150 mM NaCl and 10 mM MgCl2 are 

considered to be physiological conditions. 

 

Table 2.2: Salt conditions used in annealing. Concentration of NaCl and MgCl2 was 

varied. 
 

 

 

 

 

 

 

 

Salt condition NaCac/mM NaCl/mM MgCl2/mM 

1 10 100 10 

2 10 150 10 

3 10 150 15 

4 10 0 15 

Fig. 2.7: 12% PAGE of (GAA)10 purine sequences annealed in 10 mM NaCac buffer (pH 
7.4) containing 15 mM MgCl2. Ladder: O’RangeRuler 10 bp (Thermo Scientific). Lanes: 1) 
purine TFO, 2) duplex, 3) duplex with purine TFO, 4) 1:2 duplex with purine TFO.  
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Pyrimidine triplexes were seen to form when annealed at pH 5.5 under all salt 

conditions, from 5 repeat units up to 20 repeat units. Also, as previously observed, the 

pyrimidine triplex did not form at pH 7.4 under any of the salt conditions tested, from 

any length repeat sequence.  

 Purine triplexes were not seen to form under any condition. On the gel shown 

(Fig. 2.7), the only bands present in the lanes corresponding to the samples of duplex 

annealed with the purine TFO (lanes 3 and 4, Fig. 2.7) represent the dsDNA and below 

it the unbound TFO only. 

 

It can be seen that the variation in salt concentration did not affect the formation 

of pyrimidine triplex at pH 5.5; the structure still formed readily under all salt conditions 

tested. The alternative salt conditions did not encourage the pyrimidine triplex to form 

at pH 7.4, which was to be expected as without protonation of cytosine in the TFO, the 

structure would be lacking the second Hoogsteen bond between the TFO and purine 

duplex strand required to form the C*G-C base triplet. The lack of protonation would 

also reduce the shielding of the charge repulsion between the DNA strands.  

Despite increasing the concentration of Mg2+ and decreasing the concentration 

of Na+, the purine triplex was still not seen to form at either pH. It has been shown that 

monovalent cations such as Na+ and K+ can inhibit triplex formation for the purine motif 

by promoting and stabilising competing dimers and tetramers formed from the G-rich 

TFO.164 In previous studies, it was shown that divalent cations such as Mg2+ are 

essential for intermolecular triplex formation.93,156 Such divalent cations have a higher 

ratio of charge to ionic radius than monovalent cations, which has been reported to be 

beneficial for the formation of certain types of triplexes. It has been previously reported 

that as well as binding to the negatively charged phosphate backbone of the DNA, 

divalent cations can also interact with certain sites on the bases themselves, including 

particular nitrogen and oxygen atoms on guanine bases.37 The interaction of an 

electrophile with this guanine nitrogen atom can cause the protons bound to other 

guanine nitrogen atoms to become more acidic, which in turn will enhance the 

formation of reverse-Hoogsteen hydrogen bonds and increase the stability of the 

purine-rich triplex.37 This is particularly relevant for oligonucleotides with runs of 

guanine bases. Adjacent adenines can repel the Mg2+ due to the positive electrostatic 
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potential created by the amino group, thus preventing the aggregation of Mg2+ and 

hence reducing its stabilising effect.165 This could explain why the increase in Mg2+ 

does not facilitate purine triplex formation, as the purine TFO is primarily comprised of 

adjacent adenine bases. Other studies have suggested that Mg2+ only has a stabilising 

effect on the G*G-C triplet, and can in fact destabilise (TC)n(GA)n-(AG)n triplexes.166 

Thus, the relationship between divalent cations and the stabilisation of triplex 

structures is more complicated than simple shielding of charge repulsion between 

strands and has been previously demonstrated to be highly sequence specific.  

 

  Effect of crowding conditions 
 

Molecular crowding was introduced using PEG200 to mimic the crowded 

conditions in cellulo. The percentage of PEG200 used (v/v), calculated by molecular 

weight, was increased from 10% to 40%, and samples were annealed in buffer as 

before, keeping the salt concentration the same as in the pH experiments. 

Fig. 2.8: 6% PAGE of (GAA)20 purine sequences annealed in 10 mM NaCac buffer (pH 
7.4) containing 100 mM NaCl, 30 mM MgCl2 and increasing amounts of PEG200. Ladder: 
O’RangeRuler 20 bp (Thermo Scientific). Lanes: 1) purine TFO, 2) duplex, 3) duplex with 
purine TFO, 4) duplex with purine TFO and 10% PEG, 5) duplex with purine TFO and 20% 
PEG, 4) duplex with purine TFO and 40% PEG. 
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Oligonucleotides containing (GAA)n insert lengths of n = 5, 10 and 20 repeats were 

investigated. Samples were analysed with gel electrophoresis and CD spectroscopy.  

 

Despite the introduction of molecular crowding, there was no evidence of purine 

triplex formation. It can be seen on the gel that only bands corresponding to the duplex 

and unbound purine TFO (Fig. 2.8). The CD results are less conclusive. The presence 

of PEG appears to worsen the instrumental distortion below 220 nm, masking the 

region containing the characteristic triplex band at 210 nm (Fig. 2.9). However, as 

seen in previous CD spectra of the formed pyrimidine triplex, the negative band begins 

at around 230 nm and is quite obvious; evidence of this cannot be seen in the CD 

spectra of the purine samples with the PEG (Fig. 2.9). The gel electrophoresis and the 

CD indicate that the purine triplex is not forming. 

 

It might be expected that the molecular crowding introduced by PEG would 

influence the purine triplex structure to form at physiological pH by mimicking the 

intracellular environment in which these structures are hypothesised to form.44 All cells 

have a high concentration of macromolecules, in the range of 20-40% of the total 

volume.40 The increased viscosity of the buffer solution changes the kinetics and 
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energetics of the DNA binding.167 The crowded environment serves to decrease the 

freedom of movement of the oligonucleotides and force them closer together, perhaps 

increasing the chance of binding events. PEG has been shown previously to stabilise 

triplex structures under physiological conditions in solution.40 However, it has also 

been reported that the addition of cosolutes can negatively affect the thermal stability 

of the underlying duplex.50 This could be beneficial for triplex formation as binding of 

the purine TFO in the major groove in an antiparallel orientation requires a slight 

conformational change of the duplex, which would be easier if this was already 

perturbed. However, despite the introduction of molecular crowding and the increased 

concentration of divalent cations, no evidence of purine triplex formation was observed 

at acidic or neutral pH.  

 

  Conclusions 
It was found that pyrimidine triplex structures formed readily from all repeat 

lengths tested when annealed in buffer at pH 5.5 with a variety of concentrations of 

Na+ and Mg2+ salts. This was to be expected as the binding of the pyrimidine TFO to 

the duplex requires the protonation of a nitrogen atom on cytosine, which can occur 

when under acidic conditions. Purine triplexes were not observed to form under any 

conditions. This was unexpected, as triplex formation has been previously reported in 

literature from these sequences with a (GAA)n insert under physiological conditions. 

Once formed at acidic pH, pyrimidine triplexes were seen to be somewhat resilient to 

increase in pH up to 7.5. Despite the addition of divalent cations and crowding 

conditions, purine triplexes were not observed.  

Purine triplexes are known to be less stable than pyrimidine triplexes, though 

pyrimidine triplexes are not able to form at physiological pH as they require 

protonation. The pathological threshold for (GAA)n repeat number in FRDA is 

approximately 66, thus the sequences investigated here are far from pathological 

length. It is intuitive that the stability of the triplex structure is correlated with the length, 

hence these sequences could be too short to form stable triplexes at physiological pH. 

To further investigate more physiologically relevant scenarios, longer sequences of 

pathological length were investigated as described in the following chapter.  

 



 67 

3 Biophysical studies of 
secondary structure 

formation from 
polynucleotides of 
pathological length 

 

 Introduction 
In this chapter, the study and biophysical characterisation of secondary 

structures formed from long DNA and RNA strands containing the FRDA (GAA)n 

repeat sequence of interest under varying conditions is reported, where n ≥ 55. 

Structures were studied using techniques such as gel electrophoresis and atomic 

force microscopy (AFM). 

In order to obtain nucleic acid strands containing (GAA)n of pathological or near-

pathological length, molecular biology techniques can be used. Synthesis of 

polynucleotides longer than 100 bp is extremely inefficient; the proportion of full-length 

sequences successfully synthesised decreases drastically with the increasing length. 

The FRDA pathological threshold for (GAA)n repeats is approximately n = 67, giving a 

total length of over 200 bp. Thus, oligonucleotide synthesis as used in the previous 

chapter was not a feasible strategy to produce the long sequences required.  

By designing a plasmid containing the (GAA)n insert in the multiple cloning site 

(MCS) flanked by cloning promoters and restriction enzyme digest sites, the long 

(GAA)n sequence could be amplified or extracted. Initially, significant time was spent 

working with a plasmid cloned previously in the group, consisting of a Bluescript 
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backbone and a (GAA)200 insert cloned into the MCS. However, in the absence of a 

digital plasmid map, successful amplification of the insert was not possible due to 

uncertainty of promotor location, and hence this was not a viable approach. 

Fig. 3.1: A) Schematic of plasmid backbone (pUC57) containing the ampicillin resistance 
gene (Amp), the origin of replication or ORI (rep(pMB1)), and the lacZ gene containing the 
multiple cloning site (MCS). B) More detailed schematic of the MCS containing M13 
forward and reverse sequencing primers (M13fwd and M13rev), restriction enzyme sites 
(BamHI and HindiIII), promoter sites for polymerases (T7 and T3) and the (GAA)n insert of 
interest. 
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Subsequently, two plasmids with a pUC57 backbone was designed to contain the 

(GAA)n insert within the MCS, where n = 55 and 200 respectively (see Fig. 3.1). The 

(GAA)n inserts were cloned into the MCS of the plasmid backbone and flanked by both 

BamHI/HindiIII restriction enzyme sites and T7/T3 promoters. These plasmids were 

produced by GenScript® and the (GAA)n insert was checked by sequencing and 

restriction enzyme digest with BamHI and HindiIII. The plasmids were also designed 

to contain an ampicillin resistance gene so they could be grown in competent bacteria 

in the presence of ampicillin to produce more copies of the DNA. 

As an alternative to growing the plasmid and extracting the insert by digestion 

followed by purification, the insert could also be amplified by polymerase chain 

reaction (PCR), with the use of primers complementary to sections either side of the 

segment to be amplified. PCR is a widely used method in molecular biology to produce 

many copies of particular DNA segments. PCR uses the principles of enzyme-driven 

DNA replication and thermal cycling to produce millions of copies of the desired 

sequence. The first step involves denaturing the dsDNA by briefly heating to high 

temperature. As the temperature is then lowered, the primers added bind to their 

complementary DNA sequences in the target region. The two separated DNA strands 

act as templates for the DNA polymerase (in this case Herculase II Fusion DNA 

polymerase), guided by the primers, to assemble the new DNA strand from the free 

nucleotides added to the reaction. This newly generated strand can in turn act as a 

template, and thus the amount of DNA produced increases almost exponentially.  

Once the long (GAA)n polynucleotides were produced, triplex formation was 

investigated in a similar manner as described in the previous chapter. The DNA 

produced from both the extraction by restriction enzyme digest and PCR amplification 

methods was double stranded, and hence had to first be denatured by heating and 

then reannealed to allow formation of higher order structures. In the case of the DNA 

extracted by digestion, the (GAA)n insert was flanked each side a short sequence 

corresponding to the T7 and T3 promoter sequences respectively. Regarding the DNA 

produced by PCR amplification, the insert was flanked each side by approximately 80 

base pairs of additional sequence. This included the T7 and T3 promoters, the 

targeting sequences for BamHI and HindiIII restriction enzymes, and some plasmid 

backbone sequence upstream of the primers used. This extra sequence can increase 
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the stability of the duplex by providing complementary regions either side of the repeat 

insert. In the event of triplex formation, this extra sequence may remain as loose 

single-stranded overhangs (see Fig. 3.2, A). 

In addition to DNA triplexes, DNA-RNA hybrid triplexes were also investigated. 

As discussed previously, DNA-RNA hybrid triplexes can also form at 

homopurine/homopyrimidine sequences.159 Similar to the binding of a TFO, single-

stranded RNA can bind in the major groove of a duplex through Hoogsteen bonding. 

In fact, it has been previously reported that triplexes consisting of a DNA duplex and 

Fig. 3.2: A) Schematic showing how the PCR product is annealed to form a triplex 
structure. The (GAA)n repeating sequence is in orange, and the flanking bases each side 
in grey. The single-stranded overhangs can be seen either side of the triplex structure. B) 
Schematic showing how the PCR product and RNA is annealed to form a triplex structure. 
C) Schematic showing how the PCR product is incubated with RNA to form a triplex 
structure. 
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an RNA third strand are more stable than purely DNA-based triplexes.168 In addition 

to this, DNA-RNA hybrids have been reported to play a role in FRDA.169 One study 

reported that DNA-RNA hybrids (R-loops) form in the cells of  FRDA patients over 

expanded (GAA)n repeat regions within the endogenous FXN gene.12 These 

transcription-dependent R-loops were seen to colocalise with repressive chromatin 

marker H3K9me2 and impede transcription by RNA polymerase II in patient cells.12 

Repressive chromatin has also been heavily implicated in FRDA.9 Another study has 

since suggested that expansion of (GAA)n repeats is caused by formation of DNA-

RNA hybrids that induce break-induced replication (BIR), seen in an experimental 

yeast model.18 

Following annealing, triplex formation was primarily investigated using gel 

electrophoresis, as for the short oligonucleotides used in the previous chapter. 

However, for longer polynucleotides such as these, agarose gels are normally used 

rather than polyacrylamide. Polyacrylamide is best used to resolve smaller fragments 

of DNA: gels containing a low percentage of acrylamide (3.5-5%) can be used to 

resolve fragments up to 1,000 base pairs in length, but gels with such low acrylamide 

content are extremely fragile. In addition to this, acrylamide is a potent neurotoxin. 

Agarose gels can be used to resolve fragments ranging from 200-30,000 base pairs 

in size, depending on the percentage of agarose used. As such, agarose gel 

electrophoresis is most commonly used when working with plasmids. The fragments 

produced here by PCR or from restriction enzyme digest were also assessed by gel 

electrophoresis with agarose gels. Secondary structures formed during annealing can 

be visualised directly through gel electrophoresis by staining with DNA intercalating 

dyes such as ethidium bromide and imaging under UV light. As before, these 

secondary structures will run more slowly through the gel than the corresponding 

duplex due to higher molecular weight.  

In the previous chapter, CD was also used to detect triplex formation, seen from 

the characteristic negative band at 210 nm. However, CD requires relatively high DNA 

concentrations of 5-10 µM (at a path length of 1 cm), which was not possible to achieve 

using these techniques after purification. As an alternative to this, because of the 

increased length of the DNA, microscopy can be used to visualise the structures. In 

this case, atomic force microscopy (AFM) was used. AFM is a type of scanning probe 
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microscopy that uses a mechanical probe to ‘feel’ a surface. AFM has been 

extensively used to visualise DNA and images of DNA-minicircles containing folded 

G-quadruplex motifs have been previously reported with high enough resolution to 

visualise the helical topology.113  

 

  Results and discussion 
  Bacterial transformation 

Plasmids containing the (GAA)55 insert (55r) and the (GAA)200 insert (200r) were 

received from GenScript® in the form of a lyophilised stock and reconstituted in ultra-

pure water to give a concentration of 100 ng/µL. To produce more plasmid, 55r and 

200r were transformed into competent bacteria and grown in large colonies before 

being harvested. The antibiotic resistance gene in the plasmid allows bacteria 

containing the plasmid to grow on a plate or in a culture containing said antibiotic (in 

this case ampicillin), whereas bacteria that have not successfully taken up the plasmid 

cannot grow since they lack the necessary resistance gene.  

Initially, the DH5α strain was selected since it is the most commonly used 

bacterial strain for routine cloning applications. Plasmids 55r and 200r were 

transformed into the bacteria as described in Methods (6.2.6) and spread onto LB agar 

plates containing ampicillin (100 ng/µL) and incubated overnight at 37 •C, as per a 

routine transformation procedure. It was found that 55r grew well and yielded many 

single colonies, however almost no colonies were seen for 200r. It was expected that 

200r would be more difficult to clone, as the repeat number is in the FRDA pathological 

range and hence will naturally introduce problems with transcription. For difficult 

plasmids containing long stretches of repeats, the concentration of antibiotic can be 

decreased to allow for more transcripts of low copy number plasmids to be produced. 

Lowering the incubation temperature can also slow down the bacterial growth, 

reducing the incidence of replication error due to non-specific replication. In addition 

to this, DH5α cells are not specifically designed for cloning unstable sequences. Thus, 

SURE2 super-competent cells (Agilent) were chosen. These cells are specifically 

deficient in E. Coli genes involved in the deletion and rearrangement of DNA, and 

therefore can improve efficiency of cloning. Hence, 200r was transformed into SURE2 
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bacterial cells and grown on LB agar plates containing ampicillin (50 ng/µL) and 

incubated overnight at 30 oC. This resulted in a small number of single colonies 

growing successfully. From each plate containing 55r and 200r respectively, 10 single 

colonies were picked and inoculated into small starter cultures of LB broth (2-3 mL) 

containing ampicillin (50 ng/µL). These starter cultures were incubated at 30 •C for 6-

8 hours before being expanded into larger cultures (~100 mL). These were grown at 

30 •C overnight, or until the optical density (OD) indicated sufficient growth. Smaller 

cultures were harvested through miniprep and the plasmid DNA was extracted and 

purified to be checked by double digestion with BamHI and HindiIII to ensure the 

(GAA)n insert was of the expected size, while the larger cultures were pelleted for 

processing later. All clones of 55r produced bands corresponding to the expected size 

of around 165 bp. However, none of the clones of 200r produced bands corresponding 

to the expected size of 600 bp (see Fig. 3.3). The largest insert band was consistent 

Fig. 3.3: 1.0% agarose gel showing gel electrophoresis of purified samples of clones of 
200r grown in SURE2 bacterial cells and digested with BamHI and HindiIII. Digestion is 
incomplete as there is a prominent band corresponding to the undigested plasmid. A band 
corresponding to the extracted insert can be seen between 300 and 400 bp. 
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with a length of 220 bp (Clones 1, 4 and 10, Fig. 3.3). The larger cultures were also 

processed and found to be the same. To confirm this, each clone of 200r was 

sequenced using a M13 forward primer. It was found that the longest (GAA)n insert 

isolated from any of the 200r clones was around 225 bp, or 75 repeat units. 50% of 

the sequencing runs failed and were flagged for ‘homopolymeric or repetitive region’. 

A few of the 55r clones were also checked by sequencing and the (GAA)n insert was 

found to be of the expected size. 

 

Overall, the 55r plasmid was grown successfully and all clones were consistent 

in size and purity. A repeat length of (GAA)55 is not pathological (though it is 

considered ‘pre-disease’), and hence transcription would not be expected to be 

affected.170 However, a previous study reported transcriptional instability in 

uninterrupted (GAA)n repeat sequences of n = 40.171 The 200r plasmid, however, was 

much more difficult to grow, and once grown it was found that large portions of the 

repeat sequence had been deleted. Repeat sequences such as these are notoriously 

unstable and prone to recombination and deletions during cloning.172,173 A previous 

study reported that long GAA repeats are unstable in bacteria and that the instability 

occurs at a threshold length of between 50 and 150 repeats.174 Isolation of long 

fragments from the cells of FRDA patients was also reported, and it was found that 

although the fragments initially contained 575 repeats, after a few hours of growth in 

bacteria, 95% of samples had experiences deletions to bring the size down to 250 

repeats, and the instability continued with further growth.174 This supports the findings 

with the 55r and 200r plasmids shown here, suggesting that the instability threshold 

for these plasmids is approximately 75 repeats, as the 200r plasmid experienced 

deletions to a minimum of 75 repeats. 
 

  PCR amplification 
As growing the plasmids in bacteria was somewhat problematic and time 

consuming, PCR amplification was explored as an alternative to generate large 

amounts of DNA for triplex formation assays. A high-fidelity DNA polymerase is 

designed to read difficult sequences such as repeat regions, so has the potential to 

produce a full length (GAA)200 insert from the 200r plasmid. 
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Initially, Platinum™ Taq DNA polymerase (Invitrogen™) and primers 

complementary to the T3 and T7 promoter regions that flank the (GAA)n insert were 

used. The DNA produced in the PCR reactions was then purified to remove the 

proteins and primers and analysed on an agarose gel. The 55r plasmid samples 

showed a band corresponding to 165 bp (55 repeats), but the band was smeared 

suggesting some polymerase slippage. The 200r plasmid samples showed heavy 

smearing with no discernible bands, suggesting heavy polymerase slippage. The 

control plasmid showed a band corresponding to the expected size. Since Platinum™ 

Taq is not a specifically high fidelity polymerase it has not been designed for difficult 

sequences such as repeat regions. In addition to this, the primers are targeting a 

region directly adjacent to the stretch of repeats meaning that the polymerase begins 

reading the strand at the site of the repeat; this could increase slippage. By using 

primers further upstream of the (GAA)n insert, the polymerase can securely bind 

before reaching the repeats. 

Herculase II Fusion DNA polymerase (Agilent) is a high fidelity PCR enzyme 

designed to amplify difficult targets such as sequences with high GC content. 

Sequences with high GC content (i.e. > 60% G and C bases), have a propensity to 

form stable secondary structures much like repeat regions. Forward and reverse 

primers (M13F and M13R, same as for the sequencing) were used, as this gave a ~60 

bp buffer before the repeat region. The PCR was run according to the conditions 

suggested by the polymerase manufacturer (and in Methods section 6.2.10) and 

reactions were purified (as described in Methods 6.2.11) before being checked on a 

gel. The 55r samples resulted in a sharp band of the correct size with very minimal 

smearing, indicating an efficient PCR reaction. The 200r samples once again resulted 

in a smear, despite the control sample giving a clean band of the correct size. 

Changing the conditions, such as the concentrations of reagents or template DNA, 

can improve yield and purity of the product. 

The amount of template DNA for both 55r and 200r added to the reaction was 

varied between 1 and 50 ng. The reaction was run and purified as before, with the 

concentration and purity of DNA being measured with a Nanodrop, using the 

absorbance at 254 nm, and samples were then loaded onto a gel to check the size. 

From this, it was determined that the optimum amount of template DNA for 55r was 
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around 2 ng. For the 200r plasmid, the concentration of the DNA obtained from all 

reactions was reasonable (approximately 100 ng/µL), however there were no 

discernible bands on the gel, with a large smear seen for each, indicating polymerase 

slippage. 

DMSO is a common additive to PCR reactions as it serves to interfere with the 

self-complementarity of the DNA template and primers and thus disrupt any competing 

structures such as hairpins or, in this case, triplexes or ‘sticky DNA’.175 Magnesium 

chloride (MgCl2) is crucial for the activity of polymerases, as it acts as a cofactor and 

catalyst for PCR. If the concentration is too low, the enzyme will be inactive and there 

will be no product, however if the concentration is too high, the activity will become 

less specific and the PCR product may contain mismatches. A titration with each of 

Fig. 3.4: 1.0% agarose gel showing gel electrophoresis of purified PCR products from 
amplification of 200r with increasing amounts of DMSO (0-10%). Smearing is seen in each 
sample indicating polymerase slippage along the repeat sequence. 
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these reagents was performed to determine the optimum concentration. DMSO 

concentration was varied between 1-10%, while MgCl2 concentration was varied 

between 2-10 mM (the Herculase II reaction buffer contains MgCl2 to a final reaction 

concentration of 2 mM). 

For 55r, varying the concentration of DMSO and MgCl2 in the reaction made 

little difference, as the PCR reaction already produced the correct product with good 

yield and purity. For 200r, significant smearing was still seen on the gel (see Fig. 3.4). 

This indicates that the issue is not related to formation of secondary structures in the 

primers, or inactivity of the enzyme, but the occurrence of polymerase slippage along 

the repeat or transcriptional blockage during replication.176 

Fig. 3.5: 1.0% agarose gel showing the gel electrophoresis of purified PCR products 
amplified from clones of 200r grown in SURE2 bacterial cells. From sequencing, the 
clones have (GAA)n inserts ranging in size from n = 55-75 (clones 1-3 with 75 repeats, 
clones 4-6 with ~55 repeats.  
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The clones containing 75 repeats (75r) that were grown in bacteria as described 

in the previous section were also amplified by PCR. The 7 clones that were 

successfully sequenced (with a (GAA)n repeat number ranging from n = 55-75) were 

amplified using Herculase II Fusion polymerase as per conditions suggested by the 

manufacturer (Methods 6.2.10). The PCR reactions were then purified, and the DNA 

was checked on a gel. Concentrations of DNA produced were reasonable 

(approximately 300 ng/µL) as determined by Nanodrop. It can be seen on the gel that 

the larger repeat lengths of 75 bp (lanes 1-3, Fig. 3.5) give a clear band of the correct 

size yet exhibit some smearing, which could be due to polymerase slippage resulting 

in PCR products of varying lengths. The clones with around 55 repeats (lanes 4-7, Fig. 

3.5) give a clear band of the expected size; the clone in lane 6 also shows a second 

heavier band and some smearing, indicating non-specific amplification. This heavier 

band is close to 600 bp in length, suggesting that clone 6 could contain a small 

proportion of longer (GAA)n insert which has been transcribed during PCR. The 

significant smearing centred around 1000 bp is consistent with the previous attempts 

to amplify 200r (Fig. 3.4). 

 

PCR of repetitive sequences can be difficult. A previous study investigating the 

stability of (GAA)n repeats reported that a replication block prevented transcription by 

polymerases in an in vitro replication assay performed on longer repeat lengths of n = 

250.174 However, efficient replication of shorter repeat lengths of 62 was also reported, 

suggesting that repeat regions of pathological length caused blocking of 

transcription.174 Another study into the phenomena of replication slippage at repeat 

sequences reported that polymerases pause at repeat sequences and can dissociate 

from the strand, causing premature termination of transcription or misalignment of the 

sequence if the polymerase re-associates at the wrong site when replication 

resumes.176 

 

  DNA-DNA triplex studies 
Using the DNA produced by PCR, the formation of secondary structures under 

various conditions was investigated as for the short oligonucleotides described in the 
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previous chapter. The effect of pH, salt concentration and crowding conditions was 

explored. 

To study the effect of pH on the formation of secondary structures, two 

conditions were investigated, as before: acidic (pH 5.5) and physiological (pH 7.4). 

The DNA used was purified PCR product from 55r and 75r clones, previously checked 

for purity on a gel. Samples were annealed as described in Methods section (6.2.14). 

This differed from the annealing in the previous chapter for the short oligonucleotides 

as no third strand was added as a TFO; the double-stranded DNA was simply 

denatured by heating and re-annealed by cooling slowly to room temperature 

Fig. 3.6: 1.0% agarose gel showing gel electrophoresis of purified samples of A) 55r and 
B) 75r PCR products annealed at pH 5.5 and pH 7.4.  
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overnight. Initially, the annealed sample was then loaded directly onto the gel to 

assess triplex formation using gel electrophoresis. However, the salt in the annealing 

buffers consistently caused distortion of the bands to the extent that it was difficult to 

judge the size against the ladder. Hence the samples were purified by ethanol 

precipitation after annealing, and the pellet was resuspended in buffer before being 

loaded onto the gel. 

Fig. 3.7: 1.0% agarose gel showing gel electrophoresis of purified samples of 55r annealed 
at pH 7.4 with increasing amounts of PEG200.  
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The 55r DNA showed evidence multiple secondary structures when annealed 

at pH 5.5, which can be seen on the gel as heavier bands above the band 

corresponding to the dsDNA (lane 2, Fig. 3.6, A). When annealed at pH 7.4, only 

bands corresponding to dsDNA were seen (lane 3, Fig. 3.6, A). A similar result is seen 

for the 75r DNA annealed at each pH (Fig. 3.6, B).  

The effect of salt concentration in annealing buffers was also investigated, with 

the concentration of NaCl and MgCl2 being varied as described in the previous 

chapter. The concentrations used can be seen in Table 2.1 in the previous chapter. 

As previously described, salt cations have a significant stabilising effect on higher 

order nucleic acid structures. The positive charge acts to shield the negatively charged 

phosphate backbone of the DNA or RNA, minimising charge repulsion and allowing 

strands to come together. Despite altering the salts in the buffer, no evidence of triplex 

formation was seen at pH 7.4 from either 55r or 75r samples. 

To mimic conditions in the cell and encourage secondary structures to form, 

crowding conditions were introduced using PEG200. Samples of 55r were annealed at 

pH 7.4 in buffer containing PEG, with the percentage volume (v/v) of PEG being varied 

from 0-40%. After annealing, samples were purified by ethanol precipitation, 

resuspended in buffer and immediately loaded onto an agarose gel. However, there 

was no evidence of triplex formation seen by gel electrophoresis (see Fig. 3.7), with 

the only visible band corresponding to the weight of the dsDNA (300 bp). 

 

The results of the gel electrophoresis studies of 55r and 75r presented in this 

section indicate that triplexes and other heavier secondary structures form from these 

sequences at pH 5.5. This was consistent with findings in the Chapter 2, as pyrimidine 

triplexes were seen to form readily at pH 5.5 from the short oligonucleotides 

investigated. A study by Bergquist et. al. investigating intramolecular triplex formation 

in plasmids containing (GAA)n repeats suggested that a pyrimidine triplex structure 

formed under the influence of negative supercoiling at physiological pH.141 An increase 

in the extent of intramolecular triplex formation was reported upon the addition of a 

(TTC)n single-stranded oligonucleotide, as this oligonucleotide would bind to the loose 

(GAA)n single-stranded region produced by the formation of a pyrimidine triplex and 

thus stabilise the structure.141 The same increase was not reported upon the addition 
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of a (GAA)n oligonucleotide.141 Here, it is not possible to determine whether the third 

strand involved in the higher order structure is the purine or the pyrimidine strand. 

There are much heavier bands (>1000 bp) present in the samples annealed at pH 5.5, 

indicating aggregation of several nucleotide strands, or the bands are significantly 

retarded due to the formation of a compact higher order structure. (GAA)n tracts have 

been previously reported to adopt a structure called ‘sticky DNA’. A study by Sakamoto 

et. al. suggests that intramolecular purine triplexes formed in plasmids containing long 

(GAA)n tracts under the influence of negative supercoiling can also form stable dimers 

(‘sticky DNA’), seen by reduced gel mobility and electron microscopy.16 This is 

proposed to happen through a strand exchange mechanism. In the study, ‘sticky DNA’ 

was reported to form at repeat lengths of 59 and above.16 A later study also showed 

that low pH destabilised the ‘sticky DNA’ conformation.11 The same study proposes 

that ‘sticky DNA’ can as well take the form of a single long triplex, formed from the 

alignment of two (GAA)n tracts in living E. Coli cells.11 The retarded bands seen in the 

gels of 55r and 75r could correspond to an association of two or more triplex 

structures. However, as gel electrophoresis cannot provide structural information, it is 

not possible to predict the conformation from these analyses alone. 

The results of the gel electrophoresis studies of 55r and 75r annealed at pH 

7.4 showed no evidence of secondary structures. This is contradictory to the study 

discussed previously in which intramolecular triplexes formed at pH 7.5.15 However, it 

appears that supercoiling plays an essential role in promoting the formation of these 

structures in plasmids. In the same study, the plasmid had to be linearised to eliminate 

the intramolecular triplex structure in order to study the interaction between the duplex 

and a PNA, suggesting that triplex was not present in linear DNA.15 Perhaps there is 

an intramolecular triplex present in the 55r and 75r plasmids induced by negative 

supercoiling, which is then absent when the plasmid is digested or amplified with PCR 

as the strand becomes linear. There are no studies previously reporting the 

investigation of intermolecular triplexes containing (GAA)n tracts of pathological length 

in this linear form; however, following on from the investigation of intermolecular triplex 

formation from short oligonucleotides in the previous chapter, this result is consistent.  

Varying the salt concentration of the buffers did not encourage secondary 

structure formation at pH 7.4. This is also consistent with the short oligonucleotide 
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study in the previous chapter, however it was suggested that oligonucleotides of 

pathological length might have formed a triplex at neutral pH, as was hypothesised to 

happen in FRDA. As discussed previously, ‘sticky DNA’ has been reported to form at 

neutral pH from the association of two purine triplexes within negatively supercoiled 

plasmids.11 It was also reported that divalent metal cations (such as Mg2+) served to 

stabilise this structure, and the ‘sticky DNA’ was destabilised by the addition of EDTA 

which would chelate the cations, therefore nullifying the stabilising effect.11 This was 

presented as further evidence that the triplexes involved in the structure were purine 

triplexes, as divalent cations are essential for purine triplex formation.166 Again, the 

lack of secondary structures seen at pH 7.4 could be due to the lack of supercoiling in 

this system. Although, in plasmids the supercoiling acts to encourage the duplex to 

disrupt itself and re-form in a H-DNA structure, whereas in this linear model the duplex 

is similarly disrupted by heating before being slowly annealed. Supercoiling is known 

to be present during DNA replication in vivo; as the two strands of the duplex are 

separated, the replication fork is created, and movement of the replication machinery 

through the immobilised DNA template strand causes massive positive supercoiling 

ahead of the fork.177 

Introducing crowding conditions through use of PEG200 also did not encourage 

secondary structures to form at neutral pH. As discussed before, crowding conditions 

serve to emulate the high concentrations of macromolecules found inside the nucleus. 

By simulating the environment found in vivo, it might be expected that this would 

trigger secondary structures to form as hypothesised in cells of FRDA sufferers.  

Several higher order structures were seen to form when 55r and 75r were 

annealed at under acidic conditions. It is not possible to decipher the conformations of 

these structures from gel electrophoresis alone, hence microscopy can be employed 

to visualise them as described below. 

 

  DNA-RNA triplex studies 
DNA-RNA hybrid structures have also been implicated in FRDA, with R-loops 

being reported to form in FRDA patient cells.12 Therefore, it was of interest to 

synthesise RNA sequences with the potential to assemble into triplex structures with 

dsDNA. Thus, RNA was synthesised directly from the 55r PCR product using the T3 
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and T7 promoters either side of the (GAA)55 repeat region. The T7 polymerase reads 

the sense (GAA)n strand, whereas the T3 polymerase reads the complementary 

antisense (TTC)n strand. Hence, T7 polymerase produces pyrimidine (CUU) RNA and 

T3 polymerase produces purine (AAG) RNA. The size and purity of the RNA was 

assessed using a Bioanalyser. The 55r double stranded PCR product was incubated 

with either the purine or the pyrimidine RNA strand in three different ways: annealed 

by heating to 95 •C and slowly cooling, incubating at 37 °C overnight and incubating 

at 4 •C for 48 hours. The effect of pH was also investigated, with acidic (pH 5.5) and 

neutral (pH 7.4) conditions being tested. Formation of triplex structures was assessed 

Fig. 3.8: 1.0% agarose gel showing gel electrophoresis of purified samples of purine and 
pyrimidine RNA TFOs annealed with 55r PCR product at pH 5.5 and pH 7.4.  
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using gel electrophoresis. After incubation in annealing buffer, the samples were 

purified by ethanol precipitation and resuspended in buffer, before being loaded onto 

a gel.  

 First, samples were annealed as done previously for the purely DNA triplexes 

(Methods 6.2.14) (Fig. 3.2, B). Purine or pyrimidine RNA TFOs were added to 55r 
PCR product in a large excess (approximately 10-fold) in annealing buffer at either pH 

5.5 or pH 7.4 and heated briefly to 95 •C before being cooled slowly to room 

temperature overnight, purified, resuspended and loaded onto a gel. It can be seen 

from the gel that there are secondary structures present in the samples that were 

annealed at pH 5.5, for both purine and pyrimidine RNA TFOs, as well as just 55r 

dsDNA (lanes 5, 7 and 9, Fig. 3.8). Annealing the samples by heating and subsequent 

cooling also results in denaturation of the duplex during heating, hence these bands 

could be the result of DNA-DNA interactions as discussed in the previous section. The 

heavier bands observed in the sample containing pyrimidine RNA TFO annealed at 

pH 5.5 (lane 9) appear to have a different mobility to the heavier bands seen for the 

sample containing purine RNA TFO annealed at pH 5.5 (lane 7), and for just the 55r 

duplex annealed at pH 5.5 (lane 5). This disparity could indicate the formation of an 

alternative structure that involves the pyrimidine RNA. To investigate this, RNAse H 

was added to the samples and they were ran on a gel to determine whether the 

position of the bands had changed; RNAse H digests only RNA that is involved in a 

DNA-RNA hybrid structure. However, the concentration of enzyme was too high and 

also digested the DNA in the sample. This experiment could not be repeated due to 

time constraints. 

So as not to denature the duplex during incubation, purine and pyrimidine RNA 

was incubated with 55r PCR product at 37 •C for 24 hours (Fig. 3.2, C). By keeping 

the duplex intact, the likelihood of DNA-DNA secondary structures forming decreases 

as the duplex remains relatively stable at this temperature. Thus, any heavier bands 

observed on the gel corresponding to higher order structures can likely be attributed 

to the interaction of DNA and RNA. Samples were incubated in buffer at pH 5.5 or pH 

7.4, purified by ethanol precipitation, resuspended and loaded onto the gel. It can be 

seen from the gel that there are similar sized bands above the band corresponding to 

55r dsDNA in every sample with added RNA TFO incubated at 37 •C, from purine and 
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pyrimidine RNA at pH 5.5 and pH 7.4 (Fig. 3.9, lanes 5, 6, 7 and 8). This is promising 

evidence that the RNA is associating with the DNA at acidic and neutral pH. In the 

samples annealed with the DNA and the purely DNA triplex samples annealed at pH 

5.5, there were much heavier bands (> 1000 bp) which could be due to ‘sticky DNA’; 

these bands are absent in the samples incubated at 37 •C. This is further indication 

that the heavier bands resulting from the samples incubated with RNA are due to DNA-

RNA hybrids and not pure DNA structures, as the heavier ‘sticky DNA’ bands are 

absent since the duplex remains intact during the incubation. 

Fig. 3.9: 1.0% agarose gel showing gel electrophoresis of purified samples of purine and 
pyrimidine RNA incubated with 55r PCR product at 37 °C for 24 hours in pH 5.5 and pH 
7.4 buffer. Heavier bands can be seen in all samples with RNA TFO added (lanes 5-8). 
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To further prevent any denaturation of the duplex and prevent secondary DNA 

structures forming, samples were incubated at 4 •C (Fig. 3.2, C). Purine and pyrimidine 

RNA TFOs were incubated with 55r PCR product at pH 5.5 and pH 7.4 at 4 °C for 48 

hours, before being purified, resuspended and ran on a gel. A higher concentration of 

sample was added in order to visualise the fainter bands. It can be seen from the gel 

that multiple structures were seen in all samples containing RNA TFOs (see Fig. 3.10, 

lanes 5, 6, 7 and 8). For the purine RNA at both pH 5.5 and pH 7.4 a single heavier 

band can be seen above the band corresponding to the 55r duplex, which is equivalent 

to approximately 700 bp (lanes 5 and 6, Fig. 3.10). This is approximately the same 

Fig. 3.10: 1.0% agarose gel showing gel electrophoresis of purified samples of purine and 
pyrimidine RNA incubated with 55r PCR product at 4 °C in pH 5.5 and pH 7.4 buffer. 
Evidence of secondary structures can be seen in samples containing purine and 
pyrimidine RNA TFOs at pH 5.5 and pH 7.4 (lanes 5-6). 
  



 88 

weight as the DNA secondary structure formed when annealed at pH 5.5. The single-

stranded RNA produced is around 165-mer, as the T3 and T7 promoters are directly 

adjacent to the (GAA)55 tract in the sequence, hence it would be expected that the 

triplex structure formed with the RNA would be around 130 bp lighter than the pure 

DNA triplex, which is formed from three strands of around 300-mer each. For the 

pyrimidine RNA at both pH 5.5 and pH 7.4, there is a band corresponding to a structure 

equivalent to 700 bp, as for the purine RNA samples, but there are also multiple 

structures between this 700 bp band and the band corresponding to the 55r duplex 

(lanes 7 and 8, Fig. 3.10). This has not been observed in any of the previous DNA-

RNA or DNA-DNA samples. The samples are over-loaded, so the individual bands are 

difficult to separate, however the effect seems to be even more prominent at pH 7.4. 

In previous cases, a band corresponding to the unbound ssRNA TFO can also be 

seen to some extent on the gel, whereas here none can be seen, hence suggesting 

that a large portion of the RNA TFO is bound. 

 

The results of the gel electrophoresis studies of 55r DNA incubated with purine 

and pyrimidine RNA TFOs at pH 5.5 and pH 7.4 present some interesting evidence of 

secondary structure formation even at neutral pH. Initially, samples were annealed in 

the same manner as for the DNA triplex studies, but with purine or pyrimidine RNA 

TFO added as a third strand. As this method involves heating the sample to 95 •C, the 

duplex is denatured in the process. It follows that during cooling, DNA-DNA structures 

can form as seen in the DNA triplex studies in the previous section, especially under 

acidic conditions. This is reflected in the gel electrophoresis results, as a heavier band 

is seen in the DNA-RNA samples annealed at pH 5.5 that is the same weight as for 

the pure DNA samples annealed at pH 5.5 (see Fig. 3.8). This band is not seen in 

samples annealed at pH 7.4. It could be suggested that these DNA structures block 

the association of RNA, leaving the RNA unbound in solution. This can also be seen 

on the gel, as there appears to be a lighter species of around 160-mer that could 

correspond to unbound ssRNA (lane 8, Fig. 3.8). This band is also seen in the control 

lanes with just the purine and pyrimidine ssRNA respectively (lanes 1 and 2, Fig. 3.8). 

The only difference that can be seen in the samples is that the pyrimidine RNA TFO 

and 55r annealed at pH 5.5 seem to give bands with different mobility to the purine 
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RNA TFO and 55r annealed at pH 5.5, and just 55r annealed at pH 5.5 without RNA. 

This suggests that perhaps the pyrimidine RNA is affecting the secondary structures 

formed. In fact, previous studies investigating incorporation of RNA into DNA triplexes 

reported that pyrimidine RNA can form very stable intermolecular triplexes with DNA, 

whereas purine RNA cannot form intermolecular triplexes at all.159,178 Samples were 

then incubated at 37 •C rather than annealed by denaturation. This resulted in heavier 

bands being seen at both acidic and neutral pH, with purine and pyrimidine RNA (see 

Fig. 3.9). It could be suggested that since the 55r duplex was not denatured, that no 

additional DNA secondary structures would have formed, and hence the heavier 

bands can be attributed to RNA associating with DNA. The retarded bands are very 

similar in weight to those seen in the DNA samples annealed at pH 5.5 (lane 5, Fig 

3.8). Although, the RNA is around 130-mer shorter than the DNA and thus the resulting 

associated hybrid structure would be lighter than the DNA triplex, which is not 

represented on the gel. This is difficult to confirm, as the separation between the bands 

on the ladder is small. When the samples were incubated at 4 •C for 48 hours, 

evidence for a significant amount of secondary structure formation was seen across 

all DNA-RNA samples at both acidic and neutral pH (see Fig. 3.10). Samples with 

pyrimidine RNA TFOs appeared to show multiple different structures, with the effect 

being more pronounced at neutral pH. The increased incubation time could have 

allowed the system to reach thermal equilibrium and allow for more stable structures 

to form.  

RNA-DNA hybrids have been previously investigated in relation to triplet repeat 

diseases and causes of transcriptional blockage.179–181 R-loops have been implicated 

in FRDA as a mechanism for the blocking of transcription of the FXN gene.12,182 R-

loops involve a disrupted duplex, with complementary RNA bound to one of the DNA 

strands from the duplex, leaving the other DNA strand unbound. This has primarily 

been demonstrated in plasmids, and as with the intramolecular triplexes discussed in 

the previous section, requires supercoiling to form.183 This has been shown to depend 

on which DNA strand, homopurine or homopyrimidine, is the template strand. It was 

reported that R-loop formation occurs when the RNA contains the (GAA)n tract, and 

this is bound to the (TTC)n strand of the duplex, indicating that the purine DNA strand 

is involved in the intramolecular DNA triplex. A recent study reports that inactivation of 
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RNAse H stimulates massive (GAA)n repeat instability in yeast, implying that DNA-

RNA hybrids play a role in the expansion process.18 This study also hypothesises the 

formation of a more complex DNA-RNA hybrid structure that is independent of a 

canonical R-loop.18 One proposed species for this structure is a ‘H-loop’: an 

intramolecular triplex as described previously and a loose, unbound DNA strand, 

which is then stabilised by an RNA strand in an R-loop-type structure (see Fig. 3.11).18 

More RNA digestion experiments using RNAse A+H would be beneficial to help 

confirm whether the RNA is participating in the secondary structure. RNAse H would 

digest any RNA that is participating in a DNA-RNA hybrid structure, while RNAse A 

would digest any unbound single-stranded RNA in the sample. Resulting change in 

band mobility in gel electrophoresis could be used to infer whether the heavier bands 

correspond to DNA-RNA or DNA-DNA secondary structures. 
 

  Microscopy of DNA-DNA triplexes 

All AFM studies were performed by Philip Haynes, with supervision from Dr Alice Pyne 

(University College London). 

Fig. 3.11: Schematic showing the formation of a ‘H-loop’ during replication. The ssRNA 
stabilizes the ssDNA created by the formation of an intramolecular DNA-DNA triplex 
structure during transcription.18 
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AFM is a powerful technique for the visualisation of biomacromolecules and 

has been previously used for the imaging of higher order nucleic acid structures, 

including triplex and G-quadruplex.113,184 AFM can provide structural information that 

Fig. 3.12: 1.0% agarose gel showing gel electrophoresis of purified samples of 55r 
annealed at pH 5.5 and 7.4 before after gel purification with spin column. The samples 
annealed at pH 5.5 exhibit heavier bands corresponding to secondary structures (lane 1) 
whereas the samples annealed at pH 7.4 do not (lane 2). After purification using spin 
columns, the heavier bands appear to have been abolished. 
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other techniques used cannot, and thus can be used to shed light on the nature of 

secondary structures indicated by gel electrophoresis. 

Samples were annealed at pH 5.5 and pH 7.4 as before, with the double 

stranded 55r PCR product being heated briefly to 95 •C and cooled slowly to room 

temperature overnight. This was then purified twice by ethanol precipitation to remove 

the salts from the annealing buffer, resulting in a DNA pellet. This was resuspended 

in buffer and checked on a gel. It was seen from the gel that there are multiple 

structures present in the sample annealed at pH 5.5, but only a band corresponding 

to the 55r duplex present in the sample annealed at pH 7.4, consistent with the 

previous experiments. The bands in the pH 5.5 sample range in size from 300 bp to 

the equivalent of 1000 bp, indicating the presence of the duplex, a species that could 

be a triplex and a species that is heavier still, which could be ‘sticky DNA’. Ideally, the 

band corresponding to each structure should be excised from the gel and purified, 

giving a pure sample of each structure to be compared using AFM. However, it was 

found that the gel purification step, more specifically the spin columns used to bind the 

DNA, resulted in fragmentation and disassembly of secondary structures. This was 

first seen with AFM and subsequently confirmed by running samples on a gel before 

and after spin column purification (see Fig. 3.12).  

Following this, the gel purification step was bypassed to avoid disruption of 

secondary structures formed during annealing. This meant that each sample 

contained multiple structures and could be compared directly within each image. The 

samples were ultimately prepared and imaged according to Methods (6.2.15). From 

the images of 55r annealed at pH 5.5, there is an indication of another structure 

present alongside dsDNA (see Fig. 3.13, particularly C and D). This structure seems 

to be more rigid than the duplex and occurs in the central section of the DNA strand, 

where the (GAA)55 repeat region is located. Based on the DNA annealed in the 

sample, the triplex structure should theoretically consist of a duplex of approximately 

300 bp in length with a third strand bound to the duplex in the triplex-forming region 

only; this being the central region containing the repeats of 165 bp in length, with loose, 

single-stranded ends either side. The potential triplex structures seen in the AFM 

images obtained from the 55r samples annealed at pH 5.5 mostly support this theory, 

though the single-stranded unbound ends cannot clearly be seen. This structure is not 
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seen in the AFM images obtained from 55r annealed at pH 7.4, where only dsDNA is 

seen, which is consistent with the gel electrophoresis. 

Some length and height analyses performed on the AFM images of potential 

triplex structures also support the presence of something other than duplex. The rigid 

section within the DNA that could correspond to a triplex is 0.5-0.9 nm taller than the 

surrounding dsDNA, which is consistently 2 nm (see Fig. 3.14, B). This is observed 

across all areas imaged. Height analysis performed on samples of 55r annealed at pH 

7.4 shows a height of 2 nm throughout the images, suggesting just the presence of 

duplex in the sample. This is consistent with what is observed in the images as well 

as the gel electrophoresis results reported previously. 

 

Triplex structures have been studied by AFM previously, predominantly in 

supercoiled plasmids.117,118 A previous study reported the formation of intramolecular 

Fig. 3.13: AFM images of 55r PCR product annealed at pH 5.5 and purified by ethanol 
precipitation. Apparent triplex structures can be seen throughout the sample, highlighted 
as rigid regions in the centre of the strand, most apparent in the high contrast image in D). 
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triplex structures which were seen as protrusions from a supercoiled plasmid.117 

Another study reported AFM images of linear triplexes formed from poly(dG)-poly(dG)-

poly(dC) synthesised by Klenow exo, a fragment of DNA polymerase.118 This study 

reports in depth height analyses of the images showing triplex portions to be up to 1 

nm taller than the duplex counterpart.118 This supports the analyses performed on the 

(GAA)55 DNA triplexes shown here. 

 

 

 Summary and outlook 
 

It was found that plasmids containing 55 repeats (55r) could be produced in 

bacteria and amplified by PCR, resulting in the expected size of bands as seen on an 

agarose gel and with acceptable purity. However, plasmids containing 200 repeats 

(200r) experienced massive deletions when grown in bacteria, with the largest insert 

achieved being 75 repeats. PCR amplification of 200r was also unsuccessful, with 

extensive polymerase slippage and non-specific replication being observed with gel 

electrophoresis. Clones containing 75 repeats (75r) that were initially grown in bacteria 

from the 200r plasmid were successfully amplified with PCR to give a band of the 

expected size as seen by gel electrophoresis.  

Multiple secondary structures were observed when purified PCR products of 55r 

and 75r were annealed at acidic pH. These structures were not seen when the DNA 

was annealed at neutral pH. This is consistent with the findings from the short 

oligonucleotide studies reported in the previous chapter, however it cannot be 

Fig. 3.14: Length and height analysis of apparent triplex structures in AFM images of 
samples of 55r annealed at pH 5.5. The apparent triplex structures are 0.5-0.9 nm taller 
than surround dsDNA. 
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confirmed which strand is acting as the TFO and hence whether the structures 

observed here are pyrimidine or purine triplexes. The much heavier band also seen 

by gel electrophoresis could be attributed to the association of two or more triplex 

structures, such as ‘sticky DNA’, although the formation of ‘sticky DNA’ has been 

previously reported to be encouraged by negative supercoiling in a non-linear 

system.16 

Potential DNA-RNA hybrid structures were also observed by gel electrophoresis, 

especially when the samples were incubated for 4 •C for 48 hours. Since the 

incubation at low temperature does not involve disruption of the duplex by heating, it 

implies that the multiple bands observed could correspond to the interaction of DNA 

and RNA. These bands were observed in samples containing purine and pyrimidine 

RNA TFOs at both acidic and neutral pH, though were more prominent with pyrimidine 

RNA at neutral pH. AFM imaging of the DNA-RNA hybrid samples without gel 

purification (that caused fragmentation and dissociation) would perhaps shed light on 

the physical nature of the structures seen on the gel. 

AFM images of 55r annealed at pH 5.5 and pH 7.4 were collected. The images 

of samples annealed at pH 5.5 show apparent triplex structures, seen as rigid regions 

in the centre of the DNA strand where the (GAA)55 repeat insert is situated. Height and 

length analysis showed that these apparent triplex regions were 0.5-0.9 nm taller than 

surrounding dsDNA, consistent with previously reported AFM triplex studies.118 

Samples annealed at pH 7.4 showed no evidence of triplex structures, which was in 

accordance with the gel electrophoresis. 

Along with biological and biophysical studies, these structures can be chemically 

probed to elucidate more about their composition. The way chemical probes interact 

with nucleic acids and how their properties change upon binding has been employed 

in the following chapter to determine a method to image triplex DNA in novel manner. 
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4 Development of 
fluorescence lifetime 

probes for the detection of 
triplex DNA 

 

 Introduction 
In this chapter, the use of small molecule fluorescent probes based on the 

structure of thiazole orange to study triplex DNA through fluorescence lifetime imaging 

is reported. Fluorescence enhancement and fluorescence lifetimes of probes bound 

to single stranded, duplex, triplex and quadruplex DNA at pH 5.5 and pH 7.4 in vitro 

were measured, and probes were incubated with both wild-type and (GAA)310-

containing HEK293 cells and fluorescence lifetimes were collected using fluorescence 

lifetime imaging microscopy. 

In order to investigate whether triplexes play a role in blocking the transcription 

of the FXN gene in vivo, small molecule probes with the ability to image triplexes 

selectively would be of great benefit. Small molecules that fluoresce when bound to 

DNA are useful tools, as they are often cell permeable and properties can be easily 

tuned with chemical modifications.185 However, the difficulty comes with designing a 

probe that binds specifically to a certain DNA topology. The basic structure of a triplex 

is similar to that of duplex, being a double helix structure with a third strand bound in 

the major groove. It follows a molecule that binds strongly to triplex DNA will almost 

certainly also bind to duplex, making the design of a triplex-specific small molecule 

very challenging. To overcome this, an alternative detection method can be used. 

Fluorescence lifetime is an intensity-independent measure of the time a molecule 
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spends in its excited state and can vary depending on the environment of the 

fluorophore. Hence, a probe that has a different fluorescence lifetime when bound to 

triplex DNA than any other topology would be a novel approach to detecting triplexes 

in solution and in cellulo. 

 There are three primary methods of small molecule binding to DNA: 

intercalation, groove binding and covalent binding. DNA intercalating agents bind to 

DNA by non-covalently inserting between adjacent DNA bases and are predominantly 

planar aromatic systems that can bind through π-π stacking with aromatic moieties on 

the DNA bases. This binding is predominantly reversible and can also act to stabilise 

the underlying DNA structure, making it the most suitable binding mode for many DNA 

probing and targeting molecules. Many intercalating agents have ‘switch-on’ optical 

properties, such as fluorescence, upon binding to DNA, due to elimination of decay 

through nonradiative means such as intramolecular rotation. This makes them useful 

probes for detection. Groove-binding agents can bind in the major or minor groove of 

the DNA structure, though tend to show preference for the minor groove due to the 

favourable positioning of the nucleotide functional groups.202 These molecules are 

generally crescent-shaped to match the curvature of the minor groove, and their 

binding is strongly driven by van der Waals, hydrogen bonding, and electrostatic  

interactions with the nucleotide functional groups and the negatively charged 

backbone.202 Covalently binding small molecules bind strongly and irreversibly to 

DNA, often causing damage. Such compounds are frequently used as chemotherapy 

agents in the treatment of cancer. Cis-platin, for example, acts by covalently binding 

to two separate DNA strands and forming an inter-strand cross-link, thus preventing 

the DNA from being replication, thus preventing cell growth. It follows that the best 

modes of binding of small molecules for live cell imaging are intercalation and groove-

binding. Groove-binding molecules are often sequence-specific, and triplex groove-

binding molecules have been reported to bind primarily in T*A-T triplets.186 This would 

not be suitable for imaging of purine triplexes containing G*G-C and A*A-T triplets. 

Hence, a DNA intercalating agent would be most suitable for the imaging of triplexes 

in live cells. In general, features of a good triplex intercalator are an extended, 

crescent-shaped polyaromatic surface area which is large enough to provide π-π 

overlap with the 3 bases in each triplet. A cationic charge on the chromophore 
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encourages binding to the negatively charged phosphate backbone of the DNA, and 

a substituent with groove-binding properties such as a basic amine residue could also 

be beneficial (see Fig. 4.1). A substituent that can be chemically altered in order to 

tune the fluorescence properties would be useful in order to ensure the fluorescence 

lifetime is different enough when bound to triplex over duplex. Thiazole orange, a well-

known DNA intercalator, was chosen for the base structure of the probe. 

Thiazole orange (TO) is one of the oldest synthetic cyanine dyes and has been 

widely used as a nucleic acid stain for decades. Today, TO is commonly used in 

reticulocyte analysis, and is known to permeate live cell membranes and stain residual 

RNA in reticulocytes.130 The fluorescence of TO is extremely weak in aqueous 

solution. However, upon binding to DNA or RNA, the fluorescence yield increases 

dramatically, accompanied by a shift in the absorption spectrum and an induced CD 

signal. It has been demonstrated that TO has a binding stoichiometry to dsDNA of 1 

Fig. 4.1: Some examples of molecules that bind to triplex DNA through intercalation, 
featuring the crescent-shaped structure, positively charged chromophores and 
substituents with hydrogen-bonding ability. 
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dye molecule per 2 base pairs.130 Despite the considerable increase in fluorescence 

yield, binding of TO to ssDNA and dsDNA is relatively weak; complexes of TO and 

DNA readily dissociate during gel electrophoresis and chromatography. In contrast to 

this, TO has been reported to bind strongly to quadruplex and triplex DNA.130 One 

study reported the strong binding of TO to a long poly(dG-dG)-poly(dC) triplex and G-

quadruplex DNA, resulting in massive increase in fluorescence yield in comparison to 

binding to dsDNA, and formation of a TO-DNA complex that persisted through gel 

electrophoresis.130 This study also investigated the binding mode of TO to triplex DNA. 

Intercalation of organic molecules between base pairs has been previously reported 

to result in lengthening of DNA, whereas groove-binding molecules did not.130 It was 

reported that the binding of TO to the poly(dG-dG)-poly(dC) triplex caused lengthening 

of the DNA as observed by AFM, which suggests that TO binds to triplex DNA through 

intercalation.130 Another study reports the molecular engineering of TO to create a G-

quadruplex-selective fluorescence probe by introducing styrene-like substituents at 

the ortho position.131 With the addition of these substituents, the fluorescence quantum 

yield of the probes upon binding to G4-DNA was significantly increased in comparison 

to binding with ssDNA and dsDNA, and exhibited stabilisation of G4-DNA as seen by 

the increase in melting temperature (∆Tm). Although triplexes were not investigated in 

this study, the structures reported are good candidates for triplex fluorescent lifetime 

probes due to their extended aromatic systems and modifiable styrene-like 

substituents. These substituents provide another planar aromatic surface with which 

to stack into DNA, and further resemble the more crescent-shaped triplex binders such 

as berberine. 

Fluorescence lifetime spectroscopy presents an intensity-independent approach 

to identifying different DNA topologies in vitro and in cellulo. The fluorescence lifetime 

of a fluorophore is a measure of the time that fluorophore spends in an excited state 

before emitting a photon and returning to the ground state; this is characteristic of each 

molecule. The lifetime is defined as the time taken for the number of excited molecules 

to decay by 1/e (Fig. 4.2). This is a function of competition between radiative and 

nonradiative decay pathways. Fluorescence lifetimes are generally on the order of 

nanoseconds, though can be as short as picoseconds in some cases. The benefit of 

lifetime measurements is that they are concentration and intensity independent. This 
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is particularly beneficial for live cell imaging, where fluorophores can accumulate in 

certain organelles which can skew intensity-based measurements. Primarily, this 

eliminates the need for a probe with high affinity and selectivity for triplex DNA. If triplex 

DNA does indeed play a role in gene silencing in FRDA, this structure would make up 

a small percentage of the total DNA present in the cell, which would be predominantly 

double stranded. Hence, any intensity-based probe would need 100% selectivity for 

triplex DNA in order to eliminate the background noise caused by binding to duplex 

DNA. This concept can be applied to cell imaging also. Fluorescence lifetime imaging 

microscopy (FLIM) involves collecting an image where the fluorescence lifetime decay 

of each pixel is also measured. This technique allows the pinpointing of areas of 

long/short lifetime within cells, as well as an average fluorescence lifetime across the 

whole cell. Theoretically, with a probe showing a significantly different lifetime when 

bound to triplex compared to other DNA topologies, FLIM could be used to shed light 

on whether triplexes are present in the cell and where they might be located. 

Fig. 4.2: Schematic showing the standard fluorescence lifetime decay after excitation by a 
pulse. The lifetime (𝛕) is defined as the time taken for the number of excited molecules to 
decay to 1/e. 
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  Results and discussion 
  Probe design 
As stated above, thiazole orange (TO) was chosen as the base structure for 

the probe design. TO has been reported previously to bind strongly to triplex DNA and 

other non-canonical DNA structures, such as G-quadruplex, and exhibits a large 

increase in fluorescence emission upon binding to DNA in general.130 Introduction into 

a rigid environment, such as DNA, prevents intramolecular rotation about the carbon-

carbon single bond connecting the two aromatic moieties in TO, thus preventing the 

quenching of fluorescence through this nonradiative decay pathway. 

General structural characteristics of triplex intercalator molecules include a 

crescent-shaped aromatic surface, extended conjugation and positive charges within 

the aromatic ring system; binding can also benefit from a sidechain with groove-

binding properties to provide additional stabilisation. The crescent shape allows for 

most complete overlap with the aromatic surface of the nucleotides on each of the 

three strands in the triplex. TO consists of two aromatic moieties connected by a 

carbon-carbon single bond which allows free rotation. These planar regions provide a 

good basis for stacking with nucleotides. TO also has a positively charged nitrogen 

atom within the ring system, which is also in resonance with the second nitrogen atom 

when the molecule is in a planar conformation, which can interact electrostatically with 

the negatively charged phosphate backbone of the nucleic acid structure. TO binds 

strongly to dsDNA and becomes fully embedded in the structure upon intercalation.131 

It follows that TO would be fully embedded upon intercalation to triplex DNA also, as 

this would present a larger aromatic surface across the three strands, introducing 

further surface area with which a small molecule can stack (see Fig. 4.3). Extending 

the conjugated system of TO by adding substituents that can also stack with the 

nucleotides of the third strand of the triplex would increase stability of the resulting 

complex and also increase the effect of binding on the fluorescence properties of the 

probe.  

TO-based molecules with aromatic substituents have been previously reported 

to bind strongly to G-quadruplex, as discussed in Chapter 1.131 These molecules were 
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chosen as suitable candidates for triplex-binding fluorescent probes due to their 

fluorescence properties, preferential binding to alternative DNA structures and ease 

of functionalisation. In Fig. 4.3, the structure of TO can be seen superimposed over a 

surface view of a triplex. The two aromatic regions in TO stack well with the 

nucleotides of the two duplex strands, however there is no overlap with the triplex-

forming strand. Triplex binding would be improved through introduction of a further 

aromatic region that can overlap with the triplex-forming nucleotide.  

The structures of these molecules are shown below (4.2.2). Probes 3 and 4a-

d were reported previously as G-quadruplex binders, and probe 4e was also 

investigated to assess the effect of having functional groups on the additional aryl 

moiety, though 4e has not been reported in the context of DNA binding before.131,197 

 

Fig. 4.3: A representation of the structure of TO (black) superimposed over a DNA triplex 
(1D3X, taken from the PDB) with the two duplex strands in pink and blue, and the third 
triplex-forming strand in orange. The site where the aromatic substituents were added is 
indicated by the green sphere. 
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  Synthesis 
The TO derivative (3) was accomplished via a 3-step synthesis involving the 

methylation of 4-chloro-2-methylquinoline (1) and 2-methylbenzothiazole (2), followed 

by the coupling of the methylated species.131 The coupling step was low yielding to 

begin with, but the introduction of a reflux step improved the yield and purity 

significantly. Introduction of the styrene-like substituents proceeded by reaction with 

the desired aromatic aldehyde in the presence of a base under reflux (Fig. 4.4).131 The 

products were purified by column chromatography using a solvent gradient of 

methanol (0-10%) in DCM. The purity of 3 and 4a-e was assessed by 1H NMR 

spectroscopy, mass spectrometry and elemental analysis. 

 

Fig. 4.4: Reaction scheme for the synthesis of 3 and 4a-e and their molecular structures. 
Reagents and conditions: (i) NaHCO3 (aq.), methanol, r.t., 1h, (ii) reflux, 30 mins, sat. KI, 
(iii) aromatic aldehyde, 4-methylpiperidine, reflux, 3h. 
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  Fluorescence properties upon DNA binding 
To assess the binding of probes 3 and 4a-e to different DNA topologies, UV-

Vis absorbance and fluorescence emission titrations were performed. For the 

fluorescence lifetime measurements, it is important that there is no free probe in 

solution to skew the average measurement. The fluorescence lifetime of the free probe 

in solution is likely to be significantly different to when it is bound to DNA, and hence 

would change the average lifetime measurement of the sample. In order to ensure the 

equivalence of DNA to probe is sufficient for complete binding, absorbance and 

emission titrations with increasing equivalents of DNA titrated into a solution of the 

probe at a fixed concentration were used. Once a plateau was reached in the increase 

of absorbance/emission of the probe upon binding to increasing equivalents of the 

DNA, it was assumed that all probe was bound. These titrations also provide 

information on the affinity of binding. The absorbance titrations are also important to 

evaluate the maximum absorption wavelength throughout the experiment, which can 

shift upon binding to DNA. This ensures that the excitation wavelength used for the 

fluorescence emission titrations remains suitable throughout. 

The DNA models considered include single stranded DNA (Pu TFO containing 

a (GAA)10 repeat and Py TFO, containing a (TTC)10 repeat), double stranded DNA 

(FRDA duplex containing a (GAA:TTC)10 repeat, and ds26), triple stranded DNA 

(purine and pyrimidine FRDA triplex, 10 repeat units) and G-quadruplex DNA (c-myc 

and h-telo). For the ssDNA, dsDNA and tsDNA models, conditions of pH 5.5 and 7.4 

were investigated for each. The pyrimidine triplex has been shown in Chapter 2 to only 

form at pH 5.5, and the purine triplex was not formed at either pH, though would be 

most expected to form under neutral conditions. The quadruplex models were only 

investigated at pH 7.4, to ensure that the structures remained intact throughout the 

measurements. 

The fluorescence intensity measurements cannot be directly compared 

between different probes and different DNA topologies, as the slit width was varied 

between experiments. This was due to the varying intensity of emission between 

probes. Probe 3, for example, was by far the brightest probe, and hence the smallest 

slit width was used to collect the emission spectra to avoid saturation of detector. The 
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modified probes, 4a-e, had much lower fluorescence intensity and thus a wider slit 

width was used in order to collect enough light. However, fluorescence enhancement 

upon binding can be compared between probes when bound to each topology. 

 

Example absorption and emission titration spectra, along with binding curves 

for different DNA topologies at each pH condition, can be seen in Fig. 4.5. 

Fluorescence enhancement values ((F-F0)/F0) of probes 3 and 4a-e upon binding to 

DNA are summarised in Fig. 4.6. Probe 4b was found to be quite insoluble in the buffer 

used, and thus the fluorescence intensity was so low that reliable spectra could not be 

recorded. The lack of solubility also meant that no increase in fluorescence was seen 

upon addition of DNA in solution, indicating that no binding was taking place. Due to 

this issue, 4b was eliminated from further investigation. 

Fig. 4.5: A) An example of an absorption titration, probe 3 with increasing equivalents of 
pyrimidine triplex at pH 5.5, B) an example of an emission titration, probe 3 with increasing 
equivalents of pyrimidine triplex at pH 5.5, C) fluorescence binding curve of probe 3 with 
different DNA topologies at pH 5.5, D) fluorescence binding curve of probe 3 with different 
DNA topologies at pH 7.4. 
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It can be seen from the graphs in Fig. 4.6 that all probes exhibit significant 

fluorescence enhancement ((F-F0)/F0) upon binding to pyrimidine triplex annealed at 

Fig. 4.6: Graphs showing the fluorescence enhancement ((F-F0)/F0) of probes 3 and 4a-e, 
calculated from the integrated spectrum of the probe in the absence of DNA (F0) and the 
integrated spectrum of probe with 10.4 eq. of DNA (F) with different topologies at pH 5.5 
(pink) and pH 7.4 (blue). 
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pH 5.5. Probes 4a and 4c display the greatest fluorescence enhancement upon 

binding to c-myc, with 4e also displaying large enhancement upon binding to c-myc, 

though slightly larger enhancement with pyrimidine triplex at pH 5.5. Generally, the 

fluorescence enhancement appears to be greater at pH 5.5 than pH 7.4. Under acidic 

conditions, there may be protonation of the nitrogen in the dimethylamine group at the 

end of the substituents of 4a and 4c. This protonation could increase the interaction 

with this group and the negatively charged phosphate backbone of the DNA. 

Fluorescence enhancement upon binding in the purine triplex samples is generally low 

and in a similar range to that seen for duplex/ds26. This was expected, as the purine 

triplex was not observed to form by gel electrophoresis or CD as described in the 

previous chapters, and as such it can be expected that the purine triplex samples 

contain dsDNA and unbound purine TFO. 

The binding curves obtained by taking the fluorescence intensity at the 

maximum emission wavelength (λem) for all probes at increasing equivalents of DNA 

show that saturation occurs at 4-5 equivalents of DNA to probe (examples in Fig. 4.5 

C and D). This is true for all DNA topologies under both pH conditions tested. Hence, 

5 equivalents of DNA to probe was deemed sufficient to ensure all probe in solution 

was bound to DNA for fluorescence lifetime measurements. 

From these binding curves, preliminary values for the binding affinity constants 

(Ka) were calculated for each probe with each DNA topology at both pH 5.5 and pH 

7.4. As these titrations could not be performed in triplicate due to time constraints, 

these calculated values can only be used to give an initial approximation of the binding 

affinities of the probes for each DNA topology. The data was fit via the least-squares 

fitting method for non-competitive binding developed by the Aldrich-Wright group as 

per the following equation:203 
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Where I is the fluorescence intensity, Imax is the maximum fluorescence intensity 

at the plateau, Ka is the affinity binding constant derived using a Levenberg-Marquardt 

nonlinear least-squares iteration algorithm, L is the concentration of ligand added (2 
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µM), [DNA] is the concentration of DNA added (in M), and n is the number of binding 

sites (set to a constant of 2). 

However, this model could not be used to reliably fit all the data. The resulting 

fitting for probe 4d in particular was unreliable, and it was hypothesised that this was 

due to a significant proportion of unspecific and incomplete binding, which is further 

validated with the fluorescence lifetime values reported later in this chapter. An 

alternative method was used to fit this data: the Swillens method, which takes any 

non-specific binding into account.204 Data was fit according to the following equation: 

 

𝐼 = 	
(𝐼#$% ∗ 	 [𝐷𝑁𝐴])
(𝐾) +	[𝐷𝑁𝐴])

+ (𝛼 ∗ 	 [𝐷𝑁𝐴]) + 𝐼! 

 

Where I is fluorescence intensity, Imax is the maximum fluorescence intensity at 

the plateau, [DNA] is the concentration of DNA added (in M), Kd is the dissociation 

constant (in M) derived using a Levenberg-Marquardt nonlinear least-squares iteration 

algorithm, α is the gradient of the initial slope (in M-1) and I0 is the background 

fluorescence intensity of the compound in the absence of DNA. The affinity constant 

(Ka) was calculated as the reciprocal of the dissociation constant (Kd).  

The values for Ka fit using either the Aldrich-Wright method, or the Swillens 

method (shown in bold), are reported in Table 4.1. The R2 value for the fitting is also 

reported in brackets to indicate the goodness of fit, with a value closer to 1.0 indicating 

a better fit. Mathematically, R2 = 1.0 – SSreg/SStot, where SSreg is the sum-of-squares 

of the points from the regression curve, SStot is the sum-of-squares of the distance of 

points from a horizontal line where y equals the mean of all the data points.  An 

example of the fitting can be seen in Fig. 4.7. 

 

 

Table 4.1 - Ka values for probes 3, 4a, 4c, 4d and 4e when bound to different DNA 

topologies under different conditions, reported as x105 M-1. 
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  3 4a 4c 4d 4e 

pH 5.5 Pu TFO 4.2 (0.97) 4.6 (0.95) - 2.0 (0.93) 4.6 (0.99) 

Py TFO 2.5 (0.94) 3.0 (0.99) 1.4 (0.99) 23 (0.97) 0.6 (0.99) 

Duplex 4.1 (0.99) 4.7 (0.95) 3.4 (0.90) 6.8 (0.99) 4.0 (0.99) 

Pu tx 9.7 (0.98) 1.2 (0.99) 2.9 (0.86) 18 (0.99) 4.9 (0.97) 

Py tx 12.9 (0.99) 0.7 (0.98) 3.5 (0.96) 16 (0.99) 7.9 (0.99) 

ds26 6.1 (0.99) 1.8 (0.99) 5.1 (0.95) 20 (0.98) - 

pH 7.4 Pu TFO 5.9 (0.95) 2.3 (0.94) 1.5 (0.97) 13.1 (0.99) 5.1 (0.99) 

Py TFO 12 (0.81) 4.0 (0.96) 1.3 (0.97) 8.7 (0.97) 2.2 (0.80) 

Duplex 22 (0.98) 3.0 (0.96) 4.7 (0.97) 18 (0.99) 6.1 (0.98) 

Pu tx 8.0 (0.99) 1.3 (0.95) 2.7 (0.99) 12 (0.99) 3.6 (0.96) 

Py tx 10 (0.99) 2.6 (0.99) 34 (0.97) 12 (0.99) 28 (0.98) 

ds26 6.1 (0.98) 1.3 (0.92) 15 (0.98) 17 (0.99) 10 (0.99) 

c-myc 1.6 (0.99) 1.8 (0.97) 2.8 (0.98) 10 (0.98) 1.2 (0.97) 

h-telo 3.9 (0.99) 2.4 (0.99) - 16 (0.98) 1.2 (0.97) 

 

The fluorescence intensity of the free probes in solution is so low in all cases 

that a spectrum above the baseline is barely discernible, with the exception being 

probe 3 which is far brighter than the modified probes 4a-e. This was also reported in 

the investigation of the fluorescence properties of these probes when bound to 

quadruplex DNA.131 This is a well-known property of TO, and precisely what makes it 

such a useful nucleic acid stain.128 The extremely low quantum yield demonstrated by 

the free dye in solution can be attributed to the nonradiative relaxation allowed by the 

twisting around the bridge between the benzothiazole and quinoline moieties.187 The 

two aromatic regions in the structure of TO are linked by a carbon-carbon single bond 

with free rotation, and resonance can only occur when these regions are coplanar to 

each other, increasing energetic overlap between the excited state and the ground 

state.187 This isomerisation is hindered upon DNA intercalation, blocking the  

nonradiative decay pathway and triggering relaxation by radiative means, thus greatly 

increasing the fluorescence emission.188,189 This is the mechanism that regulates the 

proportional relaxation between radiative and nonradiative pathways, and in turn also 

governs the lifetime of the excited state. It follows that intercalation into ssDNA would 
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not result in a large increase in fluorescence, as TO (and TO-based structures) would 

not be fully embedded into the single-stranded structure, and thus this may allow some 

rotation along the single bond connecting the two planar aromatic moieties of TO. This 

movement will induce nonradiative relaxation and consequently the radiative decay 

pathway will be less prominent. This is indeed what is observed here; the fluorescence 

enhancement ((F-F0)/F0) of all probes investigated is predominantly the lowest when 

bound to ssDNA (Pu TFO and Py TFO). From the emission titrations and the binding 

curves for the ssDNA models, it can be seen that the fluorescence intensity is 

extremely low in comparison to the other models. In contrast to this, more significant 

fluorescence enhancement was seen upon binding to dsDNA (FRDA duplex and 

ds26). This is to be expected, as TO has been historically used for staining dsDNA. 

Previous studies have reported the intercalation of TO into the 5′-CpT-3′ binding site 

of a duplex, stacking in a planar configuration as demonstrated by computational 

modelling.131 This is also supported by NMR studies of homodimeric TO (or TOTO) 

similarly stacking at the same site in duplex DNA.190 This intercalation is much more 

effective than with ssDNA, as the TO molecule is fully embedded in the binding site. 

Consequently, movement around the carbon-carbon bridge is restricted, thus causing 

an increase in radiative decay and as such increasing the observed emission. The 
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Fig. 4.7: An example of the fitting of the binding curve data obtained from the emission 
titrations using the Aldrich-Wright method. This shows the binding of probe 3 to DNA 
topologies at pH 5.5. The binding curve data is indicated in colour and the fitting is 
indicated by the black lines. 
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modified probes 4a-e generally have a lower fluorescence intensity. Computational 

docking studies performed previously on probes 4a-d show that they intercalate at the 

same site as TO, but the added styrene-like substituents at the ortho position protrude 

from the binding pocket.131 It can be assumed that 4e behaves similarly. It was 

hypothesised that this substituent could interact with solvent molecules and have a 

negative effect on binding to dsDNA, resulting in decreased fluorescence 

enhancement.131 The substituents could also cause a decrease in emission due to 

more movement within the molecule. The styrene-like substituents are free to move 

about the single carbon-carbon bond connecting them to the TO framework, and since 

the whole system is conjugated, this may increase the incidence of nonradiative 

relaxation and thus decrease the emission in general. 

The modified probes 4a-d were previously reported as fluorescence intensity-

based probes to image G4-quadruplexes in cells.131 The binding of TO to 

quadruplexes and triplexes has been investigated before, and it was found that TO 

binds with higher affinity to these non-B DNA conformations over dsDNA.130 The 

resulting probe-DNA complexes were also more stable, and not seen to dissociate 

during gel electrophoresis.130 This particular study also reported that the fluorescence 

enhancement of TO upon binding to intramolecular poly(dG-dG)-poly(dC) triplexes 

and G-quadruplexes was much greater than upon binding to dsDNA.130 This is 

contradicted, however, in the study that reported the modified TO probes with the 

styrene-like substituents. This study reports that TO exhibits equal fluorescence 

enhancement in the presence of dsDNA and G-quadruplex, and thus can’t be used as 

a method to differentiate between them.131 Following this, the styrene-like substituents 

were incorporated onto the TO derivative (3) to increase the affinity for G-quadruplex. 

It was reported that with the modified probes, the fluorescence enhancement upon 

binding to G-quadruplex was greatly increased in comparison to dsDNA.131 This is 

mostly in accordance with the measurements recorded here with probes 4a-e and the 

G4-quadruplex models (c-myc and h-telo), though increased fluorescence 

enhancement upon G4 binding was seen for 3 also. From the docking studies reported 

previously, it can be seen that TO stacks on top of the G-quadruplex with a binding 

stoichiometry of 1:1.131 Similar studies for the modified probes showed improved 

stacking on the quadruplex, with the substituent situated close to the side of the G-
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quartet pocket.131 This additional stabilisation is the primary factor causing the 

increase in binding affinity and subsequent fluorescence enhancement. 

The binding of probes 3 and 4a-e to purine and pyrimidine triplexes containing 

the FRDA insert at pH 5.5 and pH 7.4 was investigated. Generally, a large increase in 

fluorescence was seen upon binding to the pyrimidine triplex at pH 5.5. This was also 

observed for the pyrimidine triplex at pH 7.4 to a lesser extent. This level of 

fluorescence enhancement was not seen in the purine triplex samples at either pH, 

which was similar to the fluorescence enhancement observed in the presence of 

dsDNA. This is to be expected, as the purine triplex was not seen to form at either pH 

as demonstrated in the previous chapters, hence it can be assumed that this is purely 

a mixture of dsDNA and ssDNA in solution. Probe 3 exhibited the greatest 

fluorescence enhancement upon triplex binding, followed by 4c and then 4a, d and e. 

As previously discussed, the emission observed is a function of the competition 

between radiative and nonradiative decay pathways. The greater fluorescence 

enhancement upon triplex binding compared to dsDNA binding is caused by a 

reduction in relaxation by nonradiative means as a result of further restriction of 

rotation and movement within the TO molecule. The introduction of the third strand 

into the major groove of the dsDNA to form the triplex further limits any movement of 

molecules intercalated into the structure. The previously reported docking studies of 

TO bound to dsDNA show that the molecule is fully embedded in the helix, however 

complexes of TO and dsDNA easily dissociate, and the binding affinity is relatively 

low.130,131 Without confirmation from docking studies, it can be hypothesised that the 

third strand in the triplex structure could act to limit dissociation of the probe once 

intercalated into the structure. The stronger interactions could aid binding and increase 

affinity, further enhancing fluorescence. It has been previously reported that TO binds 

to triplex through intercalation with a stoichiometry of 1 dye molecule to 2 triads.130 

As previously reported in docking studies of 4a-d to dsDNA, the dyes intercalate 

into the same site as TO.131 The styrene-like substituents were seen to protrude from 

the structure and may have acted to hinder binding.131 The third strand in the triplex 

conformation could provide the aromatic surface with which the substituent can stack, 

hence increasing the binding affinity. The probes exhibit different extents of 

fluorescence enhancement, which can be attributed to the variation in substituents. 
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Probe 4c showed the greatest enhancement, which could be due to the longer 

conjugated chain in the substituent. The rotation about this chain arguably provides 

more opportunity for nonradiative relaxation, and hence when its movement is limited 

by intercalation into triplex DNA, this results in the largest increase in emission. The 

dimethylamine group situated at the end of the substituent could provide additional 

stabilisation of the probe-DNA complex.191 This could occur through interaction with 

the minor groove or hydrogen bonding with the DNA bases themselves. This could 

explain why 4c shows greatest fluorescence enhancement when bound to G-

quadruplex, as this substituent has been shown in docking studies to be positioned at 

the G-quartet pocket such that the amine could accept hydrogen bonds here.131 Probe 

4e also has a longer conjugated sidechain, however, does not have the terminal 

amine. It exhibits lower fluorescence enhancement and less discrimination between 

DNA topologies. This could be due to the absence of the dimethylamine group making 

binding less specific and with lower affinity. Probe 4d appears to exhibit good 

fluorescence enhancement specificity towards triplex DNA. Previous investigation of 

the binding of these probes towards G-quadruplex suggests that the methyl group at 

the end of the substituent in 4d is not beneficial for binding to quadruplex DNA when 

compared to the dimethylamine group on 4a and 4c.131 Whilst this could be detrimental 

for quadruplex binding, it appears to have no negative effect on triplex binding, as the 

planar aromatic surface is still able to intercalate into the base triads. Probe 4a is 

structurally similar to 4c except for the shorter chain length of the substituent. This was 

seen previously to be beneficial for quadruplex binding, as the extended substituent 

of 4c resulted in the dimethylamine group being positioned outside of the G-quartet 

binding pocket, whereas this was not the case for 4a.131 Due to this, 4a shows a 

greater extent of fluorescence enhancement for quadruplex than other topologies.  

The Ka values calculated are generally highest when bound to Py triplex and 

G-quadruplex. The Ka values when bound to the ssDNA TFOs are unexpectedly high; 

it could be suggested that this is mostly due to skewed data from the very low 

fluorescence enhancement, and hence there is not a discernible plateau, making data 

fitting unreliable. The fluorescence binding curves for all probes when bound to ssDNA 

demonstrate a sharp increase in emission upon addition of DNA and then a quick 

plateau at a very low intensity value. This is most likely due to partial intercalation of 
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the probes into the ssDNA, which does result in some fluorescence enhancement, but 

the effect is not significant as the probes are not fully intercalated into the DNA, 

allowing for some quenching of fluorescence through rotation. The sharp initial 

increase in emission upon DNA addition could be construed as strong specific binding. 

The Ka literature values for probes 4a, 4c and 4d when bound to telo21, another G-

quadruplex structure, were reported to be 9.65, 5.38 and 2.33 x105 M-1 respectively.131 

The values calculated here for probes 4a, 4c and 4d when bound to c-myc were 1.8, 

2.8 and 10 x105 M-1 respectively, and for probes 4a and 4d bound to h-telo were 2.4 

and 1.2 x105 M-1 respectively. The values obtained here differ from literature, as do 

the experimental conditions; however, the values are of the same order of magnitude. 

Since these experiments were performed only once, this data can be taken as a 

preliminary approximation of the binding affinities of the probes for each DNA topology. 

Despite there being a clear increase in fluorescence enhancement upon 

binding of all the probes to triplex and quadruplex DNA over dsDNA, there is still 

significant fluorescence when bound to dsDNA. Thus, fluorescence enhancement is 

not a sufficient measure of binding to triplex and cannot be used in cellulo, as the 

background fluorescence from binding to dsDNA would be too great. Once the 

fluorescence properties of the probes when bound to different DNA topologies 

including triplex were established, a fluorescence-based intensity-independent 

method for triplex detection was developed. Difference in fluorescence lifetime 

between binding to different topologies would eliminate background noise and also 

the need for selectivity for a given topology. 
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  Fluorescence lifetime studies 
The fluorescence lifetimes of probes 3 and 4a-e when bound to different DNA 

topologies in vitro were measured. This was done using time correlated single photon 

counting (TCSPC). It was determined from the absorption/emission titrations 

described in the previous section that 5 eq. of DNA to 1 eq. of probe was sufficient to 

ensure that there was no free probe in solution that would skew the average 

fluorescence lifetime. The DNA models used were the same as for the titrations in the 

previous section i.e. single stranded DNA (Pu TFO and Py TFO), double stranded 

DNA (GAA:TTC10 and ds26), triple stranded DNA (purine and pyrimidine triplex, 10 

repeat units) and G-quadruplex DNA (c-myc and h-telo). For the ssDNA, dsDNA and 

triplex models, conditions of pH 5.5 and 7.4 were investigated for each. The 

Fig. 4.8: A) Representative fluorescence lifetime decay: probe 3 (2μM, 10 mM NaCac 
buffer at pH 5.5, 100 mM NaCl and 15 mM MgCl2) with pyrimidine triplex (10 μM). For this 
plot, the data traces are shown in black and the fitting shown in red (bi-exponential, c2 = 
1.32). B) The residual trace indicating how good the fit is, 0 being the perfect fit. 
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quadruplex model was only investigated at pH 7.4, to ensure that the structure 

remained intact throughout the measurements. TCSPC was used to determine the 

lifetimes for each probe with each DNA topology. The data was analysed using the 

DAS6 fluorescence decay analysis software (HORIBA Scientific) and fit to an 

appropriate exponential function (Fig. 4.8). The individual components of each decay 

(𝜏1, 𝜏2, etc.) and the contributions of each component (a1, a2, etc.) were extracted and 

a weighted lifetime (tw) was calculated using the following equation (for a bi-

exponential decay): 

 

𝜏! =
𝛼"𝜏"# + 𝛼#𝜏##

𝛼"𝜏" + 𝛼#𝜏#
 

 

Where t is the lifetime of the component and a is the contribution of that lifetime 

value to the weighted lifetime (tw). The goodness of fit can be assessed using the c2 

parameter; a value between 1 and 2 indicates an acceptable fit, with closer to 1 being 

a better fit.  

 

It can be seen from the graphs in Fig. 4.9 that the fluorescence lifetimes of 

probes 3 and 4a-e are seen to be generally longer when bound to pyrimidine triplex in 

comparison to dsDNA. Interestingly, the fluorescence lifetime is similar for the 

pyrimidine triplex at both pH 5.5 and pH 7.4. This could indicate that the probes are 

stabilising the pyrimidine triplex structure and encouraging it to form at neutral pH. The 

fluorescence lifetimes when bound to purine triplex are similar to dsDNA, which would 

be expected as previously discussed. There is no evidence of purine triplex formation 

at either pH as described in the previous chapters, hence it can be assumed that this 

sample consists of dsDNA and unbound purine TFO. Long fluorescence lifetimes were 

seen for probes when bound to G-quadruplex DNA also, particularly c-myc. A tri-

exponential function was used to fit most of the data, which gave c2 values between 1 

and 2, however this did not fit the data collected when bound to the triplex structure. 

For this data, a bi-exponential function was required to yield a good fit. This was seen 

for the purine and pyrimidine triplex samples at pH 5.5 and 7.4. Only two repeats have 

been shown for probe 4d as the third repeat showed a large disparity between the first 



 117 

two repeats. The first set of measurements resembled that seen for 4c, with a longer 

Fig. 4.9: Graphs showing the fluorescence lifetimes (weighted t) of probes 3 and 4a-e ( 2 
μM, 10 mM NaCac buffer at pH 5.5 (pink) or 7.4 (blue), 100 mM NaCl and 15 mM MgCl2) 
when bound to different DNA topologies (10 μM, 5 eq.). The error bars represent 3 
separate repeats, with the exception of 4d which consists of 2 repeats.  
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lifetime seen for pyrimidine triplex at acidic and neutral pH, as was expected from 

these probes. However, the two subsequent sets of repeats (shown on the graph) 

show much shorter lifetimes for ssDNA, dsDNA and triplex samples in the order of 1-

2 ns. This is more similar to the lifetime of the free probe in solution (tw = 0.99-1.09 

ns) and suggests the probe was not fully bound for these measurements. 

In order to assess whether the probes were encouraging the formation of the 

pyrimidine triplex at pH 7.4, gel electrophoresis was performed on samples of 55r 
(purified dsDNA PCR product obtained by amplification of plasmid 55r containing 

(GAA)55 repeat insert) were annealed at pH 7.4 with probes 3 and 4a-e, purified and 

Fig. 4.10: 1.0% agarose gel showing gel electrophoresis of purified PCR product from 
amplification of 55r annealed at pH 7.4 with no probe (lane 1), probe 3 (lane 2), probe 4a 
(lane 3), probe 4c (lane 4), probe 4d (lane 5) and probe 4e (lane 6). 
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ran on an agarose gel (Fig. 4.10). If the pyrimidine triplex as forming at pH 7.4 in the 

presence of the TO-based probes, it might be expected that a heavier band 

corresponding to the weight of the triplex might be seen on the gel, especially as 

complexes of TO-triplex DNA have been previously reported to withstand 

electrophoresis.130 The result was a clear band at 300 bp as expected from the 55r 
dsDNA, seen in the control (lane 1, Fig. 4.10) containing just 55r annealed at pH 7.4, 

and also the samples containing the probe with the 55r dsDNA (lanes 2-6, Fig. 4.10). 

The samples with the probes also show significant smearing above the band at 300 

bp, with faint heavier bands apparent at 700-900 bp that could indicate a secondary 

structure, though this was inconclusive. 

 

The fluorescence lifetimes of all probes were notably longer when bound to 

non-B DNA conformations (triplex and G-quadruplex) than ssDNA and dsDNA. This 

is expected in much the same way that the fluorescence intensity increases 

dramatically upon binding to non-B DNA in particular. By being completely embedded 

in a structure by intercalation or stacking, the movement and rotation of the molecule 

is fully limited. This eliminates the possibility of relaxation through nonradiative 

pathways and means the compound spends more time in an excited state, increasing 

the fluorescence lifetime.  Similar to fluorescence intensity, the extent to which the 

fluorescence lifetime of TO is increased is correlated with the extent to which rotation 

within the molecule is limited. As discussed previously, the fluorescence enhancement 

for probe 3 was largest when bound to pyrimidine triplex followed by G-quadruplex 

due to the probe being fully embedded or stacked onto the DNA structure, immobilising 

it and preventing isomerisation. This is in conjunction with the lifetime measurements. 

The use of bi- and tri-exponential functions to describe the data indicate several 

components to the lifetime (t1, t2, t3) with differing contributions (a1, a2, a3), all of which 

were considered to calculate the weighted lifetime. Each lifetime component suggests 

a different species; for example, a very short component (t1 = 1-2 ns) may correspond 

to the free probe in solution, and a long component (t3 > 5 ns) may correspond to the 

lifetime when bound to triplex DNA. Taking the measurements for probe 3 when bound 

to DNA at pH 5.5 as an example, the lifetime for the probe bound to pyrimidine triplex 

is described with a bi-exponential function and has two lifetime components. The first 
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(t1) is a relatively short lifetime of 2.79 ns and has an a1 value of 0.34, meaning it 

contributes 34% to the total lifetime. The second component (t2) is a longer lifetime of 

5.69 ns with an a2 value of 0.66, contributing 66% to the total lifetime. This indicates 

the presence of two species in the sample, one with a shorter lifetime than the other. 

This could be due to some dsDNA in the sample, or perhaps probe 3 not being fully 

embedded in the triplex structure and allowing some torsional movement, thus having 

some extent of nonradiative relaxation. Interestingly, all samples containing possible 

triplex structure required a bi-exponential function to fit whereas all other 

conformations required fitting with a tri-exponential function. Attempting to fit a triplex 

lifetime decay with a tri-exponential resulted in an extremely long (µs) t3 component 

with a small a3 component of 0.0004, which was sufficient to skew the weighted 

lifetime to the microsecond timescale. 

As with the fluorescence enhancement measurements in the previous section, 

there is a similarity between the pyrimidine triplex at pH 5.5 and pH 7.4, despite there 

being no evidence of pyrimidine triplex formation at neutral pH as described in the 

previous chapters. Previous studies incorporating TO onto a TFO and hybridising it to 

dsDNA reports that the subsequent polypyrimidine triplex formed is stable at pH 7 and 

above.142 This effect was shown to be cumulative, with the most stabilisation being 

observed for triplexes formed from TFOs featuring three TO units.142 This was 

accompanied by a 20-fold increase in fluorescence of TO, indicating that TO is 

intercalating into the triplex structure.142 This study suggests that TO could stabilise 

pyrimidine triplexes at neutral pH, which would be consistent with the increased 

fluorescence enhancement and longer fluorescence lifetimes recorded. In the future, 

this could be further investigated with 1H NMR spectroscopy, by observing potential 

shifts in the peaks corresponding to the protons on the cytosines in the TFO involved 

in Hoogsteen hydrogen bonding if the triplex is formed. 

From the data, 3 and 4a would be the most suitable lifetime probes for triplex, 

as they have longer lifetimes when bound to triplex than all other topologies tested.  

Probe 4d also shows promise, as the initial measurements showed a longer lifetime 

when bound to triplex DNA. Probes 4c and 4e both exhibit very similar lifetimes when 

bound to triplex and G-quadruplex, which would make assigning signals to specifically 

triplex in cellulo difficult.  
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This data has shown that fluorescence lifetime is a potentially viable strategy 

for imaging triplex DNA in solution, and that TO and TO-based probes are a promising 

basis for this strategy. These probes have already been shown to be cell permeable 

and have generally good cell tolerability; 4a, for example, has an IC50 = 0.598 µM after 

24h.131 Although this is still toxic to an extent, the timeframe of imaging is sufficiently 

short to ensure the survival of the cells after incubation with the probes. Hence, the 

next step is to assess whether these probes can distinguish triplex structures in cells 

containing the FRDA mutation versus wild-type cells though fluorescence lifetime 

imaging microscopy.  

 
  Fluorescence lifetime imaging microscopy (FLIM) 

All FLIM measurements were performed by Dr Peter Summers, Imperial College 

London. 

A method to image triplex structures in cells would be greatly beneficial in order 

to confirm whether the formation of triplexes play a part in the silencing of the FXN 

gene in FRDA. The promising in vitro results reported in the previous section indicate 

that TO-based probes could be suitable for this purpose through use of fluorescence 

lifetime imaging. For this, time correlated single photon counting fluorescence lifetime 

imaging microscopy (TCSPC-FLIM or FLIM) was used. FLIM records an image, with 

each pixel of the image being a measure of a fluorescence lifetime decay. These 

individual lifetimes can be fitted and produce a distribution of lifetimes across the 

image. 

The cells used were HEK293; both wild-type (WT) and containing the FRDA 

repeat expansion mutation with (GAA)310 repeats (mut). The cells were incubated with 

probes 3 (2 and 5 µM), 4a (5 µM) and 4d (5 µM) for 1h before imaging. This is sufficient 

time for the probes to permeate the cell. Probe 4a has been previously reported for 

live cell imaging, and the IC50 found to be 0.6 µM in PC3 cells (after 24 hours at a 

concentration of 5 µM). The cells were inspected after incubation and found to be 

sufficiently healthy. Cells were imaged under the same conditions as incubation (37 

•C, same CO2 level). For each well, three standard images and one high resolution 

image were taken (as described in Methods 6.5.2). Images were analysed using 
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FLIMfit (5.1.1), from which information about the fluorescence intensity, lifetime and 

goodness of fit were extracted. For each image, the cell nuclei were separated using 

the segmentation tool (Fig. 4.11B), to eliminate readings from the cytoplasm. Data 

from the nuclei was collected and lifetime parameters were all fit to a bi-exponential 

function across all images. For each image a correlation between the fluorescence 

intensity and the fluorescence lifetime was also plotted to assess whether there was 

any intensity-dependent effect on the lifetime (Fig. 4.11, D). The average weighted 

lifetime of each nuclei was calculated, and from that an overall average weighted 

lifetime for each image, eliminating the points with very low fluorescence intensity that 

Fig. 4.11: Example FLIM images of probe 3 (5 μM) incubated with WT cells (~30,000). A) 
Fluorescence intensity, B) fluorescence intensity within segmented nuclei, C) fluorescence 
lifetime within segmented nuclei, D) fluorescence intensity and lifetime within segmented 
nuclei merged. Pockets of longer lifetime can be seen in the nucleoli. 
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exhibited skewed lifetimes. These values were then compared between WT and mut 
for each probe. 

 

It can be seen from the final data that there is no significant difference in overall 

average weighted lifetime between the WT and the mut cells for any of the probes 

tested (Fig. 4.12). The data is consistent for each probe across both cell types. Probe 

3 (at 5 μM) exhibits an average weighted lifetime in WT cells of tw = 1.53±0.14 ns, and 

an average weighted lifetime in mut cells of tw = 1.51±0.03 ns. Probe 3 (at 2 μM) 

exhibits an average weighted lifetime in WT cells of tw = 1.64±0.25 ns, and an average 

weighted lifetime in mut cells of 1.78±0.28 ns. The lifetime is generally longer at the 

lower concentration; this is consistent with observations of the correlation between 

fluorescence intensity and lifetime (Fig. 4.13, B). Often, at low intensities, there is a 
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skew of the data towards longer lifetimes. At lower photon counts, the offset, which 

accounts for the background noise, is lower and this can lead to an overestimation of 

lifetime. The lower concentration used for the sample of probe 3 at 2 μM results in 

lower fluorescence intensity, which may result in slightly longer lifetimes (Fig. 4.13, B). 

Probe 4a (at 5 μM) exhibits an average weighted lifetime in WT cells of tw = 1.74±0.06 

Fig. 4.13: FLIM parameters extracted from an image of probe 3 (2 μM) incubated with WT 
cells (~30,000). A) Representative decay fitted with a bi-exponential, and measure of 
goodness of fit below, B) correlation between intensity and weighted average lifetime 
throughout the pixels in the image, C) histogram representing the distributions of 
fluorescence lifetimes across the image. 
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ns, and an average weighted lifetime in mut cells of tw = 1.68±0.11 ns. This is slightly 

longer than probe 3 at the same concentration, though the fluorescence intensity of 

4a is considerably lower than 3 both in vitro and in cellulo. Probe 4d (at 5 μM) exhibits 

an average weighted lifetime in WT cells of tw = 0.67±0.06 ns, and an average 

weighted lifetime in mut cells of tw = 0.69±0.02 ns. This is much lower than probes 3 

and 4a and is close to the lifetime of the free probe in solution (tw = 1.04±0.05 ns) 

recorded with TCSPC as reported in the previous section. 

 

Probe 3 is structurally similar to TO, and this is represented by the strong 

fluorescence intensity both in vitro and in cellulo. The average weighted lifetimes are 

very similar across both cell lines, and consistent between images. It would be 

expected that the lifetimes of the probes in the nuclei would be close to that measured 

by TCSPC when bound to dsDNA in vitro. The lifetime of probe 3 when bound to ds26 

at pH 7.4 in solution was tw = 2.22±0.02 ns; the disparity in the in vitro and in cellulo 

data could be due to non-specific binding to other biomolecules in the nucleus such 

as ssRNA, or the presence of free unbound probe, which could account for the shorter 

lifetime. At a lower concentration (2 μM), 3 displays a slightly longer lifetime in 

comparison to the sample with increased concentration (5 μM). This is likely due to 

the lower photon count as described before, lowering the offset and overestimating 

the lifetime (Fig. 4.13, B). 

Probe 4a is similar in structure to 4d, but with a dimethylamine group rather than 

a methyl group. This probe appears to bind well to DNA, triggering a large increase in 

fluorescence intensity and discernible change in fluorescence lifetime between 

topologies. The in vitro experiments indicate when bound to ds26 at pH 7.4, 4a has 

an average fluorescence lifetime of tw = 1.62±0.01 ns. This is consistent with the in 

cellulo data (tw = 1.74±0.06 ns and 1.68±0.11 ns for WT and mut respectively), 

suggesting that 4a is intercalated into dsDNA in the nucleus. 

Probe 4d measured a significantly lower weighted average lifetime in both the 

WT and mut cell lines. This is similar to the in vitro experiments described in the 

previous section, as for two of three repeats it appeared that the probe was not bound 

to DNA at all. The in vitro studies showed that the average lifetime of the free probe at 

pH 7.4 was tw = 0.99 ns, and the presence of DNA did not increase this by a large 
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amount, indicating some interaction but most likely non-specific. This was also 

possibly an overestimation, as the emission of the free probe was so low that the 

baseline was skewed by increased contribution of the background noise. The low 

average lifetime observed in the nuclei indicates 4d is not specifically bound. The 

general fluorescence intensity recorded is also around 10% of the intensity for 3 and 

4a; another indication that 4d is not intercalated into the DNA. The correlation between 

the intensity and the average weighted lifetime was visibly skewed towards a longer 

lifetime at lower intensities. Although the lowest intensity points with the worst skewing 

effect were removed during analysis, the effect was most pronounced for 4d and may 

have led to an overestimation of the average lifetime in cellulo. 

It might have been expected that the overall fluorescence lifetime of the probes 

within the mut cells would be longer than that of the WT cells, due to the presence of 

the (GAA)310 repeat expansion mutation. It was hypothesised that this expansion 

mutation could cause the formation of either a triplex or R-loop structure, or the 

condensation of chromatin: the gene-silencing mechanisms discussed previously.9 

From the in vitro fluorescence lifetime data presented in the previous section, it could 

be suggested that this might increase the fluorescence lifetime of the probes tested. 

This would have been observed as a slight increase in the overall average lifetime of 

the probe within the mut cell line in comparison to the WT cell line. This may have 

provided evidence that a triplex-like secondary structure was forming in the mut cells. 

However, an increase in the average fluorescence lifetime was not observed. This 

could be due to the comparatively small proportion of cellular DNA involved in the 

mutation, at just 930 base pairs.  

Across both cell lines, there are defined circular pockets of significantly longer 

lifetimes (indicated in blue, Fig. 4.11, C), probably corresponding to the nucleoli. The 

nucleolus is the site of ribosomal RNA synthesis and ribosome assembly and has also 

been implicated in chromatin organisation.192 Similar probes based on TO conjugated 

with styryl moieties were previously developed and found to show better staining of 

nucleolus RNA than existing commercial stains.193 Also, in the study that developed 

these probes as selective G-quadruplex imaging agents, it was found that they 

strongly stained the nucleoli in human pancreatic cancer cells, exhibiting increased 

fluorescence intensity as seen upon binding to quadruplexes in vitro.131 The nucleolus 
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is the site of transcription of rDNA (ribosomal DNA) which contains G-rich sequences 

that have been previously reported to potentially form G-quadruplexes.194 This could 

suggest that probes 3 and 4a are binding to G-quadruplexes formed from rDNA and 

rRNA in the nucleolus, causing increased fluorescence intensity and longer 

fluorescence lifetime, similar to that observed in vitro for quadruplexes c-myc and h-

telo. As well as the nucleolus, there are ‘speckles’ of longer lifetimes within the main 

body of the nucleus also, evident in the higher resolution images (Fig. 4.11, C. This 

area is the location of the DNA packaged around histones with chromatin, and where 

transcription occurs. It is possible that the pockets of longer lifetime indicate secondary 

structures formed during transcription of particular genes, or regions of condensed 

chromatin. 

 

Although no difference in the average weighted fluorescence lifetime was seen 

between the two cell lines tested, WT and mut, fluorescence lifetime imaging and 

FLIM presents an interesting tool for the study of higher order DNA structures in vitro 

and in cellulo. This technique eliminates the need for a specific, high-affinity probe, 

allowing imaging of distinct environments within the cell using a non-specific stain. 

From this data, no conclusions can be drawn as to whether there are triplex structures 

or similar playing a part in the transcriptional silencing of the FXN gene in FRDA. 

 

 Summary and future outlook 
Probes based on the structure of TO were successfully synthesised and purified 

using procedures taken and improved from literature. These probes contained the 

scaffold of TO with styrene-like substituents incorporated at the ortho position to the 

carbon-carbon single bond connecting the two aromatic moieties. It was rationalised 

that these substituents would provide another planar aromatic surface with which to 

stack between base triads in the triplex structure, some with a terminal dimethylamine 

group to introduce hydrogen bonding ability. The binding of these probes to several 

DNA topologies was tested, including ssDNA, dsDNA, purine and pyrimidine triplex, 

and G-quadruplex. Absorption and emission titrations were performed in order to 

determine the fluorescence enhancement of each probe upon DNA binding, and also 

a suitable stoichiometry for the lifetime measurements that would ensure no free probe 
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was in solution. Probe 4b was found to have some solubility issues and hence at 

measurement concentrations there was not enough probe in solution to produce a 

fluorescence signal or bind to the DNA, so this probe was eliminated from further 

investigation. The remaining probes 3 and 4a-e exhibited large fluorescence 

enhancement upon binding to triplex and G-quadruplex, especially pyrimidine triplex 

at pH 5.5 where the triplex structure is very stable. Large fluorescence enhancement 

was also seen for the pyrimidine triplex annealed at pH 7.4, which was interesting as 

the pyrimidine triplex structure was not seen to form under these conditions as 

reported in the previous chapters. This indicated that the probes were potentially 

stabilising the formation of the triplex. The fluorescence lifetimes of the probes when 

bound to different DNA topologies was also measured. It was found that probe 3 and 

4a had longer lifetimes when bound to pyrimidine triplex at acidic and neutral pH than 

any other topology, including G-quadruplex. Probes 4c and 4e, also displayed 

promising fluorescence properties, though their lifetimes when bound to G-quadruplex 

and triplex were very similar which would make them difficult to distinguish in cellulo. 

Probe 4d exhibited great inconsistency between repeats, with one set of 

measurements indicating long lifetime when bound to triplex, but the following two sets 

of measurements suggesting the probe was not bound at all, with a very short lifetime 

consistent with that of the free probe in solution. Again, the lifetime measurements 

indicated a pyrimidine triplex structure was forming at pH 7.4. To investigate whether 

the probes were encouraging triplex formation at neutral pH, the probes were 

annealed with 55r (purified from PCR amplification) at pH 7.4 from the previous 

chapter and ran on an agarose gel. There was large amount of smearing in the lanes 

containing the DNA with the probes, with some faint heavier bands which could 

indicate secondary structure. An 1H NMR experiment would be useful to confirm this 

by assessing whether the TFO is interacting with the dsDNA and whether the probes 

are involved in this interaction. 1H NMR shifts corresponding to protons involved in 

hydrogen bonding between bases will be shifted in comparison to the same protons 

when not involved in hydrogen bonding.  

The FLIM of the WT and mut HEK293 cell lines with probes 3, 4a and 4d did not 

provide any evidence as to whether there were triplex structures present in the cells 

containing the (GAA)310 mutation, or whether they played a role in the transcriptional 
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silencing of FXN. The probes, however, were cell permeable and non-cytotoxic within 

the imaging timeframe at imaging concentrations, and afforded homogenous cell 

staining with varying fluorescence lifetime between compartments of the nucleus. 

Hence, this technique is still a promising strategy for elucidating location of higher 

order nucleic acid structures within cells. Larger sample sizes and more high-

resolution images, coupled with transcriptional inhibition assays, could shed light on 

the nature of gene silencing in FRDA and other disorders. 
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5 Outlook and future 

work 

 

The work presented in this thesis aimed to study and biophysically characterise 

intermolecular triplexes formed from oligonucleotides containing the FRDA repeat 

expansion mutation of varying lengths and present a strategy for the detection of 

triplexes in cellulo by using fluorescence lifetime probes.  

Firstly, in Chapter 2, short synthetic oligonucleotides containing the (GAA)n 

sequence (where n = 5, 10 and 20) were synthesised, and the formation of triplex 

structures was investigated under varying conditions of pH and salt concentration. 

There were two possible triplex conformations: purine and pyrimidine. It was found 

that the pyrimidine triplexes formed readily at pH 5.5 from all three lengths of 

oligonucleotides investigated, as seen by gel electrophoresis and CD spectroscopy. 

Purine triplexes, however, were not detected under any conditions by gel 

electrophoresis or CD, even under molecular crowding conditions introduced by 

PEG200. FRET melting and fluorescence titrations with a FAM-labelled TFO and a 

TAMRA-labelled duplex indicated an association between the TFO and the duplex, 

with the intensity of TAMRA fluorescence increasing with added FAM-labelled TFO. 

However, this could be due to non-specific FRET and hence not clear evidence of 

purine triplex formation. It was thought that the oligonucleotides containing the (GAA)5-

20 mutation were too short to form higher order nucleic acid structures under 

physiological conditions, as the pathological length of (GAA)n repeats is approximately 

n = 66. Thus, a molecular biology approach was taken to synthesise long 

polynucleotides containing repeat mutations of pathological and near pathological 

length. 
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 In Chapter 3, plasmids were designed containing the (GAA)n mutation at n = 55 

and 200, flanked by restriction enzyme sites and polymerase promoters for extraction 

and amplification of the insert respectively. A mutation length of 55 repeats (55r) was 

‘pre-mutation’; much longer than normal but not quite at the pathological limit. A length 

of 200 repeats (200r) was fully pathological. When growing the plasmids in bacteria, 

it was found that 200r experienced large deletions of the repeat sequence, as seen by 

sequencing and gel electrophoresis following a restriction digest. Attempting to amplify 

the 200 repeat insert using PCR with high fidelity enzymes resulted in no full-length 

product, with a large smear being seen by gel electrophoresis. Several PCR conditions 

were investigated, including addition of DMSO which abolishes secondary structures 

formed in primers and templates, however the 200r insert could not be amplified. It 

was suggested that this pathological length of repeat was so unstable that that 

polymerase was slipping along it, resulting in the smear of different sized products 

observed. The bacterial clone with the largest repeat insert was n = 75 (75r), which 

was interestingly just above the pathological limit. This clone was successfully 

amplified using PCR. The smaller plasmid, 55r, was grown in bacteria and amplified 

by PCR without issue. Secondary structure formation under various conditions was 

investigated. Multiple bands were observed by gel electrophoresis when the DNA was 

annealed in buffer at acidic pH, indicating the presence of at least two higher order 

structures. It was suggested that these could be triplexes and ‘sticky DNA’; a novel 

structure formed by the association of two or more triplexes containing (GAA) repeats. 

Some very faint heavy bands were also observed upon annealing at physiological pH. 

The formation of DNA-RNA hybrid structures was also investigated. RNA was 

synthesised from 55r and incubated with the dsDNA from the 55r PCR product at 

acidic and physiological pH. Under both pH conditions, multiple heavy bands were 

observed by gel electrophoresis, suggesting higher order structures. AFM was used 

to elucidate the structures of the species responsible for the bands seen on the gel 

from the DNA-DNA samples. Images taken of 55r DNA annealed at acidic pH showed 

possible triplex structures, apparent from the thicker, more rigid regions that were 0.5-

0.9 nm taller than the surrounding dsDNA. These regions were not observed in AFM 

images of 55r DNA annealed at physiological pH, and thus this supported the previous 

findings. 
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 In order to elucidate whether triplex DNA plays a role in gene silencing in FRDA, 

and whether they are present in cells containing the (GAA)n repeat mutation, a strategy 

for detecting them in cellulo would be beneficial. Fluorescent DNA-binding small-

molecule probes were chosen for this due to their tuneable properties, ease of 

detection and cell permeability. In Chapter 4, six probes based on the structure of 

thiazole orange (TO) were synthesised, each with different substituents. Effects of 

binding to different topologies of DNA (ssDNA, dsDNA, triplex, G-quadruplex) at acidic 

and physiological pH were investigated by UV-Vis absorption and fluorescence 

emission titrations. It was found that the fluorescence intensity increased dramatically 

upon binding to dsDNA, but even more for triplex and G-quadruplex. However, these 

probes are not specific for triplex DNA, and thus standard fluorescence could not be 

used as a specific detection method. Fluorescence lifetime imaging was proposed as 

an alternative, as it eliminates the need for a specific probe as long as the probe 

exhibits a distinct fluorescence lifetime when bound to different DNA topologies. It was 

found that the probes did indeed exhibit a longer fluorescence lifetime when bound to 

triplex DNA in comparison to dsDNA. Generally, a longer lifetime was also observed 

for G-quadruplex, though with probes 3 and 4a this was not as long as when bound to 

triplex. Consequently, probes 3, 4a and 4d (for comparison) were tested in cellulo. 

The probes were incubated HEK293 cells, wild-type (WT) and with a (GAA)310 repeat 

mutation (mut), and FLIM was used to measure the fluorescence lifetime of the probes 

within the cell nuclei. It was hypothesised that the average lifetime of the probes in the 

mut cells might be slightly longer than the WT cells if there was higher order structure 

formation from the (GAA) repeats, or significant condensation of chromatin. However, 

the average lifetimes were the same across both cell lines for each probe, showing no 

discernible difference. Despite this, the data was consistent and demonstrated the 

potential of this technique for in cellulo imaging of biomacromolecules. Pockets of long 

lifetimes coincided with the nucleoli, which have been previously reported to 

containing G-rich rDNA with the propensity to form G-quadruplexes. Hence, these 

probes could be investigated in the future for quadruplex detection in cells. 

 The biophysical studies presented in Chapter 2 indicate that a triplex structure 

is forming only under acidic, but not physiological, conditions. It was hypothesised that 

perhaps a weak triplex was forming under neutral conditions and it was too transient 
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and unstable to be detected by gel electrophoresis. This could be investigated further 

with 1H NMR. Protons involved in hydrogen bonding will be shifted when compared to 

the unbound version, and hence this could be used to assess whether the DNA bases 

of the TFO is interacting with the duplex through hydrogen bonding. The pathological 

length of (GAA)n repeats for FRDA is n = ~66, and thus it would be unexpected for 

unusual DNA structures to form under physiological conditions at repeat lengths 

shorter than this such as the sequences investigated in this chapter. 

 The biophysical studies of the pathological sequences described in Chapter 3 

present some interesting findings. For these longer sequences, bands corresponding 

to heavier structures were seen when samples containing a DNA duplex with an RNA 

TFO were annealed or incubated at physiological pH, as well as acidic pH. This is 

strong evidence that sequences containing the (GAA)n repeat can form DNA-RNA 

hybrid structures under physiological conditions. This supports the hypothesis of R-

loop/H-loop formation in FRDA, which has been previously reported to block 

transcription in plasmids.182,183 These structures could be further investigated with 

AFM, as was reported here for the DNA-DNA structures. 

 The in vitro fluorescence lifetime data presented in Chapter 4 suggested that 

perhaps the probes were stabilising pyrimidine triplex formation at neutral pH, as well 

as acidic pH, since the lifetime values under both conditions were similar. This was 

also investigated with gel electrophoresis, to elucidate whether a band corresponding 

to a triplex structure could be seen at pH 7.4 after incubation with the probes. This was 

inconclusive, however. The phenomenon could further be investigated using CD to 

determine whether a triplex is forming at neutral pH in the presence of the probes.  

 The data presented in this thesis sheds further light on the nature of higher 

order structures formed at repeat regions, which have been previously hypothesised 

to a play a large part in gene expression across the genome. There is still no cure for 

FRDA but understanding a little more about the basis of this rare disease on a 

molecular level may aid in eventually developing a treatment. Fluorescence lifetime 

imaging has been presented as a versatile and useful tool to overcome specificity 

issues in DNA imaging, with applications in vitro and in cellulo.  
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6 Experimental methods 
and protocols 

 

 General methodology 
All oligonucleotides were purchased from Eurogentec as a lyophilised stock, or 

synthesised using an ABI Oligo Synthesiser, Model 39, using a solid CpG support and 

phosphoamidites purchased from Sigma. Synthesised oligos were purified using 

illustra NAP-10 columns. 

All commercial reagents and solvents were purchased from Sigma Aldrich, VWR, 

Fluorochem and Fisher Scientific, unless otherwise stated. 

NMR spectra were obtained on a Bruker Advance Ultrashield 400 MHz NMR 

spectrometer at 295 K, unless otherwise stated. 

Electrospray (ESI) mass spectra were obtained on a Waters LCT Premier (ES-

Tof)/Acquity i-Class spectrometer by Dr. Lisa Haigh, Imperial College London. 

C,H,N elemental microanalyses were run by Mr. Alan Dickerson, University of 

Cambridge. 

 

 Nucleic acids in vitro protocols 
  Preparation of buffer solutions for nucleic acid experiments 
Milli-Q water (18 W) was used to prepare all buffer solutions for nucleic acid 

experiments. Each buffer was prepared from a double concentrated (40 mM) stock of 

sodium or lithium cacodylate solution at pH 5.5 or pH 7.4 and dilution of a concentrated 

stock (1 M) of the appropriate metal cation chloride in milli-Q water. Buffers were 

filtered with a 0.2 µm filter and stored at 4 •C until use. 
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  Annealing of DNA for triplex studies 
Oligonucleotides were reconstituted in milli-Q water to the desired 

concentration. These were then diluted in sodium cacodylate buffer (10 mM, pH 5.5 

or pH 7.4) with an appropriate concentration of metal cation chloride salt (NaCl and 

MgCl2) in milli-Q water to the necessary concentration for the experiment. The 

oligonucleotide solution was heated to 95 •C for 5 minutes and then cooled slowly to 

room temperature overnight. Solutions were then stored at 4 •C until analysis. 

 

  Gel electrophoresis – short oligonucleotides 
Polyacrylamide gels (12-15% acrylamide/bis-acrylamide, 40%) were used to 

analyse short oligonucleotides. These gels were cast containing TBE buffer (for pH 

7.4) and TAE buffer (for pH 5.5) with the appropriate concentration of metal cation 

chloride salt in milli-Q water at a plate width of 1 mm. Gels were pre-run for 30 minutes 

in a mini-Protean (Bio-Rad) tank in 1x TBE buffer (for pH 7.4) or 1x TAE buffer (for pH 

5.5). Samples were loaded onto the gel with 30% glycerol and alongside an 

appropriate ladder. The gel was run for 120 minutes at 4 •C and stained with SybrGold 

before being imaged using an Ettan DIGE Imager scanner (GE Healthcare, UK). 

 

  Circular dichroism 
DNA was annealed as described in (6.2.2) to a total concentration of 5 µM in 

sodium cacodylate buffer (10 mM) at pH 5.5 or pH 7.4 containing the appropriate 

concentration of metal cation chloride salt in milli-Q water, with a total volume of 500 

µL. CD spectra were collected on a JASCO-715 spectrometer at 20 •C with a slit width 

of 2 nm and a step-size of 0.1 nm, between 200 and 600 nm. A baseline spectrum of 

just the buffer was first recorded, and this was subtracted from the final spectra. CD 

melting studies were performed in a similar manner; however, the temperature was 

increased/decreased between 20 and 95 •C at a rate of 0.5 •C/min, using a Peltier 

Controller. 
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  pH stability studies 
Oligonucleotides were annealed (6.2.2) at a total concentration of 10 µM in 

sodium cacodylate buffer (10 mM, pH 5.5) containing the appropriate concentration of 

metal cation chloride salt in milli-Q water, with a total volume of 500 µL. Additional 

sodium cacodylate buffers of varying pH were made by titrating NaOH (1 M, aq.) into 

sodium cacodylate stock solution (40 mM) until the desired pH value was reached (a 

range of pH 6-8), and the final sodium cacodylate concentration was adjusted to 20 

mM by addition of milli-Q water. To the annealed samples, 500 µL of each variable pH 

buffer was added, and the final pH was measured. The samples were then incubated 

at room temperature overnight, before being analysed by gel electrophoresis (6.2.3) 

under neutral pH conditions, with 1x TBE running buffer. 

 

  Crowding conditions 
Oligonucleotides were annealed as described above (6.2.2) at a total 

concentration of 5 µM in sodium cacodylate buffer (10 mM, pH 7.4) containing the 

appropriate concentration of metal cation chloride salt in milli-Q water and varying 

concentrations of PEG200, with a total volume of 500 µL. Total PEG200 concentration 

ranged from 10-40% (v/v), and the annealed samples were analysed by gel 

electrophoresis (6.2.3) and CD spectroscopy (6.2.4) as described above. 

 

  FRET melting studies 
For FRET melting experiments, oligonucleotides containing 6-

carboxyfluorescein (FAM) and 5-carboxytetramethylrhodamine (TAMRA) labels were 

purchased from Eurogentec and received as lyophilised stock. Stocks were 

reconstituted in milli-Q water to a concentration of 100 µM, as determined by UV-Vis 

spectroscopy (absorption at 260 nm) and stored at -20 •C until use. The duplex strand 

containing (GAA)5 was TAMRA-labelled, and the purine (GAA)5 TFO was FAM-

labelled. The sequences used can be seen in Table 2.1, Chapter 2. Oligonucleotides 

were diluted in sodium cacodylate buffer (10 mM, pH 7.4) to a total concentration of 

0.4 µM and annealed as described above (6.2.2). After annealing, samples were 

added into 0.2 mL PCR-tubes with a total volume of 40 µL. For FRET melting 

experiments, an RT-qPCR instrument (Agilent Mx3005P) was used. The sample was 
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irradiated at FAM 𝜆ex of 494 nm and TAMRA emission was followed at 580 nm. 

Temperature was increased/decreased from 20-95 •C with melting/cooling being 

carried out at a 1 °C/min rate, and data collected at 1•C intervals. Data was normalised 

(0 to 1). 
 

  FRET emission titrations 
DsDNA was annealed in sodium cacodylate buffer (10 mM, pH 7.4) as described 

above (6.2.2), with the (GAA)5-containing strand TAMRA-labelled, with a final total 

DNA concentration of 5 µM and a final volume of 500 µL. A solution of purine (GAA)5 

TFO labelled with FAM in sodium cacodylate buffer (10 mM, pH 7.4) was diluted to a 

concentration of 50 µM, and titrated into the dsDNA sample with increasing 

equivalents from 0 to 2. The sample was irradiated at the FAM 𝜆ex of 494 nm and the 

emission spectra recorded between 500-700 nm. The final sample containing 2 eq. of 

the purine TFO to the dsDNA was annealed as described above (6.2.2) and the 

emission spectrum was recorded again the following day.  

 

 Molecular biology techniques 
   Plasmid design 
Plasmids were designed and ordered from Genscript. Plasmids contained a 

Puc57 backbone, with the repeat sequence of interest (GAA55 or GAA200) cloned into 

the multiple cloning site (MCS). This sequence was flanked by transcription promoter 

sites for T7 and T3 in vitro transcription polymerases, PCR/seqeuncing primer sites 

M13F (5’-GTAAAACGACGGCCAGT-3’) and M13R (5’-GTCATAGCTGTTTCCTG-3’) 

and restriction enzyme digest sites for BamHI and HindiIII. Plasmids also contained 

an Ampicillin resistance gene, and were grown by Genescript in E.coli TOP10 bacterial 

cells. Plasmids were received as a lyophilised stock and were reconstituted in milli-Q 

water to a final concentration of 40 ng/µL. 

 

   Plasmid DNA digestion with restriction endonucleases 
Plasmid DNA was digested using restriction enzymes alongside the 

manufacturers’ recommended 10x restriction digest buffers. Between 500 ng and 1 µg 
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of plasmid DNA was digested overnight at the appropriate temperature, with 1x 

suitable restriction buffer and 1x BSA. Generally, 2 units of enzyme were used for 

each 1µg of DNA, with the volume of enzyme not exceeding the recommended 10% 

of the total reaction volume. Double digests using restriction enzymes were performed 

in a mutually compatible buffer following the same protocol. Digested DNA was then 

purified by phenol:chloroform extraction as described below (6.3.3). 

 

   Phenol:chloroform extraction of DNA from proteins 
Proteins, such as restriction enzymes, were removed from aqueous solutions 

of DNA by extraction with equal volumes of phenol and chloroform, containing a small 

amount of glycogen to assist in visualisation of the pellet. The solution was centrifuged 

at 12,000 g for 15 minutes at room temperature to separate the phases. The proteins 

were left at the interface between the aqueous and organic phases, and the upper 

aqueous phase containing the DNA was retrieved. The solution was then extracted 

with equal volumes of chloroform to remove traces of phenol, and the DNA was 

recovered by ethanol precipitation as described below (6.3.4). 

 

   Ethanol precipitation of DNA and RNA 
DNA and RNA in low concentration in salt solutions following PCR 

amplification, in vitro transcription or secondary structure annealing were 

purified/concentrated by ethanol precipitation. Solutions were mixed with one tenth 

volume of sodium acetate (NaOAc, 3 M, pH 5.0) followed by three volumes of 100% 

ethanol. This solution was then chilled at -20 •C for 30 minutes, and subsequently 

centrifuged at 15,000 g for 30 minutes at 4 •C. The supernatant was removed, the 

pellet was washed once with cold 70% ethanol (500 µL), the solution was centrifuged 

at 12,000 g for 20 minutes and the pellet was air dried after the supernatant had been 

removed. This process was repeated for DNA and RNA with downstream processes 

other than gel analysis. The DNA pellet was resuspended in an appropriate volume of 

EB buffer (QIAGEN) and the concentration was determined using a Nanodrop One 

(Thermo Scientific). 
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   Gel electrophoresis – long sequences 
Agarose gels (0.8-1%) were used for longer DNA sequences isolated from 

plasmid DNA. These gels were cast containing 1x TBE buffer with 1x SybrSafe or 

ethidium bromide (EtBr) for imaging. Samples were loaded containing 1x Loading Dye 

(with 30% glycerol) and ran against a MassRuler ladder (Thermoscript). Gels were run 

for 75 minutes in 1x TBE buffer before being imaged using a Bio-Rad Molecular 

Imager® Gel Dock™ XR+ Imaging System. 

 

   Transformation of plasmids in bacteria 
The E. coli strain DH5a was initially used, followed by SURE2 cells. For growth, 

50 µg/mL ampicillin was added to agar plates and LB broth to select for the desired 

plasmids containing the ampicillin resistant gene. Transformation was performed 

under sterile conditions. For bacterial transformation, 1 µL of plasmid (10 ng/µL) was 

mixed with 35 µL of competent cells (such as SURE2) and kept on ice for 30 minutes. 

The mixture was then ‘heat shocked’ at 42 •C for 30 seconds and placed back on ice 

for 2 minutes. To the cells, 500 µL of SOC media was added and the solution was 

incubated at 30 •C with shaking for 1 hour.  

Cell mixture was spread onto agar plates (200 µL per plate) and incubated at 

30 •C overnight. From each plate, 3 single cultures were picked and inoculated in 

starter cultures of LB broth (3 mL) and incubated at 30 •C with shaking for 7 hours, 

before half of the starter culture (1.5 mL) was expanded into LB broth (150 mL, 50 

ng/µL Amp) and incubated at 30 •C with shaking overnight. Starter cultures were 

topped up with 1.5 mL of LB broth and also incubated at 30 •C with shaking overnight.  

Once the cells had suitably propagated (as seen by measurement of OD), 500 

µL of each culture was taken to prepare a glycerol stock as described below (6.3.7). 

From each of the larger cultures, 3 mL was initially taken, and the plasmid DNA was 

extracted and purified by mini prep (QIAGENÒ) and checked by restriction digest with 

BamHI and HindiIII as described above. All other cultures were pelleted for processing. 
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   Preparation of bacterial glycerol stock 
A 50% glycerol solution was prepared by diluting pure glycerol in distilled water. 

To the 50% glycerol solution (500 µL), 500 µL of bacterial culture was added in 2 mL 

screw top cryovial. The solution was gently mixed and stored at -80 •C until use. 

 

   Growth of bacteria from glycerol stock 
The protocol was performed under sterile conditions. Glycerol stocks were 

removed from storage at -80 •C, though not allowed to thaw, and a pipette tip was 

used to scratch the surface and pick up some material. This was then streaked across 

an agar plate (50 ng/µL Amp) and the plate was incubated overnight at 30 •C and 

single colonies were picked for growth in LB media as described above (6.3.6). 

 

   Sequencing of (GAA)n repeats 
The plasmid DNA purified from the bacterial cultures was sequenced by Sanger 

Sequencing (GENEWIZ®). Template and primer were pre-mixed in a 1.5 mL 

Eppendorf tube according to sample preparation guidelines provided (10 µL template 

at 50 ng/µL in water, 5 µL primer at 5 µM in water). Sequencing files were analysed 

using SnapGene. 

 

 PCR amplification 
The insert of interest was amplified from the Genscript plasmids by PCR with 

Herculase II Fusion DNA Polymerase (Agilent). The reaction was carried out in 50 µL 

and consisted of Herculase II Fusion DNA polymerase (Agilent), 1x Herculase II buffer 

(with a final concentration of 2 mM Mg2+), dNTPs, sterile water, 2 ng of plasmid DNA 

and 0.2 µM final concentration of each primer (M13F and M13R). A control plasmid 

with corresponding primers was used to validate the reagents. The reaction began 

with a heated lid step (105 •C), followed by an initial denaturation step (98 •C, 4 mins), 

denaturation step (94 •C, 30 s), annealing step (55 •C, 30 s), extension step (72 •C, 

15 s for 55r, 36 s for 200r) and final extension step (72 •C, 5 mins) over 35 cycles for 

55r and 30 cycles for 200r. For the optimisation of PCR conditions, a gradient of 

temperatures ranging from 50 to 60 •C for the annealing step was set up across the 

plate, and the other variables were kept consistent. For the DMSO titration, a (v/v) 
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concentration of 1-10% DMSO was added to the PCR reaction, reducing the amount 

of sterile water to keep the total reaction volume consistent. The same was done for 

the MgCl2 titration, with the concentration being varied from 2-10 mM (the 1x 

Herculase II buffer had an inherent Mg2+ concentration of 2 mM) and the added volume 

being compensated for my reducing the amount of sterile water added. 

 

  Purification of DNA from PCR 
After PCR amplification, DNA was purified using the QIAquickÒ PCR 

Purification Kit. Five volumes of binding Buffer PB was added to the PCR reaction, 

and the pH was adjusted with sodium acetate (NaOAc, 3 M, pH 5.0) as per the pH 

indicator solution. The solution was applied to the QIAquick spin column and 

centrifuged for 60 seconds at 12,000 g, and the flow-through discarded. Wash Buffer 

PE was applied to the column and centrifuged for 60 seconds at 12,000 g, the flow-

through discarded, and the column centrifuged again to ensure complete removal of 

buffer. The DNA was then eluted with Buffer EB and the concentration and purity was 

determined with a Nanodrop One (Thermo Scientific), and checked by gel 

electrophoresis. 

 

  In vitro transcription 
Using the DNA purified from the PCR amplification of the plasmid, RNA was 

synthesised using the MAXIscipt™ T7/T3 Transcription Kit (Invitrogen™) and the T3 

and T7 promoter sites flanking the (GAA)n insert region. The reaction was carried out 

in 20 µL and consisted of T7 or T3 enzyme mix, 1x Transcription Buffer, 0.2–1 µg of 

DNA template, ATP, CTP, GTP and UTP free nucleotides, and nuclease-free water. 

Samples were incubated at 37 •C overnight, before being purified by ethanol 

precipitation as described above (6.3.4) and resuspended in EB buffer. The 

concentration of RNA was measured using a Nanodrop One (Thermo Scientific) and 

checked by gel electrophoresis. 

 

  Purification of DNA from agarose gel electrophoresis 
DNA was purified from the gel using the QIAEXÒ Gel Extraction Kit. Samples 

were loaded onto an agarose gel (0.8%) and ran in 1x TBE for approximately 40 
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minutes at 90 V. The gel was then post-stained in 1x EtBr solution for 15 minutes, 

before being visualised using a Bio-Rad Molecular Imager® Gel Dock™ XR+ Imaging 

System next to a ruler. Desired bands were cut out of the gel using a sterile scalpel. 

The gel slice was weighed and solubilised in 3 volumes of Buffer QG to 1 volume of 

gel slice by vortexing briefly. The solution was heated to 50 •C for 10 minutes to bind 

the DNA and the pH was adjusted with NaOAc (10 μL, 3 M, pH 5.0. To this, 1 volume 

of isopropanol was added, and the solution was applied to a QIAquick spin column 

and centrifuged (12,000 g, 30 seconds) to bind the DNA to the membrane. The DNA 

was washed with Buffer PE and eluted with Buffer EB, before the concentration and 

purity was measured using a Nanodrop One (Thermo Scientific) and checked by gel 

electrophoresis. 

 

 Annealing of nucleic acids for triplex studies 
Samples were annealed in a similar fashion to the shorter oligonucleotides.  

The double-stranded PCR insert was diluted in sodium cacodylate buffer (10 mM, pH 

5.5 or 7.4) with an appropriate concentration of metal cation chloride salt in milli-Q 

water to a concentration of 100 ng/µL. The oligonucleotide solution was heated to 95 

•C for 5 minutes and then cooled slowly to room temperature over approximately 3 

hours, or overnight. Alternatively, the dsDNA was taken directly from the PCR 

amplification after purification, and the RNA TFO was added to solution and incubated 

at 37 •C for 24 hours or left at 4 •C for 48 hours. Following annealing/incubation, 

samples were purified by ethanol precipitation (6.3.4) and secondary structure 

formation was assessed by gel electrophoresis (6.3.5). 

 

 AFM samples preparation 
Samples for AFM were annealed as described above (6.3.14) in sodium 

cacodylate buffer (10 mM, pH 5.5 or pH 7.4). After annealing, DNA was purified by 

ethanol precipitation (6.3.4) and resuspended in EB buffer to create a highly 

concentrated solution. The purity was measured using a Nanodrop One (Thermo 

Scientific) and DNA was checked on an agarose gel (1%, TBE buffer, EtBr), run at 

100V for 60 minutes, before being visualised under UV light. 
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AFM sample preparation, imaging and data processing was performed by Philip 

Haynes, UCL, as described below: 

DNA pellets were resuspended in buffer; samples annealed at pH 5.5 and pH 

7.4 were dissolved in 50mM NaOAc (pH 5.5) and 20mM HEPES (pH 7.4) respectively. 

For DNA adsorption at room temperature, 10 μL of poly-L-lysine (PLL, 0.1%, 150,000-

300,000 MW, Sigma-Aldrich) was added to a freshly cleaved mica disk (diameter 6 

mm, Agar Scientific, UK) and left to incubate for 1 minute. The disk was then held at 

an angle and put under a stream of double-deionised water (Milli-Q, Merck Millipore). 

The disk was then blotted and 20 μL DNA sample (0.25 ng/μL) was added. After 

incubating for 10 minutes, the sample was washed 5 times with imaging buffer (same 

as resuspension buffer). 

All images were recorded by force–distance curve-based imaging (PeakForce 

Tapping) on a FastScan Bio system (Bruker, Santa Barbara, USA) at a frame rate of 

0.2-0.8 /min. We used commercial silicon nitride FastScan-D cantilevers (Bruker) that 

have a resonance frequency of ~110 kHz and nominal spring constant ~0.25 Nm-1. 

The force–distance curves were recorded at 8 kHz with a tip-sample separation 

(PeakForce amplitude) between 10 and 20 nm. Recorded images were either 512 or 

1024 pixels per line. All AFM measurements were performed in liquid at room 

temperature.  

The images were processed using Nanoscope Analysis software (Bruker). 

They were first flattened by a zeroth-order line-by-line flattening where the mean value 

of each row is subtracted to centre the data. If there was tilt in the image, a first order 

plane fit was applied.  

 

  Synthesis 
 

  Synthesis of 4-chloro-1,2-dimethylquinolin-1-ium iodide (1) 
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This compound was prepared following a previously reported procedure.131 A 

solution of 4-chloro-2-methylquinoline (0.2 g, 1.12 mmol) in sulfolane (10 mL) and 

iodomethane (0.5 mL, 8.03 mmol) was stirred at 50 •C for 18 hours. Once the solution 

was cooled to room temperature, anhydrous diethyl ether (~300 mL) was added to the 

reaction mixture and the resulting solids were collected by filtration under reduced 

pressure. The solid was dried under vacuum to give a brown powder (1) (0.25 g, 0.77 

mmol, 79%). 1H NMR (400 MHz, DMSO-d6): δ 8.67 (d, J = 9.0 Hz, 1Hd), 8.54 (d, J = 

8.4 Hz, 1Hg), 8.52 (s, 1Ha), 8.32 (t, J = 8.0 Hz, 1He), 8.11 (dd, J = 8.0 and 7.4, 1Hf), 

4.42 (s, 3Hb), 3.05 (s, 3Hc) ppm; ESI-MS: m/z 192.1 [M35Cl – I]+. 

 

  Synthesis of 1,2-dimethylbenzothiazol-1-ium iodide (2) 

 
This compound was prepared following a previously reported procedure.195 A 

solution of 2-methylbenzothiazole (0.25 g, 1.68 mmol) and iodomethane (0.7 mL, 11.2 

mmol) in DMF (10 mL) was stirred at 60 •C for 20 hours. Once the solution had cooled 

to room temperature, ethyl acetate (~300 mL) was added and the light pink precipitate 

was collected by filtration under reduced pressure. The solid was resuspended in ethyl 

acetate (20 mL) and heated to reflux for 20 minutes. The solution was cooled to room 

temperature, and the solid was collected by filtration under reduced pressure and dried 

under vacuum to afford a pale pink powder (2) (0.42 g, 1.46 mmol, 87%). 1H NMR 

(400 MHz, DMSO-d6): δ 8.44 (d, J = 8.2, 1Ha), 8.20 (d, J = 8.5, 1Hd), 7.91 (t, J = 7.9, 

1He), 7.81 (t, J = 7.7, 1Hf), 4.20 (s, 3Hc), 3.17 (s, 3Hb) ppm; ESI-MS: m/z 164.1 [M – 

I]+. 

 

  Synthesis of (Z)-1,2-dimethyl-4-((3-methylbenzo[d]thiazol2(3H)-
ylidene)methyl) quinolin-1-ium iodide (3) 
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This compound was prepared following a previously reported procedure.196 A 

mixture of (1) (0.5 g, 1.60 mmol), (2) (0.5 g, 1.72 mmol) and aqueous sodium 

bicarbonate solution (0.5 mol/L, 2 mL) in methanol (10 mL) was stirred at RT for 1 

hour, and then heated to reflux for 30 minutes. Saturated potassium iodide solution (4 

mL) was then added, and the reaction mixture was stirred for 15 minutes. The resulting 

solid was collected by filtration under reduced pressure, washed with water (5 mL) and 

acetone (5 mL) and dried under vacuum to give compound (3) as a bright red powder 

(47 mg, 0.11 mmol, 66%). 1H NMR (400 MHz, DMSO-d6): δ 8.77 (br. dd, J = 8.7 and 

1.0 Hz, 1Hd), 8.19 (br. dd, J = 8.9 and 0.6 Hz, 1Hg), 8.04-7.97 (m, 2Hf,e),7.79-7.71 (m, 

2Hj,m), 7.60 (ddd, J = 8.4, 7.4 and 1.2 Hz, 1Hk), 7.43-7.37 (m, 1Hl), 7.36 (s, 1Ha), 6.86 

(s, 1Hh), 4.08 (s, 3Hi), 3.99 (s, 3Hc), 2.88 (s, 3Hb) ppm; ESI-MS: m/z 320.1 [M – I]+. 

Elemental analysis: Calc. C 53.82, H 4.29, N 6.28%, Found C 53.49, H 4.31, N 6.17%. 

 

  Synthesis of 4a-e, general procedure 
These compounds were prepared following previously reported 

procedures.131,197 A mixture of 3 (0.072 g, 0.16 mmol), 4-methylpiperidine (0.5 mL) 

and n-butanol (10 mL) was stirred at RT for 1 hour. The corresponding aldehyde (0.32 

mmol) was added and the solution was heated to 135 •C for 3 hours. This was cooled 

to room temperature and the resulting solid was collected by suction filtration and 

washed with n-butanol (10 mL). The solid was then purified by column 

chromatography with a solvent system of DCM:MeOH (gradient, MeOH 1-10%). Solid 

was collected by and dried under reduced pressure and lyophilised to remove residual 

water. Purity was analysed by 1H NMR, mass spec and elemental analysis. 
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  N-methyl-2-((E)-4-(dimethylamino)styryl)-4-((Z)-(3-
methylbenzo[d]thiazol-2(3H)-ylidene)methyl)quinolin-1-ium iodide 
(4a) 

 
 
Reported previously.131 Purple pearlescent solid (54 mg, 0.09 mmol, 58%). 1H NMR 

(400 MHz, DMSO-d6): δ 8.73 (d, J = 8.9 Hz, 1Hd), 8.18 (d, J = 9.0 Hz, 1Hg), 8.04 (d, J 

= 7.7 Hz, 1Hb), 7.97 (t, J = 8.1 Hz, 1Hf), 7.81 (d, J = 8.8, 2Hj,m), 7.75-7.64 (m, 4Ha,e,o,t), 

7.58 (t, J = 7.8 Hz, 1Hl), 7.48 (d, J = 15.6 Hz, 1Hn), 7.37 (t, J = 7.2 Hz, 1Hk), 6.86-6.80 

(m, 3Hh,p,s), 4.17 (s, 3Hi), 3.97 (s, 3Hc), 3.05 (s, 6Hq,r) ppm; ESI-MS: m/z 450.2 [M – 

I]+. Elemental analysis: Calc. C 60.31, H 4.89, N, 7.28%, Found C 59.63, H 4.90, N 

7.08%. 

 

  2-((E)-2-(1H-indol-3-yl)vinyl)-1-methyl-4-((Z)-(3-
methylbenzo[d]thiazol-2(3H)-ylidene)methyl)quinolin-1-ium iodide 
(4b) 

 

 
 
Reported previously.131 Dark purple solid (43 mg, 0.07 mmol, 47%). 1H NMR (400 

MHz; DMSO-d6): δ 11.85 (s, 1Hp), 8.76 (d, J = 8.6 Hz, 1Hd), 8.19 (d, J = 8.9 Hz, 1Hg), 

8.06 (dd, J = 7.8 and 0.8 Hz, 1Hb), 8.00 (ddd, J = 8.5, 7.0 and 1.2, 1Hf), 7.81-7.71 (m, 



 147 

5Ha,e,j,m,o), 7.68-7.63 (m, 1Hk), 7.60 (ddd, J = 8.4, 7.4 and 1.2 Hz, 1Hl), 7.48 (dd, J = 

8.2 and 0.8 Hz, 1Ht), 7.43-7.39 (ddd, J = 8.1, 7.1 and 1.1 Hz, 1Hq), 7.26 (ddd, J = 8.1, 

7.1 and 1.1 Hz, 1Hs), 7.12 (s, 1Hn), 7.08 (ddd, J = 7.9, 7.1 and 1.1 Hz, 1Hr), 6.91 (s, 

1Hh), 4.20 (s, 3Hi), 4.01 (s, 3Hc) ppm; ESI-MS: m/z 446.1 [M – I]+. Elemental analysis: 

Calc. C 70.74, H 4.22, N 7.33%, Found C 68.92, H 4.35, N 7.22%. 

 
 

  2-((1E,3E)-4-(4-(dimethylamino)phenyl)buta-1,3-dien-1-yl)-1-
methyl-4-((Z)-(3-methylbenzo[d]thiazol-2(3H)-ylidene)- 
methyl)quinolin-1-ium iodide (4c) 

 

 
 
Reported previously.131 Purple/gold pearlescent solid (47 mg, 0.08 mmol, 49%). 1H 

NMR (400 MHz; DMSO-d6): δ 8.72 (d, J = 8.2 Hz, 1Hd), 8.14 (d, J = 8.7 Hz, 1Hg), 8.07 

(d, J = 7.8 Hz, 1Hb), 7.99-7.93 (m, 1Hf), 7.75-7.69 (m, 2Hj,m), 7.64 (s, 1Ha), 7.63-7.55 

(m, 2He,n), 7.49 (d, J = 8.8 Hz, 2Hr,u), 7.41-7.37 (m, 1Hk), 7.27-7.13 (m, 3Hl,q,v), 6.85 

(s, 1Hh), 6.79 (s, 1Hp), 6.76 (s, 1Ho), 4.11 (s, 3Hc), 3.97 (s, 3Hi), 3.00 (s, 6Hs,t) ppm; 

ESI-MS: m/z 476.2 [M – I]+. Elemental analysis: Calc. C 61.69, H 5.01, N 6.96%, 

Found C 60.25, H 4.99, N 6.49%. 

 
  1-methyl-4-((Z)-(3-methylbenzo[d]thiazol-2(3H)- ylidene)methyl)-
2-((E)-4-methylstyryl)quinolin-1-ium iodide (4d) 
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Reported previously.131 Light red pearlescent solid (46 mg, 0.08 mmol, 52%). 1H NMR 

(400 MHz; DMSO-d6): δ 8.75 (d, J = 8.4 Hz, 1Hd), 8.17 (d, J = 8.6 Hz, 1Hg), 8.05 (d, J 

= 7.8 Hz, 1Hb), 7.99 (t, J = 8.1 Hz, 1Hf), 7.83 (d, J = 8.0 Hz, 2Hj,m), 7.77-7.72 (m, 

3Ha,e,n), 7.67-7.57 (m, 3Hk,o,s), 7.39 (t, J = 7.7 Hz, 1Hl), 7.34 (d, J = 7.9 Hz, 2Hp,r), 6.90 

(s, 1Hh), 4.15 (s, 3Hc), 3.99 (s, 3Hi), 2.38 (s, 3Hq) ppm; ESI-MS: m/z 421.1 [M – I]+. 

Elemental analysis: Calc. C 61.32, H 4.59, N 5.11%, Found C 54.93, H 4.23, N 4.24%. 

 

  1-methyl-4-((Z)-(3-methylbenzo[d]thiazol-2(3H)-ylidene)methyl)-2-
((1E,3E)-4-phenylbuta-1,3-dien-1-yl)quinolin-1-ium iodide (4e) 

 

 
 
Reported previously.131 Purple/green pearlescent solid (34 mg, 0.06 mmol, 38%). 1H 

NMR (400 MHz; DMSO-d6): δ 8.78-8.75 (m, 1Hd), 8.17 (br. dd, J = 8.7 and 0.7 Hz, 

1Hg), 8.08 (br. dd, J = 7.9 and 0.8 Hz, 1Hb), 7.99 (ddd, J = 8.3, 6.8 and 1.0 Hz, 1Hf), 

7.79-7.72 (m, 2He,n), 7.67-7.56 (m, 5Ha,j,k,l,m), 7.49-7.28 (m, 7Ho,p,q,r,s,t,u), 6.91 (s, 1Hh), 

4.13 (s, 3Hc), 4.01 (s, 3Hi) ppm; ESI-MS: m/z 433.1 [M – I]+. Elemental analysis: Calc. 

C 60.68, H 4.34, N 5.24%, Found C 58.92, H 4.51, N 5.09%. 
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 DNA Binding Analysis 
 

   UV-Vis absorption titrations 
Stock solutions of compounds 3 and 4a-e were made in DMSO to a 

concentration of 2 mM. Stock solutions of DNA were annealed at a total concentration 

of 200 µM in cacodylate buffer (10 mM, pH 5.5 or 7.4) containing the appropriate 

concentration of metal cation chloride salt in milli-Q water. Measurements were taken 

on a Cary 60 UV-Vis instrument (Agilent). A baseline was measured with only the 

buffer. The solution of the compound being tested was diluted in sodium cacodylate 

buffer (10 mM, pH 5.5 or 7.4) to a concentration of 2 µM in a 500 µL cuvette, and an 

absoprtion spectrum was taken. The stock DNA solution (200 µM) was titrated into the 

cuvette at equivalents of 0.2, 0.4, 0.6, 0.8, 1.2, 1.6, 2.0, 2.4, 3.2, 4.0, 5.6, 7.2 and 10.4, 

incubated for 3 minutes, and a spectrum were recorded for each point.  

 

   Fluorescence emission titrations 
Stock solutions of compounds 3 and 4a-e were made in DMSO to a 

concentration of 2 mM. Stock solutions of DNA were annealed at a total concentration 

of 200 µM in cacodylate buffer (10 mM, pH 5.5. or 7.4) containing the appropriate 

concentration of metal cation chloride salt in milli-Q water. Measurements were taken 

on a Cary Eclipse Fluorescence Spectrophotometer (Agilent). A baseline was 

measured with only the buffer. A solution of the compound being tested was diluted in 

sodium cacodylate buffer (10 mM, pH 5.5 or 7.4) to a concentration of 2 µM in a 500 

µL cuvette, and a fluorescence spectrum was taken. The stock DNA solution was 

titrated into the cuvette at equivalents of 0.2, 0.4, 0.6, 0.8, 1.2, 1.6, 2.0, 2.4, 3.2, 4.0, 

5.6, 7.2 and 10.4, incubated for 3 minutes, and spectra were recorded for each point.  

Binding curves were plotted showing the plateau at the maximum emission 

wavelength (𝜆em) of each probe with each DNA topology. Affinity constants (Ka) were 

extracted from these curves using the Aldrich-Wright method, according the equation 

below:203 

 

𝐼 = 0.5 ∗ 𝐼#$% ∗ [
1
𝐾$

+ 𝐿 + 𝑛[𝐷𝑁𝐴] − 9:
1
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++𝑛[𝐷𝑁𝐴];
&
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Where I is the fluorescence intensity, Imax is the maximum fluorescence intensity 

at the plateau, Ka is the affinity binding constant derived using a Levenberg-Marquardt 

nonlinear least-squares iteration algorithm, L is the concentration of ligand added (2 

µM), [DNA] is the concentration of DNA added (in M), and n is the number of binding 

sites (set to a constant of 2). 

 

 Alternatively, data that could not be fit using this model (as it did not reach a 

plateau) was fit using to the Swillens method according to the equation below:204 

 

𝐼 = 	
(𝐼#$% ∗ 	 [𝐷𝑁𝐴])
(𝐾) +	[𝐷𝑁𝐴])

+ (𝛼 ∗ 	 [𝐷𝑁𝐴]) + 𝐼! 

 

Where I is fluorescence intensity, Imax is the maximum fluorescence intensity at 

the plateau, [DNA] is the concentration of DNA added (in M), Kd is the dissociation 

constant (in M) derived using a Levenberg-Marquardt nonlinear least-squares iteration 

algorithm, α is the gradient of the initial slope (in M-1) and I0 is the background 

fluorescence intensity of the compound in the absence of DNA. The affinity constant 

(Ka) was calculated as the reciprocal of the dissociation constant (Kd). 

 

   Time-correlated single-photon counting (TCSPC) 
Stock solutions of compounds 3 and 4a-e were made in DMSO to a 

concentration of 2 mM. Stock solutions of DNA were annealed at a total concentration 

of 200 µM in cacodylate buffer (10 mM, pH 5.5 or 7.4) containing the appropriate 

concentration of metal cation chloride salt in milli-Q water. Measurements were taken 

using a Jobin Yvon IBH data station (5000F, HORIBA Scientific) TCSPC set up from 

Horiba Scientific. The excitation sources used were 467 or 535 nm NanoLED diode 

lasers, depending on the 𝜆ex of the probe being studied. An IRF was recorded using 

diluted LUDOX at the maximum wavelength of the excitation source, and a neutral 

density filter was used. During measurements, short pass filters were used (< 467 and 

535 nm) to eliminate interference from external or scattered light. Compounds were 

diluted from the stock solution with sodium cacodylate buffer (10 mM, pH 5.5 or 7.4) 

in a 500 µL cuvette to a concentration of 2 µM, and a measurement was taken in the 
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absence of DNA (if compound was emissive enough), with the decay being recorded 

at the maximum emission wavelength (𝜆em) of the corresponding compound. The 

annealed DNA was then added into the cuvette to a final concentration of 10 µM (5 

eq.), and measurements were recorded at the maximum emission wavelength (𝜆em) of 

the compound bound to that DNA topology, until the 10,000 photon maxima was 

reached. 

Data was plotted and parameters were extracted using DAS-6 fluorescence 

decay analysis software (HORIBA Scientific). All decay curves were fit to a bi- and tri- 

exponential model, with the goodness of fit being assessed using the Chi parameter 

(the closer the value is to 1, the better the fit). The weighted lifetime (tw) of each decay 

was calculated, taking into account the lifetime components (t) and their fractional 

contributions to the overall average lifetime (a), using the following equation: 

 

𝜏! =
𝛼"𝜏"# + 𝛼#𝜏##

𝛼"𝜏" + 𝛼#𝜏#
 

 
Where t is the lifetime of the component and a is the contribution of that lifetime 

value to the weighted lifetime (tw). The goodness of fit was assessed using the c2 

parameter; a value between 1 and 2 indicates an acceptable fit, with closer to 1 being 

a better fit.  

 

   Fluorescence lifetime imaging microscopy 
HEK293 cells, both the wild-type (WT) and containing the (GAA)310 repeat 

expansion mutation (mut) were grown at 37 •C with 5% CO2 in DMEM with 10% FBS 

and 1% Pen strep and L-glutamine. Cells were counted using a Guava® easyCyte 

flow cytometer and diluted to a concentration of 300,000 cells in 2.5 mL of media. In 

each well of the 8-well FLIM sample chamber slide, 30,000 cells were seeded in 250 

μL of media. In the 4 left-hand wells, the WT cells were seeded, and in the 4 right-

hand cells the mut cells were seeded. These cells were incubated overnight in the 

chamber slide at 37 °C with 5% CO2. The probes, 3, 4a and 4d, were added to the 

appropriate wells to a final concentration of 2 μM and 5 μM as stated and incubated 

for an hour before imaging.  
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FLIM was performed by Dr Peter Summers, Imperial College London, as follows: 

Fluorescence lifetime imaging microscopy was performed through time-

correlated single-photon counting (TCSPC), using a confocal laser scanning 

microscope (Leica, SP5 II). A mode-locked femtosecond Ti:Sapphire laser (Coherent, 

Chameleon Vision II) tunable over 680-1080 nm (140 fs pulse duration, 80 MHz) was 

used as the excitation source, operated at the excitation wavelength corresponding to 

the probe being imaged. A PMC-100-1 photomultiplier tube (Hamamatsu) and a SPC-

830 single-photon counting card (Becker-Hickl) were used for data acquisition. 

Fluorescence was collected between 500 and 700 nm; short-pass filters of > 470 nm 

were used. Samples on chamber slides were mounted in the microscope chamber 

heated by a thermostat (Lauda GmbH, E200) to 37 •C under an atmosphere of 5% 

CO2 in air. SHG signal from urea crystals on a glass cover slide was used to obtain 

the instrument response function (IRF). Images were collected using a 100x objective 

with immersion oil, 3 per well, at 155 μm across, 255x256 pixel resolution. For each 

well, a high-resolution picture with 512x512 pixel resolution was taken.  

Data analysis was performed using FLIMfit (5.1.1), where images were 

individually uploaded, and the nuclei were selected using a segmentation tool.  Each 

pixel in each nucleus was fitted with a bi-exponential function, giving individual decays 

for each pixel and an averaged decay across the whole image. Each nuclei segment 

has a calculated weighted average lifetime (tw), which gave an average tw across each 

image. Points corresponding to low fluorescence intensity that resulted in a 

fluorescence lifetime value skewed towards a longer value were eliminated by 

assessing the severity of the skew by plotting the intensity against the weighted 

lifetime. 
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Appendix 
 
Figure Caption 

A.1 1H NMR spectrum of 1 in DMSO-d6. 
A.2 ESI-MS of 1 
A.3 1H NMR spectrum of 2 in DMSO-d6 
A.4 ESI-MS of 2 
A.5 1H NMR spectrum of 3 in DMSO-d6 
A.6 ESI-MS of 3 
A.7 1H NMR spectrum of 4a in DMSO-d6 
A.8 ESI-MS of 4a 
A.9 1H NMR spectrum of 4b in DMSO-d6 

A.10 ESI-MS of 4b 
A.11 1H NMR spectrum of 4c in DMSO-d6 
A.12 ESI-MS of 4c 
A.13 1H NMR spectrum of 4d in DMSO-d6 
A.14 ESI-MS of 4d 
A.15 1H NMR spectrum of 4e in DMSO-d6 
A.16 ESI-MS of 4e 
A.17 A) Example emission spectrum of 4a, with pyrimidine triplex at pH 5.5, 

B) example absorption spectrum of 4a, with pyrimidine triplex at pH 5.5, 
C) binding curve of 4a with different DNA topologies at pH 5.5, D) 
binding curve of 4a with different DNA topologies at pH 7.4. 

A.18 A) Example emission spectrum of 4c, with pyrimidine triplex at pH 5.5, 
B) example absorption spectrum of 4c, with pyrimidine triplex at pH 5.5, 
C) binding curve of 4c with different DNA topologies at pH 5.5, D) 
binding curve of 4c with different DNA topologies at pH 7.4. 

A.19 Example emission spectrum of 4d, with pyrimidine triplex at pH 5.5, B) 
example absorption spectrum of 4d, with pyrimidine triplex at pH 5.5, C) 
binding curve of 4d with different DNA topologies at pH 5.5, D) binding 
curve of 4d with different DNA topologies at pH 7.4. 

A.20 Example emission spectrum of 4e, with pyrimidine triplex at pH 5.5, B) 
example absorption spectrum of 4e, with pyrimidine triplex at pH 5.5, C) 
binding curve of 4e with different DNA topologies at pH 5.5, D) binding 
curve of 4e with different DNA topologies at pH 7.4. 
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Fig. A.1: 1H NMR spectrum of 1 in DMSO-d6. 

Fig. A.2: ESI-MS of 1. 
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Fig. A.3: 1H NMR spectrum of 2 in DMSO-d6. 

Fig. A.4: ESI-MS of 2. 
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Fig. A.5: 1H NMR spectrum of 3 in DMSO-d6. 

Fig. A.6: ESI-MS of 3. 
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Fig. A.7: 1H NMR spectrum of 4a in DMSO-d6. 

Fig. A.8: ESI-MS of 4a. 
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Fig. A.9: 1H NMR spectrum of 4b in DMSO-d6. 

Fig. A.10: ESI-MS of 4b. 
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Fig. A.11: 1H NMR spectrum of 4c in DMSO-d6. 

Fig. A.12: ESI-MS of 4c. 
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Fig. A.13: 1H NMR spectrum of 4d in DMSO-d6. 

Fig. A.14: ESI-MS of 4d. 
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Fig. A.15: 1H NMR spectrum of 4e in DMSO-d6. 

Fig. A.16: ESI-MS of 4e. 



 176 

 

 
  Fig. A.17: A) Example emission spectrum of 4a, with pyrimidine triplex at pH 5.5, B) 

example absorption spectrum of 4a, with pyrimidine triplex at pH 5.5, C) binding curve of 
4a with different DNA topologies at pH 5.5, D) binding curve of 4a with different DNA 
topologies at pH 7.4. 
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Fig. A.18: A) Example emission spectrum of 4c, with pyrimidine triplex at pH 5.5, B) 
example absorption spectrum of 4c, with pyrimidine triplex at pH 5.5, C) binding curve of 
4c with different DNA topologies at pH 5.5, D) binding curve of 4c with different DNA 
topologies at pH 7.4. 
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  Fig. A.19: A) Example emission spectrum of 4d, with pyrimidine triplex at pH 5.5, B) 
example absorption spectrum of 4d, with pyrimidine triplex at pH 5.5, C) binding curve of 
4d with different DNA topologies at pH 5.5, D) binding curve of 4d with different DNA 
topologies at pH 7.4. 
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 Fig. A.20: A) Example emission spectrum of 4e, with pyrimidine triplex at pH 5.5, B) 

example absorption spectrum of 4e, with pyrimidine triplex at pH 5.5, C) binding curve of 
4e with different DNA topologies at pH 5.5, D) binding curve of 4e with different DNA 
topologies at pH 7.4. 


