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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF NATURAL AND EARTH SCIENCES 

CENTRE FOR BIOLOGICAL SCIENCES 

DOCTOR OF PHILOSOPHY 

CHARACTERISATION OF A DNA TETRAHEDRON AND ITS INTERACTION 
WITH SEQEUNCE-SPECIFIC LIGANDS 

by Michael Leslie James Carter 

Nanostructures engineered from DNA are becoming increasing popular in 

interdisciplinary research laboratories globally due to their ease to design and 

build, as well as their huge potential as devices for applications such as drug 

delivery and biosensors. Although many studies have used these structures 

alongside molecules that interact with DNA, little has been done to understand the 

effects of nanostructured DNA on ligand binding, and vice versa. In this thesis, a 

simple DNA tetrahedron, folded from four oligonucleotides, is used as a model in 

which to assess ligand interactions for a variety of DNA-binding agents. 

We characterised two DNA tetrahedron designs by band shifts, cleavage assays, 

chemical probing and melting studies. One of these tetrahedra, based on a 

previous design, was modified to incorporate single binding sites on each edge for 

a number of sequence-specific DNA-binding ligands: minor groove binders 

Hoechst 33258 and distamycin, intercalators actinomycin D, echinomycin, 

TANDEM and nogalamycin, and major groove binding triplex forming 

oligonucleotides. Band shifts, DNase I footprinting, global melting with UV and 

SYBR green I, as well as location-specific melting with fluorescent beacons were 

used to assess the interaction of these ligands with the DNA tetrahedron 

compared to linear duplex DNA. 

The results found actinomycin was able to inhibit folding of the structure, whereas 

other ligands did not. Sequence-selectivity was generally consistent across linear 

duplex and nanostructured DNA, though some changes in secondary binding sites 

were observed, however, Hoechst, distamycin and actinomycin showed reduced 

affinity to the nanostructure. Global thermal melting studies showed that all the 

ligands enhance stability, however, fluorescence beacons placed at specific 

locations found that many of the ligands were able to stabilise regions of the 

tetrahedron remote from their binding sites, including across junctions. 

The work described helps present a clearer understanding of ligand interactions 

with DNA nanostructures, as well demonstrates a model in which to assess 

structure stability at specific locations within a DNA nanostructure. This will aid the 

design and function of future DNA-based devices. 
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1.0 Introduction 

1.1 DNA structure 

Since its structure was proposed in 1953 (Watson & Crick, 1953) the double 

stranded deoxyribonucleic acid (DNA) helix has become recognisable the world 

over. Each strand is composed of an alternating phosphate/2’-deoxyribose 

negatively charged polymer backbone linked at the 5’ and 3’ positions on the 

ribose sugar ring (Figure 1.1(a)). A nucleobase is covalently attached to each C1; 

in DNA these are the purines adenine (A) and guanine (G) and the pyrimidines 

thymine (T) and cytosine (C), and structures of these are shown in Figure 1.1(b). 

Each DNA strand binds to a complementary strand in the opposite orientation, so 

that hydrogen bonds form between the bases; A forms two hydrogen bonds with T, 

and C forms 3 hydrogen bonds with G, making the GC base pair more stable and 

rigid than the AT pair, though this increased stability is also the result of better 

stacking interactions between GC base pairs over AT (Yakovchuk et al., 2006). 

These pairings are collectively referred to as Watson-Crick base pairs. A crystal 

structure of a DNA double helix dodecamer is presented in Figure 1.1(c). 

 

Figure 1.1. The chemical structures of (a) the phosphodiester DNA backbone and (b) Watson-Crick 

base pairing, and (c) a crystal structure of a B-DNA dodecamer of the DNA double helix (DOI: 

10.2210/pdb1bna/pdb) (Drew et al., 1981). 
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The helical pitch of B-DNA (the number of bases required to complete a 360° turn 

of the molecule) is approximately 10.5 bp (approximate helical twist of 34° per 

base pair) while the rise between base pairs is 0.34 nm (Rich, 1959; Egli & 

Saenger, 1984; Neidle, 2008). The base pairing gives rise to the major and minor 

grooves of DNA which are highlighted in Figure 1.1(b+c). The major groove has a 

width of 1.16 nm and a depth of 0.85 nm while the minor groove has a width of 0.6 

nm and a depth of 0.82 nm, however, DNA sequence can affect these parameters 

since (A/T)n tracts of DNA have narrower minor grooves than sequences 

containing GC base pairs (Hagerman, 1990). It is suggested that a lack of a 2-

amino on A allows this narrowing (Kitsing & Diekmann, 1987), though a narrower 

groove also permits binding of water molecules, forming a spine of hydration in the 

minor groove at (A/T)n sites (Drew & Dickerson, 1981) which stabilise these 

regions. Other geometric parameters (shown in Figure 1.2 with respect to base 

pair interactions (a), and base-pair sequential step interactions (b) can also be 

affected by sequence, for example, AT has a higher propeller twist than GC due to 

a lack of a third hydrogen bond, which is another reason (A/T)n tracts can form a 

narrower minor groove than sequences containing GC (Nelson et al., 1987). 

 

Figure 1.2. Diagrams of the geometric parameters of base pairs (a) and base pair sequential steps  

(b). Figure was adapted from (Lu & Olson, 2003). 
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Other double helical DNA structures such as A- and Z-DNA also exist, and some 

comparisons of A-, B- and Z-DNA can be seen in Table 1.1. A-form DNA, like B-

DNA, is a right-handed helix and was initially observed by X-ray diffraction at 

conditions of 75 % relative humidity (Fuller et al., 1965). However, sequence runs 

of polyG/polyC have also demonstrated A-form-like DNA (Sinden, 1994), 

suggesting it may form biologically at sequences such as this. Unlike A- and B-

forms, Z-DNA is a left handed helix structure which can form in sequences 

containing long alternating Pu/Py steps, particularly (CpG)n, in high salt 

concentrations or under superhelical stress (Mizobuchi et al., 1983). This form of 

DNA is known to have biological relevance in easing negative supercoiling and 

has also been shown to play a role in transcription initiation (Rich & Zhang, 2003).  

Table 1.1. Some differences in parameters between A-, B-, and Z-DNA. 

 

The groove geometries of B-DNA, along with the hydrogen bond donor/acceptor 

groups which lie in each of the respective grooves make DNA an attractive target 

for a number of molecules (Pabo & Sauer, 1984; Frank-Kamenetskii & Mirkin, 

1995; Geierstanger & Wemmer, 1995). Due to the available functional groups on 

each base pair, every DNA sequence will contain a unique chemical ‘signature’ 

composed of these exposed groups. Sequence-specific recognition of these sites 

is more common in the wider major groove where base pair functional groups, as 

well as the phosphate backbone, are more accessible to binding molecules, 

especially proteins (though the minor groove can also bind proteins, but this often 

incurs heavy distortion of the DNA helix to accommodate the molecule) (Pabo & 



4 
 

Sauer, 1984; Garvie & Wolberger, 2001). The minor groove is sterically harder to 

bind for larger molecules due to its narrower size, however is known to 

accommodate a number of natural and synthetic sequence-specific binding 

agents, usually by lying within the groove itself or intercalating between base pairs 

from the minor groove (Geierstanger & Wemmer, 1995; Wemmer & Dervan, 

1997). A number of different sequence-specific DNA binding ligands are discussed 

later in this chapter. 

1.2 DNA nanotechnology 

1.2.1 Pre-requisites for DNA nanotechnology 

DNA nanotechnology exploits the characteristics of DNA described above to build 

larger, complex, self-assembling structures (Seeman, 2003; Seeman, 2007). 

Three main prerequisites are required for self-assembled structural DNA 

nanotechnology (Seeman, 2010): Firstly, the hybridisation of single stranded DNA 

to other single-stranded complementary sequences. Initially described in 1956 by 

combining poly(A) with poly(U) (Rich & Davies, 1956), the hybridisation of single 

stranded substrates to complementary sequences, without the need for a catalyst, 

enables nucleic acid structures to form in a ‘one-pot’ system by heating and slowly 

cooling, which is aided by the presence of cations such as sodium and magnesium 

(Rich, 1960; Hall & Spiegelman, 1961). Secondly, the formation of branched DNA 

structures. DNA is not limited to a linear, double helical structure and can branch 

to form junctions, the most well-known of which is the four-way (Holliday) junction 

(Figure 1.3(a)) (Holliday, 1964; Fu et al., 1994). By forming junctions, larger and 

more complex structure can be created. Branched junctions are discussed in more 

detail later section 1.2.2. Thirdly, the low cost and fast production of designed, 

synthetic oligonucleotides. Since the development of phosphoramidite chemistry 

for oligonucleotide synthesis in the early 1980s (Beaucage & Caruthers, 1981), 

synthetic sequences have become cheaper to produce and have also made it 

easier to introduce numerous types of modifications into oligonucleotides (Verma 

& Eckstein, 1998).  
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Figure 1.3. (a) Crystal structure of a four-way DNA junction (DOI: 10.2210/pdb467d/pdb) (Ortiz-

lombardía et al., 1999) and (b), a schematic representation of the stacking within the four-way 

junction in the absence and presence of magnesium. 

1.2.2 Branched DNA junctions 

As previously mentioned, DNA can be branched to form junctions. The most 

studied junctions are three- and four-armed structures, though junctions with 

greater branch numbers have also been generated (Wang et al., 1991; Lilley & 

Clegg, 1993; Seeman & Kallenbach, 1994; Lilley, 2000).  

Four-way Holliday junctions are known to play a role in genetic recombination 

(Holliday, 1964), however, due to their migrating branch points, it is difficult to 

study the properties of naturally occurring Holliday junctions (Seeman & 

Kallenbach, 1994). Instead, synthetic oligonucleotides have been used to create, 

stable, immobile junctions to study (Kallenbach et al., 1983). Several approaches 

have been used to resolve and assess these structures including gel 

electrophoresis studies (Cooper & Hagerman, 1987; Duckett et al., 1988; Grainger 

et al., 1998), fluorescence resonance energy transfer (FRET) studies (Murchie et 

al., 1989; Clegg et al., 1992), enzymatic and chemical probing studies (Churchill et 

al., 1988; Lu et al., 1989a; Murchie et al., 1990; Duckett et al., 1990; Panyutin et 

al., 1995), as well as nuclear magnetic resonance (NMR) and crystal studies 

(Wemmer et al., 1985; Altona & Pikkemaat, 1995; Overmars et al., 1997; Ortiz-

lombardía et al., 1999). A crystal structure of a four-way junction is shown in 

Figure 1.3(a). From studies such as these, it was observed that base stacking was 

continuous to form two long helices rather than four shorter, branched helices, 
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though divalent cations were essential for this (Duckett et al., 1988; Duckett et al., 

1990). Figure 1.3(b) shows a schematic representation of the transition between 

stacked and unstacked junctions in the presence of magnesium. 

 

Figure 1.4. (a) NMR structure of a three-way DNA junction (DOI: 10.2210/pdb1ekw/pdb) 

(Thiviyanathan et al., 1999) and (b) a schematic representation of the stacking within the four-way 

bulged junctions in the absence and presence of magnesium. 

Unconstrained three-way junctions (an example NMR structure is shown in Figure 

1.4(a)) have been shown to differ from four-way junctions since they form a ‘Y’ 

shape, suggesting that base stacking is not continuous, irrespective of whether 

magnesium is present or not (Duckett & Lilley, 1990; Welch et al., 1997). However, 

changing the bases 1 bp removed from the junction itself alters gel mobility 

implying that the sequence can affect the junction stability (Lu et al., 1991b). 

Experiments using the chemical probing agents osmium tetraoxide and 

diethylpyrocarbonate, which modify thymines and adenines respectively in unusual 

or distorted DNA sequences, showed modification of these bases at the site of 

junctions and the flanking bases compared with duplex controls (Guo et al., 1990; 

Duckett & Lilley, 1990; Lu et al., 1991a) suggesting that there may be partial 

unpairing in these regions. This modification is not a feature seen with four-way 

junctions (Panyutin et al., 1995). The addition of unpaired bases, or ‘bulges’, at the 

junction have been shown to relax and stabilise the structure (Leontis et al., 1991). 

These bulged junctions also alter the conformation of the structure to allow 

continuous stacking between two of the three arms of the junction when divalent 

cations were present (Welch et al., 1993; Zhong et al., 1994a; Leontis et al., 1994; 

Welch et al., 1997), a schematic representation of this is shown in Figure 1.4(b). 
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1.2.3 History of structural DNA nanotechnology 

Structural DNA nanotechnology made its origins in the lab of Nadrian Seeman 

who generated stable, immobile DNA junctions in solution by minimising sequence 

symmetry (i.e. using sequences which prevent folding of the DNA in to structures 

other than the junction) (Kallenbach et al., 1983; Seeman, 1983). This led the way 

for more complex constructs, including double-crossover (DX) molecules, in which 

two reciprocal strand exchanges occur between two duplexes (Fu & Seeman, 

1993); an example of one such DX molecule can be seen in Figure 1.5(a). Tiles 

such as these were later linked together via cohesive sticky ends, and ligated to 

create two-dimensional (2D) DNA crystal lattices (Winfree et al., 1998). The use of 

sticky ends to link a different kind of DNA tile known as the tensegrity triangle 

(schematic shown in Figure 1.5(b)) was later used to generate the first three-

dimensional (3D) DNA crystals (Zheng et al., 2009). 

Simple branched junctions have also been effective motifs from which to build 3D 

structures. Due to the geometry of these junctions, polyhedral structures are often 

built using these motifs as ‘corners’. The earliest designs built in this manner were 

a cube (Figure 1.5(c)) (Chen & Seeman, 1991) and truncated octahedron (Zhang 

& Seeman, 1994). However, the methods by which these were formed involved 

annealing parts of the structure separately, before combining and ligating the 

individual components. The faces of these structures were not triangular 

(deltahedral) which led to them being ‘floppy’ and not very rigid (triangles are have 

more structural integrity than other polyhedral shapes since their corners cannot 

be altered without changing edge lengths, thus a ‘load’ is spread much more 

evenly across a triangle than with other shapes). One-pot, self-assembly methods 

for producing polyhedral structures with deltahedral faces were later described 

including DNA tetrahedra (Goodman et al., 2004; Goodman et al., 2005) (these 

are described in greater detail in section 1.2.5), octahedra (Shih et al., 2004) and 

icosahedra (though this was made through a two-step process) (Douglas et al. 

2009). Other polyhedral structures also include an octahedron built from a 

designed 1.7 kb single strand of DNA held together by five 40 base 

oligonucleotides (Shih et al., 2004). 
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Figure 1.5. Examples of some different DNA structures; (a) Structure of a DX tile, (b) schematic of a 

monomer tensegrity triangle and polymerised triangles (adapted from (Liu et al., 2004), (c) a DNA 

cube, and (d) a DNA origami structure of a trapezoid; the black strand is the template DNA and the 

coloured strands are short staples which fold the template into position. 

Another approach to structural DNA nanotechnology was the invention of DNA 

origami (Rothemund, 2006). DNA origami, rather than build from the bottom-up as 

previously described, used a top-down approach by folding a long, single-stranded 

DNA template into a complex structure using a number of short oligonucleotides 

as ‘staples’ to fold the DNA into the desired positions. Figure 1.5(d) shows a 

representation of a 2D trapezoid structure built using DNA origami methodology. 

The black strand represents the long single stranded DNA template, while the 

short coloured strands represent the staples that fold the black strand into position.  

Designing these structures was initially time consuming and complex, however, 

the advent of software programmes such as caDNAno have made the design 

process much simpler and faster, and allows for the design of increasingly 

complex structures (Dietz et al., 2009; Douglas et al., 2009).  

1.2.4 Applications of DNA nanotechnology 

This introduction has so far focussed on the development of DNA nanotechnology 

since the early 1980s. Potential applications from this field have been a growing 
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area of research in recent years, especially within the last decade (Modi et al., 

2010; Zadegan & Norton, 2012; Lu et al., 2013). The original intention of Nadrian 

Seeman was to use structural DNA nanotechnology as a way of creating a 

scaffolds to hold proteins for crystallographic analysis (Seeman, 2003). This is still 

a work in progress, but with the development of 3D DNA crystals (Zheng et al., 

2009), this goal is a step closer. DNA scaffold structures have however been used 

to align membrane proteins for NMR analysis; this was previously difficult due to 

incompatibilities between the liquid-crystalline media used to align water-soluble 

proteins and the detergents used to solubilise membrane proteins (Douglas et al., 

2007; Berardi et al., 2011; Bellot et al., 2013). Other researchers have created 

nanomechanical structures, which have evolved from simple systems using B-to-Z 

DNA conformation changes (Mao et al., 1999) and intercalating ligands to alter 

device structure (Yang et al., 1998), to using specific strand-displacement 

mechanisms to create complex dynamic systems such as controlled DNA ‘walkers’. 

(Yurke et al., 2000; Bath & Turberfield, 2007; Lund et al., 2010). Another promising 

application is the use of nanopores, created from DNA origami. These can be 

simpler and cheaper to make than conventional nano-engineering methods and 

can also provide the user with a greater level of control over the aperture size of 

the pore (Bell et al., 2012; Wei et al., 2012; Burns et al., 2013). A number of other 

DNA nanostructures have been designed and used for biomedical applications; 

some of these are discussed here. 

1.2.4.1 DNA cages 

A number of cage-like DNA nanostructures have been built with the aim of 

trapping molecules inside them. In this way, it may be possible to protect the 

trapped cargo from degradation and/or control its release in conditions which alter 

the nanostructure, allowing dissociation of the trapped molecules. The first 

functional DNA cage was described in 2006 when a cytochrome c protein was 

encapsulated within a DNA tetrahedron, folded from four oligonucleotide strands 

which had a central cavity region of approximately 5.2 nm in diameter (Erben et al., 

2006). In this instance, the protein was bound to the 5’ end of one of the 

oligonucleotides and was encapsulated during annealing of the structure. This 

work was later advanced when the sequence-specific transcription factor 

catabolite activator protein was encapsulated into a similar tetrahedron, without 
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the need for covalent attachment, by incorporating its specific target sequence into 

the structure (Crawford et al., 2013). An octahedral structure (folded from 8 

oligonucleotides) was also developed with a larger central cavity than the 

tetrahedron (approximately 10-13 nm (Andersen et al., 2008).  

Much larger cages have been built using DNA origami, in which the folded DNA 

formed the faces of the cages, instead of the ‘wireframe’ models described 

previously. Cages like these include a large (54 nm edge) tetrahedron (Figure 

1.6(a)) (Ke et al., 2009) and a cubic box (Andersen et al., 2009). The latter also 

contained a lid which was held shut by two duplexes with sticky end extensions. 

This enabled the box to be opened by adding oligonucleotides that displaced the 

shorter DNA strands on these toeholds, like molecular ‘keys’ (Figure 1.6(b)). 

Another origami box design was a 2D structure comprised of six square segments 

which, in the presence of linker oligonucleotides, would fold the structure together 

to build the box (Figure 1.6 (c)) (Akinori Kuzuya & Komiyama, 2009). 

 

Figure 1.6. Examples of DNA cages; (a) a tetrahedron folded from four triangle tiles, (b) a box with 

an open- and close-able lid, (c) an un-folded box structure which is folded upon incorporation of 

linker stands to connect the edges, and (d) a DNA tetrahedron which ‘swallows’ gold nanoparticles 

functionalised with ssDNA. Figures are adapted from (Ke et al., 2009; Andersen et al., 2009; 

Kuzuya & Komiyama, 2009; Zhang et al., 2014). 

As well as using DNA cages to encapsulate biological materials, both origami and 

simple folded ‘wireframe’ structures have been used to trap gold nanoparticles;  

(Zhao et al., 2011; Zhang et al., 2014). In these studies the DNA structures were 
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designed with single stranded overhangs, which could be targeted, post-annealing, 

with gold nanoparticles functionalised with ssDNA complementary to the 

overhangs (Figure 1.6(d)). This approach enabled the number of encapsulated 

particles to be controlled by adjusting the size of the cavity within these structures 

or the number of free overhangs incorporated into the DNA nanostructures. 

1.2.4.2 Drug delivery systems 

To further extend DNA cage function, much work has focussed on using DNA 

nanostructures as mechanisms for drug delivery into cells (Li et al., 2013). It has 

been shown that DNA nanostructures can be transfected into mammalian cells 

with better efficiency than linear duplex DNA and remain largely intact after 48 

hours, thus demonstrating the feasibility of using these structures for delivery 

systems (Walsh et al., 2011). Several studies have transfected both simple folded 

and origami DNA structures with appending CpG oligonucleotides, which are 

known to be immunostimulatory, into mammalian cells and reported significant up-

regulation of cytokines (Schüller et al., 2011; Li et al., 2011; Mohri et al., 2012). 

Many of these studies also reported that the nanostructures are resistant to 

degradation in bovine serum.  

Another promising candidate for drug delivery is the intercalating anti-cancer drug 

doxorubicin (Li et al., 2013). By incubating nanostructures with the drug prior to 

internalisation into cells, it has been shown that the structure can be used to carry 

the drug into mammalian cells (Jiang et al., 2012; Kim et al., 2013). As well as 

allowing direct delivery of doxorubicin, these methods also showed that the drug 

could be delivered into multidrug resistance (MDR) cells. Another study used 

origami structures with differing amounts of helical pitch in the DNA double helices 

throughout the structure as a method to control drug release inside the cell due to 

the different dissociation rates from the differing helical pitches, giving higher 

potency of the anti-cancer agent (Zhao et al., 2012). 

The use of DNA nanostructures to carry siRNA, which can down-regulate gene 

expression, has also been demonstrated to work in vitro (Keum et al., 2011). 

Tumour cells in mice have also been targeted, reporting significant effects on gene 

silencing (Lee et al., 2012). 
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Using DNA nanotechnology for therapeutic delivery clearly shows much promise, 

however, there are still issues which need to be addressed before implementing 

this technology in a clinical setting. A significant amount of the therapeutic agent 

will need to reach the desired target tissues, as well as getting to the desired part 

of a cell once internalised, though this can be controlled by attaching signalling 

peptides to the DNA structures (Liang et al., 2014). Another issue is destruction of 

the nanostructures by the host immune system, particularly in the circulatory 

system. To overcome this, one group built an origami cage and encapsulated it in 

a tightly-packed lipid envelope, similar to that of a virus (Perrault & Shih, 2014). As 

a result, the structure was able to evade an immune response in mice compared 

with the same, non-enveloped structure or with linear oligonucleotides. Controlled 

release/dissociation of the therapeutic agents also remains a significant hurdle. 

One approach aimed at addressing this issue was an aptamer-induced opening of 

DNA nanostructure (Douglas et al., 2012). This method involved encapsulating 

cargo (in this instance, gold nanoparticles and various antibody fragments were 

tested) inside a DNA origami hexagonal barrel built from two halves. At one end of 

the structure, the two halves of the barrel were covalently held shut, whereas the 

other end was held shut by partially complementary duplexes which, in the 

presence of the appropriate aptamer, dissocate to form a DNA-aptamer complex, 

thus opening the structure and exposing the cargo inside. Due to the aptamer 

specificity, these structures were able to target specific cell lines within a mix of 

cell types and were able to induce biological effects, such as inducing growth 

arrest, upon opening of the structure. 

1.2.4.3 Sensors 

Tethered nucleic acids have been used as sensors to recognise complementary 

sequences in solution, eliminating the need for amplification methods such as the 

polymerase chain reaction (PCR) for detection (Wang, 2002). A common 

approach involves tethering one end of a single-stranded nucleic acid to a metallic 

surface, such as gold, via a thiol linker (Levicky et al., 1998; Demers et al., 2000). 

DNA nanostructures have been utilised for similar DNA sensing techniques (Pei et 

al., 2014). In one study, thiols were tethered to three of the four corners of a DNA 

tetrahedron and attached to a gold surface, with the fourth corner (containing a 

single-stranded appending sequence for recognition of the target DNA) protruding 
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into the solution (Figure 1.7(a)) (Pei et al., 2010). This structure bound to the gold 

surface with approximately 5000-fold higher affinity than monothiolated ssDNA. 

The thick tetrahedron layer also meant that the appending DNA resembled the 

solution-phase target sequences, thereby increasing the sensitivity and specificity. 

The same study demonstrated other uses for this technology when the appending 

DNA was replaced with an anti-thrombin aptamer sequence, which reported 

thrombin detection to a limit of 100 pM. A similar, optimised approach reached 

detection miRNA targets to a limit of 10 aM when using a polymerised avidin/horse 

radish peroxidase conjugate reporter (Wen et al., 2012). Other agents detected 

using this method have also included cocaine, mercury ions and adenosine 

triphosphate (ATP) (Pei et al., 2014). 

 

Figure 1.7. Examples of DNA biosensors; (a) a DNA tetrahedron tri-thiolated to a gold surface 

being used to detect miRNA using a horseradish peroxidase based reporter, and (b) DNA origami 

forceps undergoing a physical change in shape upon detection of the target molecule (AFM images 

shown below). Figure adapted from (Wen et al., 2012; Kuzuya et al., 2011). 

Non-tethered origami structures have also been used in single-molecule detection 

assays. One notable design is origami ‘forceps’ (Kuzuya et al., 2011) which are 

composed of two long, narrow tiles but are linked centrally along the narrow edge 

allowing for rotation of the tiles. When subjected to atomic force microscopy (AFM) 

the structure mainly adopted a crossed ‘X’ formation. Both tiles on each pair of 

‘forceps’ were functionalised at one end with a recognition molecule, such as 

biotin. When the target molecule (streptavidin) was present, the recognition 

molecules would bind, thereby closing the DNA structure into a parallel ‘II’ 

formation, thus allowing single molecule detection when visualised with AFM 

(Figure 1.7(b)). By incorporating specific sequence overhangs, metal ions could by 
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detected by inducing G-quadruplex formation between the two tiles (Na+ detection) 

or inducing C-C mismatches (Au+ detection). miRNA and ATP have also been 

detected using this approach. These structures were later used as pH sensors by 

induction of i-motif formation between the tiles (Kuzuya et al., 2014). 

The studies presented here demonstrate that structural DNA nanotechnology has 

the potential for a number of genuine biomedical applications. This research will 

no doubt continue to be improved, as well new applications developed as the field 

continues to grow.  

1.2.5 The DNA tetrahedron 

One particular DNA nanostructure which has been used for a number of 

applications is the DNA tetrahedron, which is assembled from four 

oligonucleotides in the presence of cations. Several variations of the structure 

have been used for different applications but all generally follow one of two initial 

designs (Goodman et al., 2004; Goodman et al., 2005) which are shown in Figure 

1.8(a+b). The first design (a) was built from four 55mer oligonucleotides which, 

when annealed, form a tetrahedron with six 17 base pair-long edges with each 

corner junction containing two unpaired bases. The oligonucleotides essentially 

form four rings in which the 5’- and 3’ end of each strand meet at the junction. The 

second design (b) differs from the first in that its 5- and 3’ ends meet in the edge 

centres, thus creating nicks in the edge. Tetrahedra of this style, generated with 

varying edge lengths (between 10 and 30 base pairs), were all shown to form and 

correspond to a single band on an electrophoresis gel. One of these, which has 

been used by a number of researchers, is formed from four 63mers, generating six 

20 base pair-long edges (allowing two helical turns per edge) with an unpaired 

adenine in each corner. The nicks formed in the edge centres also allow for 

ligation by T4 DNA ligase to generate a covalently closed structure of four 

catenane rings and a 3D representation of this ligated structure is shown in Figure 

1.8(c). This structure measured approximately 7 nm in diameter, which was also 

later confirmed by high resolution cryo-electron microscopy imaging studies (Kato 

et al., 2009). 
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Figure 1.8. Schematic representations of the formation of two main designs of DNA folded from 

four self-complimentary oligonucleotides; the 5’- and 3’ meet either in the corners of the structure 

(a) or in the middle of the edge (b). A 3D representation of a ligated (b) structure is shown in (c). 

One of the main attractions of these DNA tetrahedra is the ease with which they 

can be produced (95 °C for 2 minutes then cool to 4 °C over 30 seconds) 

compared with other, larger, more complex DNA structures which can take hours 

or sometimes days to form. They have also been shown to anneal in high yields 

(approximately 95%). When covalently closed, the structures are resistant to 

enzymatic cleavage at sites near the junctions (Keum & Bermudez, 2009) which is 

thought to be due to the enzyme being unable to distort the double helix at its 

target site due to the reduced flexibility of the DNA. This effect was not seen with 

unligated tetrahedra, which are cleaved as efficiently as linear duplexes of the 

same sequence. 

DNA tetrahedra based on these two designs have been used in a number of 

applications including: cages for encapsulation of proteins (Erben et al., 2006; 

Crawford et al., 2013), transfection into cells (Walsh et al., 2011; Liang et al., 

2014), delivery of therapeutics (including into drug resistant cells) (Lee et al., 2012; 

Kim et al., 2013), and as molecular biosensors (Pei et al., 2010; Wen et al., 2012; 

Ding et al., 2014). Other studies with DNA tetrahedra have added a 10 nucleotide 

hairpin into one edge, allowing expansion and contraction of the structure 

(Goodman et al., 2008). Tetrahedra have also been functionalised with 
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hydrophobic polymers which, as solvent temperature increased, grouped together 

to stabilise the polymers, thus acting as giant ‘surfactants’ (Wilks et al., 2013). 

1.2.6 Summary 

A number of the DNA nanotechnology applications in described in this introduction 

have involved the use of molecules which interact with the DNA structures, such 

as the intercalating anti-cancer agent doxorubicin (Jiang et al., 2012; Kim et al., 

2013; Li et al., 2013). Despite the use of DNA nanostructures alongside DNA-

binding agents, little work has studied the impact these ligands have on the 

nanostructure and, vice versa, the effects that nanostructures will have on ligand 

binding. To address this gap in literature, the work in this thesis uses a number of 

different sequence-specific DNA-binding ligands to target a DNA tetrahedron (the 

sequence-specificity is important as this allows controlled targeting depending on 

the number of binding sites within a nanostructure). By using a range of ligands 

with different binding modes, the impact on ligand-nanostructure interactions are 

assessed in depth. The ligands used for this work are discussed in section 1.3. 

1.3 DNA-binding ligands 

1.3.1 Minor groove binding ligands 

1.3.1.1 Hoechst 33258 

Hoechst 33258 (Hoechst, Figure 1.9(a)) has long been used as a fluorescent stain 

for microscopy due to its ability to bind DNA. When bound to DNA the 

chromophore can be excited around 352 nm to give an emission around 455 nm 

(Holmquist, 1975; Chen, 1977).  

The ligand has a strong binding preference for (A/T)n tracts of at least four base 

pairs in length (though it does not bind all sequences which fit this criteria with 

equal affinity) (Martin & Holmes, 1983; Harshman & Dervan, 1985), however, 

Hoechst can sometimes tolerate G/C base pairs at the ends of its binding site 

(Portugal & Waring, 1988). Hoechst binds (A/T)n tracts over G/C sequences since 

the 2-amino group of guanine sterically hinders binding in the minor groove. 

DNase I footprinting has demonstrated that the affinity of Hoechst varies with 

different arrangements of (A/T) base pairs (Abu-daya et al., 1995). The strongest 
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binding sites have a central AATT, with AAATTT and GAATTC showing the 

highest affinities (Hampshire & Fox, 2008b).  

 

Figure 1.9. (a) The chemical structure of Hoechst 33258, and (b) a crystal structure of Hoechst 

33258 (red) bound to the minor groove of a dodecamer duplex (DOI: 10.2210/pdb1dnh/pdb) (Teng 

et al., 1988). 

Hoechst 33258 is composed of two central benzimidazoles flanked on one side by 

a phenol ring and on the other by an N-methyl piperazine (Figure 1.9(a)). This 

arrangement provides the molecule with a crescent shape which fits into the minor 

groove of B-DNA without distorting the DNA helix, which has been confirmed by 

numerous crystal structures of Hoechst-DNA interactions, an example of which is 

shown in Figure 1.9(b) (Harshman & Dervan, 1985; Pjura et al., 1987; Teng et al., 

1988; Quintana et al., 1991; Spink et al., 1994; Vega et al., 1994). The NH groups 

of the benzimidazoles form bifurcated hydrogen bonds with the N3 of adenine and 

O2 of thymine (Pjura et al., 1987; Teng et al., 1988; Vega et al., 1994). As a result, 

Hoechst displaces water molecules which line the minor groove, known as the 

spine of hydration (Drew & Dickerson, 1981; Pjura et al., 1987; Kiser et al., 2005). 



18 
 

As well as being used as a microscopic stain, Hoechst, along with various 

analogues, has been shown to be effective as an anti-tumour agent (Gravatt et al., 

1994; Sadat Ebrahimi et al., 1995) and also shows inhibitory effects on 

mammalian topoisomerases (Woynarowski et al., 1988; Chen et al., 1993). 

Hoechst does not only bind to B-DNA, but can interact with  other DNA structures 

including the G-quadruplex (Maiti et al., 2003) and it also binds to bovine serum 

albumin (Ojha et al., 2009). 

1.3.1.2 Distamycin A 

Originally isolated from Streptomyces distallicus, distamycin (Figure 1.10(a)) is an 

antibiotic which binds the minor groove of dsDNA (Arcamone et al. 1964; Baraldi 

et al. 2004). Melting studies, as well as various footprinting techniques, have 

shown that distamycin binds to DNA sequences that are rich in A/T base pairs. As 

with Hoechst, this is due to steric clashes with the 2-amino group of guanine. In 

general, distamycin has a higher affinity than other (AT)n minor groove binding 

ligands such as netropsin and berenil for their preferred binding sites (Zimmer et 

al., 1971; Luck et al., 1974; Fox & Waring, 1984a; Portugal & Waring, 1987a; 

Portugal & Waring, 1987b; Abu-daya et al., 1995). Studies have demonstrated 

preferences for some arrangements of (A/T)n tracts over others. In particular, 

(A/T)AATT(A/T) has been shown to be the strongest binding site for distamycin, 

however, it discriminates less well between different (A/T)n sequences than with 

Hoechst (Abu-daya & Fox, 1997; Hampshire & Fox, 2008b).   

Distamycin is a polyamide which contains three pyrrole groups (Figure 1.10(a)). It 

fits snugly into the minor groove with the three pyrroles parallel to the curvature of 

the walls of the minor groove (Pelton & Wemmer, 1988). Bifurcated hydrogen 

bonds form between the amide groups and five consecutive base pairs at its site 

of binding, displacing the spine of hydration from the minor groove as a result 

(Kopka et al. 1985; Coll et al. 1987). A crystal structure of distamycin bound to a 

dodecamer target duplex is shown in Figure 1.10(b) (Teng et al., 1988). 

It 1989 it was discovered that, at higher distamycin:binding-site ratios, two 

distamycin molecules were able to fit into a single AAATT binding site in an 

antiparallel fashion by distorting and widening the minor groove by approximately 

0.35 nm. Each distamycin interacted with one strand of the duplex (Pelton & 



19 
 

Wemmer, 1989; Pelton & Wemmer, 1990). A crystal structure of this 2:1 binding is 

shown in Figure 1.10(c) (Mitra et al., 1999). Further study estimated that binding of 

a 1:1 distamycin:DNA complex was ten-fold stronger than the 2:1 complex 

(Rentzeperis et al., 1995). Binding to other sequences demonstrated a preference 

for 2:1 binding in TATAT relative to 1:1 binding, whereas AAAAA was disfavoured 

(Fagan & Wemmer, 1992). This is because the minor groove in the TATAT 

sequence contains TpA steps which widen the minor groove more than ApT steps 

(Suzuki et al., 1997). By using alternating inosine (I)/cytosine base pairs instead of 

AT (increasing width of the minor groove, but without changing functional groups), 

binding in the 2:1 mode was enhanced (Chen et al., 1994). 

 

Figure 1.10. (a) The chemical structure of distamycin, (b) a crystal structure of H (red) bound to the 

minor groove of a dodecamer duplex (DOI: 10.2210/pdb2dnd/pdb) (Coll et al., 1987) and (c) a 

crystal structure of distamycin bound to the minor groove in a 2:1 ratio at the sequence 

d(GTATATAC)2 (DOI: 10.2210/pdb378d/pdb) (Mitra et al., 1999). 

As well as being a natural antibiotic, distamycin has some anti-cancer activities by 

interfering with transcription factor-DNA interactions (Taylor et al., 1997) inhibiting  

topoisomerases I and II (Fesens & Pommier, 1989; Woynarowski et al., 1988; 

Chen et al., 1993).  
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1.3.2 Intercalating agents 

1.3.2.1 Actinomycin D 

Naturally produced by various species of Streptomyces, Actinomycins have long 

been shown to be potent antibiotic and antitumour agents (Selman et al., 1942; 

Kirk, 1960; Hollstein, 1974) due to their inhibitory effects on transcription 

(Goldberg & Rabinowitz, 1962; Sobell, 1985). Actinomycin D (actinomycin, Figure 

1.11(a)) is composed of a central phenoxazone chromophore bound to two, largely 

hydrophobic depsipeptide rings. The planar phenoxazone chromophore 

intercalates between base pairs from the minor groove, with a preference for 

sequences containing the dinucleotide GpC (Müller & Crothers, 1968; Sobell, 

1974; Kamitori & Takusagawa, 1994; Liu et al., 1991). A crystal structure showing 

two actinomycin molecules bound to nonamer duplex target is shown in Figure 

1.11(b) (Hou et al., 2002).  This sequence preference has also been confirmed by 

footprinting studies (van Dyke et al., 1982; Fox & Waring, 1984a; Waterloh & Fox, 

1991b) as well as thermal melting studies (Gellert et al., 1965; Chen, 1988; Chen, 

1992). NMR and crystallographic studies have shown that the intercalating agent 

forms hydrogen bonds between its threonine carbonyl groups and the two 2-amino 

groups of guanine, as well as additional hydrogen bonds between the N2 amine 

group of the phenoxazone ring and O5 of the DNA backbone. The two 

depsipeptide residues have been shown by NMR to lie in opposite directions from 

the intercalation site along the minor groove spanning a length of two base pairs 

each (Brown et al., 1984; Liu et al., 1991; Kamitori & Takusagawa 1994; Chen et 

al., 1996; Robinson et al., 2001; Chin et al., 2003). 

All DNA-binding ligands will find their target sites through a series of ‘collisions’ 

with a substrate until finding a site where tight contacts can be established. DNase 

I footprinting experiments at timed intervals from adding actinomycin to a substrate 

have shown that the ligand is able to bind numerous non-canonical sites before 

‘shuffling’, most likely by diffusing on and off the DNA, until reaching its preferred 

GpC site (Fox & Waring 1986a; Bailly et al. 1994). When the drug intercalates, the 

DNA helix is unwound by 26° to accommodate the phenoxazone chromophore 

which allows the depsipeptide rings to lie in the minor groove (Müller & Crothers, 

1968; Kamitori & Takusagawa, 1994). Other studies have also shown that 

actinomycin can alter DNA structure in order to create an optimal binding site, 
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such as by hairpin formation (Chen et al., 2003). It can also loop out bases from 

the B-DNA double helix in sequences not containing the GpC binding site in order 

to adopt a better conformational state for binding (Robinson et al., 2001; Chou et 

al., 2002). An example of this is shown in Figure 1.11(c); the looped out bases are 

indicated by the red rings. 

 

Figure 1.11. (a) The chemical structure of actinomycin D, (b) a crystal structure of two actinomycin 

molecules (red) bound intercalated to a nonamer duplex (DOI: 10.2210/pdb1mnv/pdb) (Hou et al., 

2002), and  (c) a crystal structure of two actinomycin looping out a base from the helix (ringed in 

red) to adopt a more stable conformation (DOI: 10.2210/pdb1i3w/pdb) (Robinson et al., 2001). 

Bases flanking the GpC dinucleotide affect the affinity of actinomycin (Chen, 1988; 

Chen, 1992; Qu et al., 2003). Footprinting studies have demonstrated strong 

binding to the tetranucleotide sequences TGCA, AGCT and CGCG while reporting 

a six-fold lower affinity for the sequence GGCC (Fletcher & Fox, 1996a; 

Hampshire & Fox, 2008b). Several non-GpC binding sites have also been 

reported, particularly at the dinucleotide GpG (Waterloh & Fox, 1992; Bailey et al., 

1994), especially when flanked by GT/AC. Some weak specific binding to GpT and 

ApC has also been observed (Waterloh & Fox, 1992). 

1.3.2.2 Echinomycin 

Echinomycin (Figure 1.12(a)) is a quinoxaline antibiotic anticancer agent (though 

has not passed beyond phase II trials) which bis-intercalates into double-stranded 
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DNA and is known to be a potent inhibitor of transcription (Ward et al., 1965; 

Waring & Wakelin, 1974; Wakelin & Waring, 1976). 

The molecule has a strong preference for sequences with a central CpG 

dinucleotide (van Dyke & Dervan, 1984; Low et al., 1984). However, not all 

sequences that contain a central CpG, such GCGA, bind echinomycin (Fox & 

Kentebe, 1990). The affinity of echinomycin for CpG is affected by the flanking 

sequences and it shows a strong preference for the tetranucleotide ACGT 

(Fletcher & Fox, 1996b; Hampshire & Fox, 2008b). Other, weaker binding sites 

have also been observed at TpG (van Dyke & Dervan, 1984), GpG/CpC, and 

alternating AT sites (Waterloh & Fox, 1991a). 

 

Figure 1.12. (a) The chemical structure of echinomycin, and (b) a crystal structure of two 

echinomycin molecules (red) bis-intercalated to an octamer duplex (DOI: 10.2210/pdb2adw/pdb) 

(Cuesta-seijo et al., 2006). 

Structural studies have shown that echinomycin binds by intercalating its two 

quinoxaline groups either side of the central CpG dinucleotide (Ughetto et al., 

1985; Gao & Patel, 1988; Gilbert & Feigon, 1991; Cuesta-Seijo & Sheldrick, 2005). 

A crystal structure of two echinomycin molecules bound to an octamer duplex is 
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shown in Figure 1.12(b) (Cuesta-seijo et al., 2006). Echinomycin’s alanine 

residues form hydrogen bonds between their carbonyl groups and the 2-amino 

groups of the guanine bases on both strands of the CpG site, while valine residues 

form tight van der Waals interactions with the DNA backbone aiding it to fit within 

the minor groove (Ughetto et al., 1985). 

Echinomycin has been shown to use the same ‘shuffle’ approach as actinomycin  

in binding with some level of affinity for a number of non-canonical binding sites 

before reaching its preferred CpG site (Fox & Waring, 1985). The ligand unwinds 

the DNA double helix by nearly 48°, approximately twice the angle of the 

monofunctional intercalator ethidium (Waring & Wakelin, 1974). Crystal and 

solution based studies to have shown that this unwinding induces the formation of 

Hoogsteen hydrogen bonds instead of Watson-Crick hydrogen bonding between 

the AT base pairs that flank the CpG binding site (Ughetto et al., 1985; Mendel & 

Dervan, 1987; Gao & Patel, 1988; Gilbert & Feigon, 1991). However, studies have 

used the purine analogues 2’deoxy-7-deazaadenosine and 2’deoxy-7-

deazaguanosine to prevent the formation of Hoogsteen hydrogen bonds in 

sequences containing the ligand binding sites. DNase I footprinting showed that 

echinomycin was still able to bind and without affecting binding constants, 

suggesting that Hoogsteen hydrogen bonding is not an essential feature for ligand 

binding (Mclean et al., 1989; Sayers & Waring, 1993).   

1.3.2.3 TANDEM 

Triostin A N-Demethylated (TANDEM) is a synthetic derivative of the bis-

intercalator triostin A (Lee & Waring, 1978; Fox et al., 1980; Viswamitra et al., 

1981). TANDEM lacks N-methyl groups on the valine and cysteine residues that 

are found in triostin A, while all other features, including the quinoxaline 

chromophores and the central disulphide bridge remain the same. The structures 

of these molecules are shown in Figure 1.13(a). 

Unlike its parent compound, which like echinomycin, is selective for sites 

containing the dinucleotide CpG, TANDEM has a preference for AT-rich 

sequences (Lee & Waring, 1978) and appears to bind best to the dinucleotide TpA 

(Low, Olsen, et al., 1984; Waterloh et al., 1992; Lavesa et al., 1993). The ligand 

binds best to this sequence when it is contained within AT-rich environments and 
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ATAT is the best tetranucleotide binding site. TTAA demonstrates very weak 

binding, suggesting flanking bases strongly influence the binding affinity of the 

ligand (Lavesa & Fox, 2001; Hampshire & Fox, 2008a). Upon binding, TANDEM 

unwinds the DNA by approximately 48°, similar to that of its parent compound (Lee 

& Waring, 1978). 

 

Figure 1.13. (a) The chemical structures of Triostin A (top) and its derivative TANDEM (bottom), 

and (b) a solution NMR structure of TANDEM (red) bound bis-intercalated to a hexamer duplex 

(DOI: 10.2210/pdb2da8/pdb) (Addess et al., 1993). 

Solution NMR studies have shown that TANDEM intercalates its quinoxaline 

chromophores either side of the TpA step while the octapeptide ring sits within the 

minor groove in the same way that triostin A and echinomycin do for the CpG step 

(Addess et al., 1992). The alanine groups of the octapeptide ring form hydrogen 

bonds between their amine groups and the N3 of adenines in the TpA step 

(Addess et al., 1993; Addess & Feigon, 1994). Swapping TANDEM’s alanine 

residues for lactic acid (replacing N with O) abolishes binding, confirming the 

importance this hydrogen bonding scheme (Olsen et al., 1986). A solution NMR 

structure of TANDEM bound to a hexamer duplex is shown in Figure 1.13(b) 

(Addess et al., 1993). 
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At first sight it seems surprising that removal of the four methyl groups from triostin 

A (dashed red rings in Figure 1.13(a)) has such a dramatic effect on the sequence 

selectivity. However when these groups are removed the exposed NH form 

intramolecular hydrogen bonds with the carbonyls of the opposing alanines, 

causing narrowing of the peptide structure and obscuring the alanine carbonyls 

which would otherwise interact with the guanine 2-amino group (Addess et al., 

1993). While this allows for intermolecular hydrogen bonding to occur between 

adenine’s N3 and alanines amine group, it is thought that steric and/or 

hydrophobic interactions play the biggest part in TANDEM’s sequence-selectivity 

for TpA instead of CpG (Bailly & Waring, 1998). 

1.3.2.4 Nogalamycin 

Nogalamycin (Figure 1.14(a)) is an anthracycline antibiotic threading intercalator, 

which has been shown to inhibit RNA synthesis (Bhuyan & Smith, 1965; Kersten 

et al., 1966; Das et al., 1974). It contains a central aglycone chromophore, flanked 

on one side by a bicyclic amino sugar and by a nogalose sugar ring on the other 

(Wiley et al., 1977; Arora, 1983). 

Early models of nogalamycin binding (Collier et al., 1984) which were 

subsequently confirmed by a number of solution and crystal structure studies 

(Searle et al., 1988; Liaw et al., 1989; Robinson et al., 1990; Zhang & Patel, 1990; 

Egli et al., 1991; Searle & Bicknell, 1992; Smith et al., 1995; Smith et al., 1996; 

Williams & Searle, 1999) show that the aglycone chromophore intercalates 

perpendicular to the DNA back bone with the bicyclic amino sugar lying in the 

major groove and the uncharged nogalose sugar in the minor groove, forming a 

‘dumbell’-like structure threading the DNA. Due to the ligands bulky sugars, 

transient opening of base pairs is essential for the threading to occur (Liaw et al., 

1989; Gao et al., 1990). This is in agreement with kinetics studies which show fast 

association with AT-rich (i.e. only two hydrogen bonds to break) sequences and 

slow dissociation from GC-rich sequences (three hydrogen bonds) (Fox & Waring, 

1984b; Fox et al., 1985). As a result of its binding, the local double helix is 

unwound and shows buckling of the flanking base pairs (van Houte et al., 1993). A 

solution NMR structure of nogalamycin bound to a hexamer duplex is shown in 

Figure 1.14(b) (Williams & Searle, 1999). 
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Figure 1.14. (a) The chemical structure of nogalamycin, and (b) a solution NMR structure of 

nogalamycin (red) intercalated to a hexamer duplex (DOI: 10.2210/pdb1qch/pdb) (Williams & 

Searle, 1999). 

A number of the structural studies (Searle et al., 1988; Liaw et al., 1989; Robinson 

et al., 1990; Zhang & Patel, 1990; Egli et al., 1991; Searle & Bicknell, 1992; Smith 

et al., 1995; Smith et al., 1996; Williams & Searle, 1999) reported differing 

nogalamycin binding sites, suggesting that it is not so sequence-selective as other 

ligands discussed in this chapter. Footprinting studies have shown that 

nogalamycin binds best to alternating purine-pyrimidine sequences (Fox, 1988), 

particularly TpG (CpA) and GpT (ApC), suggesting that the ligand prefers that all 

four bases are present at the site of binding (Fox & Waring, 1986b). Other 

footprinting studies have stressed the importance of guanine in the binding site 

(Fox & Alam, 1992) which could be due to hydrogen bonding between the 2-amino 

group of guanine and the methyl ester of the nogalose sugar ring in the minor 

groove (Williams et al., 1990). As with the previously described intercalating 

agents, nogalamycin will initially bind a large number of sequences followed by 

shuffling (random dissociation and re-association) in order to find the best 

conformational binding site (Fox & Waring, 1986a). 
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1.3.3 Major groove binding ligands 

1.3.3.1 Triplex forming oligonucleotides 

Nearly sixty years ago it was shown that a triple helical nucleic acid structure could 

be formed between synthetic polyribonucleotides polyU and polyA when mixed in 

a 2:1 ratio (Felsenseld et al., 1957). Since then, triple helical (triplex) DNA  has 

been shown to result from a third strand within the DNA major groove (Moser & 

Dervan, 1987) by Hoogsteen hydrogen bond formation with the purine strand of 

the duplex (Hoogsteen, 1959; Arnott & Bond, 1973; Arnott et al., 1976).  

 

Figure 1.15. (a) Chemical structures of the base triplets T.AT (top) and C+.GC (bottom), and (b) a 

solution NMR structure of a six nucleotide-long TFO (red) bound to the major groove of a B-DNA 

duplex (DOI: 10.2210/pdb1bwg/pdb) (Asensio et al., 1999). 

Triplex forming oligonucleotides (TFOs) can bind either in a parallel or antiparallel 

orientation with respect to the target strand of the duplex. Parallel triplexes are 

mainly formed by binding a polypyrimidine TFO to the polypurine tract on duplex 
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DNA, forming T.AT and C+.GC base triplets (Moser & Dervan, 1987) (Figure 

1.15(a)), though the G.GC triplet can also form in a parallel orientation. These 

parallel triplexes require acidic conditions due to the requirement for the third 

strand cytosines to be protonated at N3 though it has been shown that parallel 

triplexes can form transiently at physiological pH (Liu & Mao, 2014). A number of 

DNA backbone and base modifications have been incorporated in order to 

overcome this pH dependence (Povsic & Dervan, 1989; Barawkar et al., 1996; 

Rusling et al., 2005; Rusling et al., 2006; Rahman et al., 2007). Antiparallel 

triplexes are formed when a purine-rich TFO binds by reverse Hoogsteen 

hydrogen bonding forming the base triplets G.GC and A.AT (though T.AT can also 

adopt an antiparallel orientation) (Beal & Dervan, 1991; Durland et al., 1991). 

However, these triplets are not isomorphous (unlike T.AT and C.GC) and so can 

produce structural distortions and are therefore less stable than parallel triplexes. 

The formation of both parallel and antiparallel triplexes requires the presence of 

multivalent cations in order to overcome the negative charge of the DNA backbone 

(Beal & Dervan, 1991). A solution NMR structure of a parallel TFO bound to the 

major groove of its target duplex is shown in Figure 1.15(b) (Asensio et al., 1999). 

The sequence selectivity of triplexes produces agents with extended sequence 

specificity, which can be used for gene targeting. This was first exploited by 

attaching EDTA·Fe to the TFO so as to produce site-specific cleavage of a DNA 

fragment (Moser & Dervan, 1987). This approach has been extended to achieve 

site specific cleavage of a yeast chromosome (Strobel & Dervan, 1990). Triplexes 

have also been used to prevent methylation at restriction enzyme sites, and 

thereby used as a method to aid genome mapping (Strobel & Dervan, 1991). 

Other studies have shown that triplex DNA can be utilised to specifically inhibit 

transcription by DNA polymerases (Samadashwilyl et al., 1993; Giovannangeli et 

al., 1993; Samadashwily & Mirkin, 1994) as well as demonstrating applications for 

genetic recombination (Chan & Glazer, 1997; Faria & Giovannangeli, 2001; 

Seidman & Glazer, 2003). 
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1.4 Main techniques used in this thesis 

1.4.1 DNA footprinting 

DNA footprinting involves the cleavage of a (radiolabelled) DNA fragment under 

single hit kinetics (each labelled DNA fragment is only cleaved once, on average). 

When the products of the reaction are run on a denaturing polyacrylamide gel, this 

produces a distinctive banding pattern (Drew & Travers, 1984). When a ligands 

interact with the DNA substrate, cleavage is sterically inhibited resulting in a gap or 

‘footprint’ in the digestion pattern at the site of ligand binding (Galas & Schmitz, 

1978). A schematic representation of this is shown in Figure 1.16. As ligand 

concentration decreases, the bands gradually return to that of the control cleavage 

pattern.  

 

Figure 1.16. Schematic representation of a DNA footprinting assay. dsDNA is radiolabelled 

(asterisk) at one end then subjected to cleavage under single-hit kinetics which produced a 

banding pattern on a denaturing polyacrylamide gel. When a ligand is present on the DNA, a 

footprint is seen in the banding pattern. Figure adapted from (Hampshire et al., 2007). 

When run alongside a marker lane such as Maxam-Gilbert GA tract, which 

highlights the positions of adenines and guanines due to depurination by formic 

acid (Maxam & Gilbert, 1977), the sequences of ligand binding sites can be 

identified (Hampshire et al., 2007). By measuring the concentration-dependence of 
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the band intensities within the footprint, the C50 value (the concentration at which 

the band intensity is reduced by 50%) can be calculated which, if the DNA 

substrate concentration is much lower than the ligand, approximates to the 

dissociation constant (Kd) of the ligand (Hampshire et al., 2007). 

1.4.1.1 Deoxyribonuclease I (DNase I) 

DNase I is an unspecific monomeric endonuclease which produces single-

stranded nicks in duplex DNA (a crystal structure of DNase I interacting with an 

octamer duplex is shown in Figure 1.17 (Weston et al., 1992)). DNase I acts by 

inserting an exposed loop on the surface of the enzyme (circled in blue) into the 

DNA minor groove which causes the groove to widen. The loop then interacts with 

the phosphodiester backbone enabling it to cleave the O3’-P bond, generating 

single stranded nicks in the DNA backbone (Suck & Oefner, 1986; Lahm & Suck, 

1991; Weston et al., 1992). Polyacrylamide gel cleavage patterns of DNase I are 

not even, despite the enzymes lack of sequence-selectivity. This is because the 

exposed loop of the enzyme does not so easily fit into narrower minor grooves 

such as (A/T)n tracts. DNase I also bends the double helix upon binding (Lahm & 

Suck, 1991; Weston et al., 1992), so cleavage may also be reduced in less flexible 

sequences such as GC rich regions.  

 

Figure 1.17. Crystal structure of DNase I with an octamer duplex. A free loop interacting with the 

minor groove is circled in blue (DOI: 10.2210/pdb1dnk/pdb)(Weston et al., 1992). 



31 
 

Since the DNA backbone is inclined relative to the helical axis, cleavage is 

staggered across the strands which results in footprints being staggered 2-3 bp in 

the 3’ direction. The large size of the enzyme and its target (approximately 10 bp) 

also results in an exaggeration of a ligand binding site. Divalent metal cations such 

as calcium and magnesium are required for DNase I to function (Price, 1975) 

which enables deactivation of the enzyme with the chelating agent EDTA. 

1.4.1.2 Hydroxyl radical cleavage 

Due to their very small size, hydroxyl free radicals cleave DNA with hardly any 

sequence dependence thus giving base pair resolution and provide more accurate 

positions of ligand binding sites than DNase I (Price & Tullius, 1992). Hydroxyl 

radicals can be generated using the Fenton reaction as shown in Equation 1.1. In 

this reaction, Fe is usually complexed with EDTA to prevent direct interaction of Fe 

with DNA. 

[Fe]2− +  H2O2  →  [Fe]− +  OH− + ∙ OH 

Equation 1.1 

Hydroxyl radicals attack the 4’ C of the deoxyribose sugar ring in the DNA minor 

groove, thus cleaving the DNA backbone. Because hydroxyl radicals cleave DNA 

from the minor groove, they can be a useful tool for identifying binding sites of 

minor groove binding ligands (especially in narrow (A/T)n tracts which DNase I 

does not bind well) such as minor groove-binding DNA-binding proteins (though 

most bind to the major groove) (Tullius & Dombroski, 1986) and small molecules 

such as distamycin (Portugal & Waring 1987b). Bases at the centre of branched 

DNA junctions can also show protection from hydroxyl radical cleavage (Churchill 

et al., 1988; Wang et al., 1991; Price & Tullius, 1992; Fu & Seeman, 1993). 

Hydroxyl radicals however, are not so useful for identifying binding positions of 

ligands which don’t bind tightly to the minor groove such as interactions with 

intercalating agents and major groove binding ligands such as TFOs and proteins. 

1.4.2  Modification by Diethylpyrocarbonate 

Diethylpyrocarbonate (DEPC) is able modify purine nucleotide bases within DNA 

which are in unusual or distorted conformations (B-DNA has little to no reactivity). 

This chemical probe acts by carbethoxylating the N7 position of purine bases 
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(especially A) causing the imidazole ring of the base to be opened up (Leonard et 

al., 1971; Vincze et al., 1973). The reaction leads to the formation of two products 

which are pictured in the reaction schematic shown in Figure 1.18. Cleavage at the 

sites of modified bases occurs when the DNA is treated with alkali. 

 

Figure 1.18. Reaction of diethylpyrocarbonate with adenosine. 

DEPC has been used to probe DNA for the presence of distorted or unusual DNA 

structures.  In particular, alternating pyrimidine/purine sequences such as (CpA)n 

are susceptible to modification by DEPC under conditions which favour left handed 

Z-DNA, such as within supercoiled DNA (Johnston & Rich, 1985; Herr, 1985). It 

has also been shown to modify adenines adjacent to the binding sites of a number 

of DNA-binding agents such as the bis-intercalating quinoxaline antibiotic 

echinomycin in the sequence CGA (Portugal et al., 1988; Bailly et al., 1994)  as 

well as the glycopeptide antibiotics, bleomycin and phleomycin at GPyA sites (Fox 

& Grigg, 1988). These modifications are thought to arise from ligand-induced 

conformational changes in DNA. 

1.4.3 DNA melting 

The stability of nucleic acids can be determined by measuring the thermal 

transition from double to single stranded structures using several detection 

methods. The conventional method is UV melting at a wavelength of 260 nm 

(Marmur, 1968). The transition from double- to single-stranded DNA is 

accompanied by an increase in absorbance at 260 nm, as the nucleobases are 

exposed to an aqueous environment. This produces a sigmoidal increase in 

absorbance, for which the midpoint is known as the melting temperature (Tm). 

Stable duplex sequences (such as GC-rich DNA) produce higher Tm values, and 
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ligands that bind to duplex DNA also increase melting temperature, such as the 

minor groove binder distamycin which will strongly stabilises AT-rich DNA (Zimmer 

et al., 1971). 

DNA-binding fluorescent dyes can also be used to monitor DNA stability if the free 

and bound ligands have different fluorescent properties. One such dye, which is 

widely used in real time PCR experiments is SYBR green I (SYBR green) 

(Morrison et al., 1998; Dragan et al., 2012). SYBR green does not fluoresce when 

free in solution or in the presence of single-stranded DNA, but has a large 

fluorescence in the presence of duplex DNA. Its fluorescence therefore decreases 

as the DNA denatures, allowing determination of the melting temperature. The use 

of fluorescent dyes has advantages over UV melting as it is relatively inexpensive 

and allows detection of much smaller amounts of DNA than typically used for UV 

melting (Monis et al., 2005). However, the dye binds to duplex and not single-

stranded DNA and must therefore have some effect on the stability of the DNA 

duplex and increase the apparent Tm. Both these approaches measure the global 

melting profile of the entire DNA duplex and cannot report on any local melting 

events. 

In contrast the use of fluorescence resonance energy transfer (FRET) or collisional 

quenching can provide information on DNA stability at specific locations. FRET 

occurs when the fluorescence emission of a fluorophore (donor) overlaps with the 

absorbance spectrum of an acceptor molecule, the energy of the donor can be 

passed to the acceptor by dipole-dipole interactions when in close proximity 

(typically in the order of just a few nanometers), whereas with collisional 

quenching, the fluorophore and a quencher molecule will form a ground state 

complex, preventing excitation (Stryer & Haugland, 1967; Lakowicz, 1999). If 

these molecules are close to each other on the DNA strand (e.g. the 5’- end of one 

strand and the 3’ end of the other) then the increase in fluorescence of the donor 

(or decrease in fluorescence of the acceptor when using FRET) can be measured 

to determine Tm values as the structure denatures and the reporter molecules 

move apart. A schematic representation of this is shown in Figure 1.19. Sensitive 

detectors such as a Roche LightCycler® which can test small volume samples (20 

µl, which is a fraction of the volumes typically used for UV melting) are useful 

instruments for detecting these fluorescence changes. Methods like this can also 
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be useful tools for studying other DNA structural motifs such as triplexes and 

quadruplexes (Darby et al., 2002). 

 

Figure 1.19. Schematic representation demonstrating the use of FRET/collisional quenching. A 

stable duplex holds the fluorophore and quencher in close proximity and there is no fluorescence, 

as the strands denature the fluorophore is no longer quenched. 

1.4 Aims of this Thesis 

It is clear that DNA nanotechnology is a rapidly growing field with a huge potential 

for biomedical applications, particularly with respect to drug delivery and as 

biosensors. A number of studies use molecules that interact with the DNA, though 

to date there have been few studies on the interaction of ligands with DNA 

nanostructures. 

The purpose of the research described in this thesis was to assess the interaction 

of different types of sequence-selective DNA-binding ligands with DNA as part of a 

nanostructure versus linear B-DNA. The parameters tested were sequence-

selectivity between the two DNA structures, effects on nanostructure formation, 

affinity, and both global and specific effects on stability. The ligands used vary in 

their binding modes; ligands such as the minor groove-binder Hoechst 33258 and 

major groove-binding triplex forming oligonucleotides do not distort B-DNA upon 

binding, whereas mono- and bifunctional intercalators such as actinomycin and 

echinomycin distort and widen B-DNA at the site of binding. We therefore 

predicted that DNA-distorting ligands would exhibit major differences in binding 

between the linear and nanostructured DNA targets due to a reduced ability to 

widen the helix, whereas non-DNA-distorting ligands would show few differences 

between the two structures. 
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2.0 Materials and Methods 

2.1 Materials 

2.1.1 Oligonucleotides and DNA sequences 

All synthetic DNA sequences were obtained from ATDBio Ltd (Oxford, UK). These 

were dissolved in 1 ml dH2O and stored at -20 °C. A pUC18 plasmid with a 160 bp 

insert from the tyrT promotor sequence of E. coli, mutated to contain an oligo(T/C) 

tract between bases 43-59 [tyrT(43-59)] (Brown & Fox, 1999), was obtained from 

Professor Keith Fox. Sequences of the synthetic oligonucleotides and the tyrT(43-

59) fragment are presented in Table 2.1. 

2.1.2 Enzymes 

All restriction enzymes, T4 polynucleotide kinase (PNK), T4 DNA ligase, and 

exonuclease III were purchased from New England Biolabs (Hertfordshire, UK). 

Thermostable alkaline phosphatase (TSAP) was purchased from Promega 

(Southampton, UK), and AMV reverse transcriptase and deoxyribonuclease I 

(DNase I) were purchased from Sigma-Aldrich (Poole, UK). All enzymes were 

stored at -20 °C. 

2.1.3 Chemicals 

2.1.3.1 Radioactivity 

α-32P-ATP and γ-32P-ATP were purchased from Perkin-Elmer (Buckinghamshire, 

UK) with an activity of 111 TBq/ mMol at the time of the reference date. 

2.1.3.2 Electrophoretic mobility shift assays 

Accugel (40 % (w/v) 19:1 acrylamide:bisacrylamide), UreaGel (20 % (w/v) 19:1 

acrylamide:bisacrylamide with 8 M Urea), and acetic acid were purchased from 

Fisher Scientific (Loughborough, UK). Agarose powder, Ficoll, GelRed™, 

Tris(hydroxymethyl)aminomethane (Tris), ethylenediaminetetraacetic acid (EDTA), 

Tetramethylethylenediamine (TEMED) and ammonium persulphate (APS) were 

purchased from Sigma-Aldrich (Poole, UK). Diamond™ nucleic acid stain was 

purchased from Promega (Southampton, UK), 

https://en.wikipedia.org/wiki/Ethylenediaminetetraacetic_acid
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2.1.3.3 DNA-binding ligands 

Actinomycin D, echinomycin, distamycin and Hoechst 33258 were all purchased 

from Sigma-Aldrich (Poole, UK). Nogalamycin was a gift to Prof Keith Fox from the 

Upjohn Laboratory (Michigan, USA (subsequently taken over by Pfizer)). TANDEM 

was a gift from Professor Mark Searcey (University of East Anglia, UK). Triplex 

forming oligonucleotides (TFOs) were obtained from ATDBio Ltd. 

2.1.3.4 DNA thermal melting 

Monosodium phosphate and disodium phosphate were purchased from Sigma-

Aldrich (Poole, UK), SYBR green I dye was purchased from Life Technologies 

(Paisley, UK) and choline dihydrogen phosphate (ChDHP) was purchased from 

Ionic Liquid Technologies (Heilbronn, Germany). 

2.1.3.4 DNA chemical probing 

Diethylpyrocarbonate, L-ascorbic acid, hydrogen peroxide (30 % (w/v) were 

purchased from Sigma-Aldrich (Poole, UK), and Ammonium ferrous sulphate was 

purchased from Fisher Scientific (Loughborough, UK). 

2.1.4 Other items 

LightCyler® glass capillaries were purchased from Roche (Sussex, UK). QIAquick 

spin miniprep and QIAquick gel extraction kits were purchased from Qiagen 

(Manchester, UK). X-ray film was purchased from Kodak.  
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Table 2.1. DNA sequences used in this thesis. 5’ and 3’ modifications are highlighted in bold where p represents a phosphate group, F is Carboxyfluorescein, 

Q is Dabcyl and HEG is hexethyleneglycol. 

ST-mod1 5’–pGTACAGTTGAGATGAACAAGAGAAGGATTGACATTGAGAATTCCACCTAGTAGATGGATCTAC 

ST-mod2 5’–pCTAGGTACAACAGTCAATCCTTCTCTTGTTCAACATGTTGATATCCAAGACCAAGTACTGAAG 

ST-mod3 5’–pAATTCTCAAAGTTGTACCTAGCTTCAGTACACCTAAGAAAGAAGAGAATCCACTACTAGGTGG 

ST-mod4 5’-pATCAACATGACTCAACTGTACGTAGATCCAAGGATTCTCTTCTTTCTTAGGATGGTCTTGGAT 

ST-mod1 comp 5’–GTAGATCCATCTACTAGGTGGAATTCTCAATGTCAATCCTTCTCTTGTTCATCTCAACTGTAC 

ST-mod2 comp 5’–CTTCAGTACTTGGTCTTGGATATCAACATGTTGAACAAGAGAAGGATTGACTGTTGTACCTAG 

ST-mod3 comp 5’–CCACCTAGTAGTGGATTCTCTTCTTTCTTAGGTGTACTGAAGCTAGGTACAACTTTGAGAATT 

ST-mod4 comp 5’–ATCCAAGACCATCCTAAGAAAGAAGAGAATCCTTGGATCTACGTACAGTTGAGTCATGTTGAT 

ST-mod1 5’F-3’Q 5’–F-GTACAGTTGAGATGAACAAGAGAAGGATTGACATTGAGAATTCCACCTAGTAGATGGATCTAC-Q- 

ST-mod2 5’F-3’Q 5’–F-CTAGGTACAACAGTCAATCCTTCTCTTGTTCAACATGTTGATATCCAAGACCAAGTACTGAAG-Q- 

ST-mod3 5’F-3’Q 5’–F-AATTCTCAAAGTTGTACCTAGCTTCAGTACACCTAAGAAAGAAGAGAATCCACTACTAGGTGG-Q- 

ST-mod4 5’F-3’Q 5’-F-ATCAACATGACTCAACTGTACGTAGATCCAAGGATTCTCTTCTTTCTTAGGATGGTCTTGGAT-Q- 

CCT1 5’-ACATTCCTAAGTCTGAAACATTACAGCTTGCTACACGAGAAGAGCCGCCATAGTA 

CCT2 5’-TATCACCAGGCAGTTGACAGTGTAGCAAGCTGTAATAGATGCGAGGGTCCAATAC 

CCT3 5’-TCAACTGCCTGGTGATAAAACGACACTACGTGGGAATCTACTATGGCGGCTCTTC 

CCT4 5’-TTCAGACTTAGGAATGTGCTTCCCACGTAGTGTCGTTTGTATTGGACCCTCGCAT 

CCT1 comp 5'-TGTAAGGATTCAGACTTTGTAATGTCGAACGATGTGCTCTTCTCGGCGGTATCAT  

CCT2 comp 5’-GTATTGGACCCTCGCATCTATTACAGCTTGCTACACTGTCAACTGCCTGGTGATA 
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CCT3 comp 5’-GAAGAGCCGCCATAGTAGATTCCCACGTAGTGTCGTTTTATCACCAGGCAGTTGA 

CCT4 comp 5’-ATGCGAGGGTCCAATACAAACGACACTACGTGGGAAGCACATTCCTAAGTGTGAA 

ST1 5’-pAGGCAGTTGAGACGAACATTCCTAAGTCTGAAATTTATCACCCGCCATAGTAGACGTATCACC 

ST2 5’-pCTTGCTACACGATTCAGACTTAGGAATGTTCGACATGCGAGGGTCCAATACCGACGATTACAG  

ST3 5’-pGGTGATAAAACGTGTAGCAAGCTGTAATCGACGGGAAGAGCATGCCCATCCACTACTATGGCG 

ST4 5’-pCCTCGCATGACTCAACTGCCTGGTGATACGAGGATGGGCATGCTCTTCCCGACGGTATTGGAC 

HP1 5’-F-AATTCTCAA-HEG-TTGAGAATTCCACCTAGTAG-HEG-CTACTAGGTGG-Q 

HP2 5’-F-ATCAACATG-HEG-CATGTTGATATCCAAGACCA-HEG-TGGTCTTGGAT-Q 

HP3 5’-F-CTAGGTACAAC-HEG-GTTGTACCTAGCTTCAGTAC-HEG-GTACTGAAG-Q 

HP4 5’-F-GTACAGTTGAG-HEG-CTCAACTGTACGTAGATCCA-HEG-TGGATCTAC-Q 

ST-mod 10mer TFO 5'-TTCTCTTCCT 

ST-mod 13mer TFO 5’-TTCTTTCTTCTCT 

Psoralen ST-mod 13mer TFO 5’-Psoralen-TTCTTTCTTCTCT 

13mer(HEG)310mer 5’-TTCTTTCTTCTCT(HEG)3TTCTCTTCCT 

Psoralen-13mer(HEG)310mer 5’-Psoralen-TTCTTTCTTCTCT(HEG)3TTCTCTTCCT 

Partly palindromic linker 5’-ATATATACCCGGGTATATATAGAGAAGAAAGAA 

tyrT (43-59) fragment 5’-AATTCCGGTTACCTTTAATCCGTTACGGATGAAAATTACGCAACCAGTTCTTTTTT 

    3’-GGCCAATGGAAATTAGGCAATGCCTACTTTTAATGCGTTGGTCAAGAAAAAA 

   CTCTTCCTAACACTTTACAGCGGCGCGTCATTTGATATGAAGCGCCCCGCTTCC-3’ 

   GAGAAGGATTGTGAAATGTCGCCGCGCAGTAAACTATACTTCGCGGGGCGAAGGGCTC-5’ 

tyrT 10mer TFO 5’-TCCTTCTCTT 
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2.2 Methods 

2.2.1 Radiolabelling 

2.2.1.1 5’ end labelling 

Some DNA tetrahedron forming oligonucleotides contained 5’ phosphates which 

needed to be removed before 5’-radiolabelling with 32P. To do this, 1 µl stock 

oligonucleotide (typically between 20-60 µM) was incubated with 1 µl TSAP in 1x 

Multicore buffer (25mM Tris-acetate (pH 7.5), 100mM potassium acetate, 10mM 

magnesium acetate, 1mM dithiothreitol) in a total volume of 15 µl at 37 °C for 1 

hour. TSAP was then inactivated by incubating at 70 °C for 20 minutes.  

1 µl of stock oligonucleotide was combined with 2 µl 10x polynucleotide kinase 

(PNK) buffer, 1.5 µl γ-32P-ATP, 1 µl PNK and diluted with water to a total volume of 

20 µl (oligonucleotides pre-treated with TSAP had the same reagents added to the 

previous reaction mixture up to a volume of 20 µl). Samples were incubated at 37 

°C for at least 1 hour. 5 µl DNase STOP solution (80 % formamide, 10 mM EDTA, 

1 mM NaOH and 0.1 % (w/v) bromophenol blue) were added to the samples then 

heated to 95 °C for 5 minutes and crash-cooled on wet ice. 

The labelled oligonucleotides were separated from unincorporated γ-32P-ATP and 

any other oligonucleotide impurities on a 9.6 % denaturing polyacrylamide gel (12 

ml UreaGel, 2.5 ml 5xTBE containing 8M urea (216 g Tris, 55 g Boric acid, 18.8 g 

EDTA and 1 Kg Urea in 2 l water), 10.5 ml diluent (1 kg Urea in 2 l water), 100 µl 

20 % (w/v) APS and 20 µl TEMED) which was poured between two 20 cm long 

glass plates separated by 0.3 mm. The gel was run at 800 V and 20 W (these 

conditions allow the gel to get hot, promoting denaturation) until the bromophenol 

blue dye reached the bottom of the gel. The glass plates were separated and the 

gel was exposed to X-ray film for approximately 2 minutes to revealed the 

locations of the bands corresponding to the radiolabelled oligonucleotide. The 

bands were then cut out and eluted overnight in 200 µl Tris-EDTA (with a 

Tris:EDTA ratio of 10:1 (10:1 TE)) (10 mM Tris-HCl pH 7.5, 1 mM EDTA) on a 

rocker at 45 rpm. The eluted DNA was precipitated by adding 20 µl 3 M NaOAc 

and 800 µl ethanol then cooled at -80 °C on dry ice for approximately 0.5 hours 

before pelleting the DNA by centrifugation. The pellet was washed with 70 % 

ethanol then dried under a vacuum. The dried DNA was re-dissolved in TE (with a 
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Tris:EDTA radio of 10:0.1 (10:0.1 TE) (10 mM Tris-HCl, 0.1 mM EDTA) at a 

concentarion of approximately 10 counts per second per µl, as determined on a 

hand held Geiger counter (typically between 100-200 µl). 

2.2.1.2 3’ end labelling of the tyrT(43-59) fragment 

Freshly prepared plasmid containing the insert to be labelled was digested with 

EcoRI and AvaI (50 µl plasmid (typical concentration of 300 ng/µl), NEBuffer2, and 

1 µl each of the restriction enzymes (up to a total volume of 60 µl) at 37 °C for 1 

hour to release the insert. The enzymes were then inactivated by heating at 65 °C 

for 10 minutes. 

7 µl AMV reverse transcriptase buffer, 1.5 µl α-32P-ATP, 1 µl water and 0.5 µl AMV 

reverse transcriptase were added to the mixture and incubated at 37 °C for at least 

1 hour. 5 µl of 20 % (w/v) Ficoll solution (2 g Ficoll, 2 mM EDTA and 0.1 % (w/v) 

bromophenol blue) was added to the samples and the labelled DNA was 

separated on a 9.6 % native polyacrylamide gel (6 ml Accugel, 5 ml 5x TBE (108 g 

Tris, 55 g boric acid and 9.4 g EDTA in 2 l water), 14 ml water, 100 µl 20 % (w/v) 

APS and 20 µl TEMED poured between two 20 cm glass plates separated by 0.3 

mm. The gel was run at 400 V and 10 W, this prevented the gel getting too hot so 

not to denature the DNA. The gel was exposed to X-ray film to locate the position 

of the radiolabelled DNA, which consisted of the 110 base pair tyrT(43-59) 

fragment as well as the remainder of the linearised plasmid. The tyrT(43-59) 

fragment, was extracted, eluted and purified the same manner as used in 5’ end 

labelling.  

2.2.2 DNA tetrahedron/Duplex annealing 

Each of the DNA tetrahedra used in the work described in this thesis were 

generated from four oligonucleotide strands. The buffer in which the tetrahedra 

were annealed depended on the experimental application: 

 Band shift assays and DNase I footprinting experiments were carried out in 

40 mM Tris-acetate (TA) (pH 7.0) + 5 mM MgCl2 

 All DNA melting (unless stated otherwise), hydroxyl cleavage assays, and 

DEPC modification experiments were carried out in 50 mM sodium 

phosphate (pH 7.4) (50 mM monosodium phosphate and 50 mM disodium 

phosphate, filtered through 0.2 µm syringe filter (Millipore)). 
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 Experiments involving the formation of triplexes (unless stated otherwise) 

were carried out in 40 mM Tris-Acetate (pH 5) + 5 mM MgCl2 

The oligonucleotides which make up the tetrahedra were separately diluted from 

stock solutions in the appropriate buffer then combined together in equimolar 

quantities at a concentration of 1 µM in a volume of 10 µl (or 20 µl for LightCycler 

melting experiments). Each sample was heated at 95 °C for 5 minutes then cooled 

quickly on wet ice, which is a slight variant on the original protocol for annealing 

tetrahedra which used a PCR cycler to cool the samples down to 4 °C over 30 

seconds (Goodman et al., 2005). Duplexes corresponding to each of the four 

oligonucleotide strands which make up the DNA tetrahedra were annealed in the 

same fashion.   

When using radiolabelled oligonucleotides, the DNA tetrahedron mixture would be 

doped with 1 µl (5 mCi/ml) of the relevant 5’ end radiolabelled oligonucleotide 

before annealing. This does not affect the stoichiometry of the four strands as the 

radiolabelled oligonucleotides were typically 200-400 fold lower in concentration 

that the rest of the strands in the mixture. To test successful tetrahedron formation, 

the samples were assayed by electrophoretic mobility shift assays (EMSAs) 

alongside one, two and three stranded combinations of the oligonucleotide that 

make up the tetrahedron.  

One of the DNA tetrahedra was treated with T4 DNA ligase in order to covalently 

close the structure. 1.5 µl T4 DNA ligase buffer (50 mM Tris-HCl, 10 mM MgCl2, 1 

mM ATP ,10 mM dithiothreitol), 0.5 µl T4 DNA ligase and 3 µl water were added to 

a pre-annealed 10 µl DNA tetrahedron sample which was left overnight at 4 °C. 

The ligase was inactivated by heating to 65 °C for 10 minutes. Non-covalently 

closed strands were removed using exonuclease III (Exo III); 2 µl NEBuffer1 

(10mM Bis-Tris-Propane-HCl, 10mM MgCl2, 1mM dithiothreitol), and 1 µl Exo III 

were added to the ligation mix (up to a total volume 20 µl) then incubated at 37 °C 

for 1 hour before inactivating the Exo III at 70 °C for 20 minutes. 

2.2.3 Agarose gel electrophoresis 

Agarose gels of concentrations between 1-2.5 % (w/v) were prepared in either 50 

or 100 ml solutions with 1x TBE buffer (unless stated otherwise). The mixture was 

heated in a microwave for 1.5 minutes until the agarose was dissolved in the 
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buffer. For some experiments, 1x DiamondTM nucleic acid dye was added to the 

heated mixture then poured into an electrophoresis tray (other experiments 

required post-staining of the gel after the experiment by soaking the gel in 500 ml 

water mixed with 2 µl GelRedTM nucleic acid stain). The gel was placed in the gel 

tank and immersed in 1x TBE containing 5 mM MgCl2. 4 µl Ficoll (20 % (w/v) and 

0.1 % (w/v) bromophenol blue) were added to the samples which were then 

loaded onto the gel and were run at approximately 70 V until the dye reach the 

bottom. The gels were imaged using a SynGene gel imager with GeneSnap 

software. 

2.2.4 DNase I footprinting 

2.2.4.1 Footprinting DNA binding ligands 

Footprinting methods used were either in-line with or modifications of previously 

described protocols (Cardew & Fox, 2010; Brown & Fox, 1999). 

DNA-binding ligands were diluted in pH 7 TA + 5 mM MgCl2 to the desired 

concentrations before adding to pre-annealed DNA tetrahedron/duplex samples 

(described previously) and incubated at room temperature for approximately 30 

minutes.  

To cleave DNA in TA + 5 mM MgCl2, 1 µl of stock DNase I solution (stock 

prepared containing 7200 U/ ml in 150 mM NaCl and 1 mM MgCl2 and stored at -

20 °C,) was diluted in 49 µl of DNase I reaction buffer (20 mM NaCl, 2 mM MgCl2 

and 2 mM MnCl2). 2 µl working DNase I solution was added to 10 µl of the 

radiolabelled DNA sample (at a concentration of 1 µM) and incubated at room 

temperature for 2 minutes. The reaction was stopped by adding 5 µl DNase STOP 

solution and the samples were heated at 95 °C for 5 minutes before crash cooling 

on wet ice. The cleavage products were separated on a 40 cm 12 % denaturing 

polyacrylamide gel (thickness of 0.3 mm) at 1500V and 40W until the dye reached 

the bottom of the gel (approximately 2-2.5 hours). The gel plates were separated 

and gel was soaked in 10 % (v/v) acetic acid to fix the DNA for 10 minutes before 

transferring the gel onto Whatman 3 MM paper and drying under a vacuum at 86 

°C for 1.5 hours. The dried gel was exposed against a phosphor imaging screen 

overnight and imaged using a Typhoon FLA 7000 phosphorimager (GE 

Healthcare). 
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2.2.4.2 Footprinting TFOs on DNA tetrahedra/duplexes 

TFOs were diluted in pH 5 TA + 15 mM MgCl2 to the desired concentrations then 

incubated with preformed target DNA tetrahedron/duplex samples overnight at 4 

°C. 

5 µl DNase I was diluted from stock into 45 µl DNase I reaction buffer. 2 µl of the 

working solution was added to the DNA sample and incubated for 2.5 minutes at 

room temperature before adding 5 µl DNase STOP solution, heating at 95 °C for 5 

minutes and crash cooling on wet ice. The cleavage products were run on a gel, 

dried and imaged using the same methods used for the small molecule 

footprinting. 

2.2.4.3 Footprinting with the tyrT(43-59) fragment 

TFOs for the target site on the tyrT(43-59) fragment were diluted in pH 5 TA + 5 

mM MgCl2 to the appropriate concentration, then added to 1 µl of the radiolabelled 

tyrT(43-59) fragment, in a total volume of 10 µl. The samples were incubated 

overnight at 4 °C. 

 0.8 µl of stock DNase I was added to 99.2 µl DNase I reaction buffer. 2 µl working 

DNaseI solution was added to each sample and incubated for 2 minutes at room 

temperature before adding 5 µl DNase STOP solution, heating at 95 °C for 5 

minutes and crash cooling on wet ice. 

The cleavage products were run on a 40 cm 7.2 % denaturing polyacrylamide gel 

at 1500 V and 40 W until the dye reached the bottom of the gel. The gel was fixed, 

dried and imaged using the protocols described above. 

2.2.5 Hydroxyl radical cleavage 

Four solutions (A-D) were made consisting of the following components: 

A. 1 µl ferrous ammonium sulphate (200 mM) in 1 ml Water (final 

concentration: 200 nM) 

B. 2.5 µl EDTA (0.5 M) in 1 ml Water (final concentration: 1.25 mM) 

C. 10 µl ascorbic acid (10 mM) in 100 µl Water (final concentration: 1mM) 

D. 10 µl H2O2 (30 % (w/v)) in 1 ml Water (final concentration: 0.3 % (w/v)) 

A radical mix was prepared from solutions A-D in the ratio: A:B:C:D 1:1:2:2. 
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10 µl radical mix was added to a 10 µl volume of pre-annealed 1 µM DNA in 50mM 

Sodium phosphate buffer (pH 7.4). The reaction was left for 2 minutes at room 

temperature and was terminated by ethanol precipitation. The precipitated DNA 

was pelleted by centrifugation, the supernatant was removed and the pellet dried 

under vacuum. The DNA was re-dissolved in 5 µl DNase STOP solution, heated at 

95 °C for 5 minutes then loaded onto a 40 cm 12 % denaturing polyacrylamide gel 

(as previously described). 

2.2.6 DEPC modification 

5 µl DEPC was added to 10 µl of 1 µM pre-annealed DNA samples in 50 mM 

sodium phosphate buffer (pH 7.4) and incubated for 20 minutes at room 

temperature. The reaction was stopped by ethanol precipitation, followed by 

washing with 70 % ethanol and the DNA pellet was dried under vacuum. The DNA 

was re-dissolved in 20 µl 10 % (v/v) piperidine and heated at 95 °C for 30 minutes. 

The samples were then centrifuged at 80 °C under vacuum until dry, washed with 

20 µl water, re-dried, washed again, dried once more then redissolved in 5 µl 

DNase STOP solution. The solution was heated at 95 °C for 5 minutes then crash 

cooled on wet ice before loading onto a 40 cm 12 % denaturing polyacrylamide gel 

(as described above). 

2.2.7 GA marker lanes 

All DNase I, hydroxyl radical and DEPC modification assays were run alongside a 

GA marker lane which indicates the locations of purines on the gel. 

1 µl radiolabelled oligonucleotide was added to 20 µl water and 5 µl DNase STOP 

solution. The mixture was boiled at 95 °C in a 1.5 ml Eppendorf tube with the cap 

open for 25 minutes. For 3’ end labelled DNA this was crash cooled on ice then 

loaded on the gel. For 5’ end radiolabelled markers, 20 µl of 10 %(v/v) piperidine 

was added to the DNA and boiled for a further 30 minutes with the cap closed. The 

samples were centrifuged under vacuum at 80 °C until dry, washed with 20 µl 

water, re-dried, washed again, dried once more then redissolved in 5 µl DNase 

STOP before heating at 95 °C for 5 minutes, crash cooled on wet ice and loaded 

on the gel. 
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2.2.8 DNA cleavage analysis and generation of C50 values 

Gel analysis was carried out using ImageQuantTL software (GE Healthcare). To 

analyse DNA banding patterns from DNase I and hydroxyl radical cleavage assays 

and DEPC modification assays, a box was drawn around each lane from a single 

gel and densitometer traces were generated for each gel lane. DNase I and DEPC 

assays were adjusted to remove background noise using the ‘background 

subtraction’ feature in ImageQuant. The numerical data were exported into 

Microsoft Excel to produce the corresponding densitometry plots. 

To analyse DNase I footprints, band intensities from the ligand binding site were 

measured from a single gel across a range of ligand concentrations. To adjust for 

gel loading errors, each value was normalised by dividing the intensity of a region 

in each lane unaffected by ligand interaction. The values were normalised 

between 1 and 0 and graphs were generated in SigmaPlot (SysStat Software Inc.) 

showing the variation of band intensity with concentration. C50 values (the ligand 

concentration at which the band intensity is reduced by half) were calculated using 

the following equation: 

I I0 = C50 (L + C50)⁄⁄  

Equation 2.1 

Where I/I0 are the band intensities with and without ligand respectively and L is 

the ligand concentration. C50 values generated were derived from a single gel, and 

not an average, though repeat gels showed similar trends. 

2.2.9 Psoralen crosslinking 

5’–psoralen-labelled TFOs, were incubated with their duplex targets in pH 5.0 TA + 

5 mM MgCl2 overnight at 4 °C. The samples were exposed to UV at a wavelength 

of 365 nm, at a distance of 2 cm for 0.5 hours on ice to covalently crosslink the 

psoralen to the DNA duplex.  

One of two methods was used to isolate the cross-linked DNA: First: 4 µl 20 % 

(w/v) Ficoll was added to the samples which were then run at 100 V on a 1 % 

agarose gel pre-stained with Diamond™ nucleic acid stain, until the dye reached 

the bottom of the gel. The bands with the lowest mobility were cut out and the 

DNA extracted using a Qiagen gel extraction kit. The DNA was dried under 
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vacuum and re-dissolved in pH 5.0 TA + 5 mM MgCl2. Second: 4 µl DNase STOP 

solution was added to the samples from the crosslinking reaction and the samples 

were run on a 20 cm 12 % denaturing polyacrylamide gel at 800 V and 20 W until 

the dye reached the bottom of the gel. These gels were post-stained in 500 ml 

water containing 2 µl 10,000x GelRed and were imaged using a SynGene gel 

imager with GeneSnap software. Three different bands were generally seen in 

each lane, corresponding to single-stranded DNA with no psoralen crosslinking 

(furthest migrating band), single stranded DNA with psoralen crosslinking and 

double stranded DNA with psoralen crosslinking (lowest mobilty band). Bands with 

the lowest mobility were cut out using a razor blade and eluted using the same 

method used in the radiolabelling protocols, except the DNA was redissolved in pH 

5.0 TA + 5 mM MgCl2 for further experiments.  

2.2.10 Competent cell preparation 

E. coli TG2 cells were grown on agar plates containing no antibiotic. A single colony 

was selected and grown overnight at 37°C in 5 ml 2YT media (16 g tryptone, 10 g 

yeast extract and 5 g NaCl per litre). 1 ml of these cells was transferred to 100 ml of 

2YT media and grown to OD600 of 0.6 - 0.8. The cells were transferred into 2 x 20 ml 

Sterilin tubes and centrifuged at 1950 x g for 10 minutes at 4°C. The supernatant was 

removed and the pellet resuspended in 20 ml of transformation buffer (50 mM CaCl2, 

10 mM Tris-HCl pH 7.4) and left on ice for 0.5 hours. The cells were spun again, 

supernatant removed, and the pellet resuspended in 5 ml of transformation buffer. 

Glycerol was added to the solution to give a final concentration of 15% (v/v) and made 

into 500 μl aliquots and stored at -80°C. 

2.2.11 Plasmid transformation and extraction 

1 µl (approximately 100 ng) of pUC18 plasmid containing the tyrT(43-59) promoter 

sequence insert was combined with 100 µl of competent TG2 E.coli and incubated 

on wet ice for 0.5 hours. The cells were heat shocked at 42 °C for 1 minute before 

returning to ice for a further 5 minutes. The cells were plated out onto blood agar 

plates containing 100 µg/ ml carbenicillin and incubated at 37 °C overnight. 

A single colony was picked off the plate and grown overnight in 5 ml 2YT media 

(16 g Tryptone, 10 g yeast extract and 5 g NaCl in 1 l water (autoclaved)) at 37 °C 

in a shaker at 225 rpm. The 5 ml solution was divided into 3 aliquots and the cells 

pelleted by centrifugation at 8,000 rpm for 4 minutes. The plasmids were then 
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extracted using a QIAquick spin miniprep kit according to the supplier’s 

instructions, resulting in a 50 µl of water containing the plasmid. The concentration 

of the plasmid was confirmed using a Nanodrop 2000 spectrophotometer (Thermo 

Scientific) and was typically around 300 ng/µl. 

2.2.12 DNA melting 

2.2.12.1 UV melting 

Oligonucleotides were diluted in equimolar quantities in 50 mM sodium phosphate 

buffer (pH 7.4) so that the sample had an optical density of approximately 0.5 OD 

at 260 nm (measured by Nanodrop 2000 spectrophotometer) in a 1 ml volume of 

buffer. The DNA was annealed by heating at 95 °C for 15 minutes, then crash 

cooling on wet ice. For samples with ligand present, the ligand was added to the 

sample after annealing the DNA and incubated for at least 0.5 hours at room 

temperature before proceeding to the next step. 

Some UV melting experiments were performed on covalently closed tetrahedra. 

These were generated by diluting the four DNA tetrahedron strands in pH 7.0 TA + 

5 mM MgCl2 in equimolar quantities to a concentration of 1 µM in a total volume of 

17 µl volume. The strands were annealed by heating to 95 °C for 5 minutes before 

crash cooling on wet ice. 2 µl of 10x T4 DNA ligase buffer and 1 µl T4 DNA ligase 

were added to the samples and were incubated overnight at 4 °C. The ligase was 

inactivated by heating at 65 °C for 10 minutes. 2.5 µl 10x Exo III buffer, 1.5 µl 

water and 1 µl Exo III were added to the samples and incubated at 37 °C followed 

by ethanol precipitation and a 70 % ethanol wash (described previously). The DNA 

was redissolved in 20 µl 50 mM sodium phosphate (pH 7.4). The samples were 

combined and diluted to a volume of 1 ml with an optical density of approx. 0.5 OD 

at 260 nm.  

Samples were transferred to 1 ml quartz cuvettes and loaded onto a Cary 4000 

UV-Vis spectrophotometer (Agilent Technologies) for analysis. Repeat numbers 

varied between experiments due to limitations on reagent, but were generally 

either in duplicate or triplicate, with the exception of the strand-combination 

melting of ST and ST-mod (section 3.3.6) which were not duplicated. In the first 

instance the melting was carried out using the following protocol: 
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o Ramp 1: 20 °C to 80 °C at a rate of 1 °C/min (1 hour) 

o Ramp 2: 80 °C to 20 °C at a rate of 1 °C/min (1 hour) 

o Ramp 3: 20 °C to 80 °C at a rate of 1 °C/min (1 hour) 

o Ramp 4: 80 °C to 20 °C at a rate of 10 °C/min (6 minutes) 

Some of the later UV experiments did not use ramps 3 and 4 once it was apparent 

that the second melting step (ramp 3) was seen to match the melts from ramp 1. 

These melting profiles, along with the first derivatives generated from the melts, 

were analysed using Microsoft Excel and SigmaPlot software. Tm values (the 

temperature at which 50% of the DNA was denatured) were obtained from the first 

derivative of the melting curves. 

2.2.12.2 Melting with SYBR green 

The oligonucleotides were diluted to 1 µM in 50 mM sodium phosphate buffer (pH 

7.4) in a total volume of 20 µl volume The DNA was annealed by heating to 95 °C 

for 5 minutes then crash cooling on wet ice. Any ligands were diluted to 

appropriate concentrations in the same buffer and added to the annealed DNA 

followed by incubation at room temperature for at least 0.5 hours. To each sample 

was added 0.2 µl of 1x SYBR green (final concentration 0.01x SYBR green). The 

samples were transferred to LightCycler® glass capillaries and briefly centrifuged 

to ensure the sample was at the bottom of the capillary. Capillaries were loaded 

onto the Roche LightCycler® and the DNA melted under the conditions below. All 

samples for SYBR green melting were prepared in triplicate and an average Tm 

generated. 

o Ramp 1: 30 °C to 95 °C at a rate of 5 °C/min (13 minutes) 

o Hold at 95 °C for 5 minutes 

o Ramp 2: 95 °C to 30 °C at a rate of 5 °C/min (13 minutes) 

o Hold at 30 °C for 5 minutes 

o Ramp 3: 30 °C to 95 °C at a rate of 5 °C/min (13 minutes) 

o Rapid cool to 30 °C 

Experiments involving samples of ligated tetrahedron were generated by taking 20 

µl aliquots from the ligated samples that had been used in the UV melting 
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experiments. 0.2 µl 1x SYBR green was added to the samples and run under the 

conditions first described.  

Some melting experiments were carried out in the ionic liquid, molecular crowding 

agent choline dihydrogen phosphate (ChDHP) instead of sodium phosphate. Stock 

oligonucleotides were diluted in the relevant ChDHP at a concentration of 1 µM 

and annealed using the same conditions previously described. 0.2 µl SYBR green 

was added to the samples and melted under the same conditions as other SYBR 

green melting experiments. 

Melt curve and first derivative data were exported form the LightCycler® software 

and analysis was performed using Microsoft Excel and SigmaPlot software. 

Average Tm values were obtained from the first derivatives of the melting curves. 

2.2.12.3 Melting with 5’ Fluorophore – 3’ Quencher oligonucleotides 

Oligonucleotides modified with a 5’-carboxyfluorescein (FAM) fluorophore and a 

3’-dabcyl quencher were used to measure Tm values at specific locations within 

the DNA tetrahedron structure. The modified oligonucleotides were prepared in the 

same manner as with the melting with SYBR green experiments except no SYBR 

green was added to the samples. All samples were run in triplicate and average 

Tm values were used. 

The conditions for the melts on the LightCycler® and the analysis of the melts 

were the same as with the melting with SYBR green. 

2.3 Designing figures 

Most non-experimental figures in this work were prepared using CorelDRAW X6 

software. Figures 1.9-1.15 and 1.7 were prepared using Chimera software from 

the original PDB file (sourced from the RSCB protein data bank (www.rcsb.org)). 

These images were only altered in colour and appearance, and not altered 

structurally.  

http://www.rcsb.org/
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3.0 Characterisation of DNA Tetrahedra 

3.1 Introduction 

To date two main structure designs have been devised for preparing DNA 

tetrahedra from four folded synthetic oligonucleotides; one in which the 5’- and 3’ 

ends meet in the corners, has 17 bp edges and each junction contains two 

unpaired bases (Goodman et al., 2004), in the other, the 5’- and 3’ ends meet in 

the centre of the 20 bp edge and the junctions contain a single unpaired adenine 

(Goodman et al., 2005). These have been used for various applications including 

cages for protein encapsulation, vehicles for drug delivery, and as biosensors 

(Erben et al., 2006; Pei et al., 2010; Walsh et al., 2011; Kim et al., 2013). Despite 

the popularity of DNA nanotechnology and of the ease of assembly of the DNA 

tetrahedron, there have been few studies on how the properties of the DNA within 

these structures differ from those of linear B-DNA (Rusling & Fox, 2014). 

This chapter examines the structures of the two main DNA tetrahedral designs by 

means of cleavage assays using DNase I and hydroxyl free radicals and reactivity 

to diethylpyrocarbonate (DEPC). Their global stability was also determined by 

thermal denaturation studies using UV and SYBR green I, while stability at specific 

locations with the DNA nanostructure were determined by the use of fluorescent 

beacons placed aT specific sites within the tetrahedron. 

To date, there have been few studies on the cleavage of nanostructures built from 

DNA, though a number of publications have described similar studies with other 

DNA junctions, which one might expect to have some common features. 

It has been shown that three- and four-way branched DNA junctions are protected 

from DNase I cleavage at the junctions (Murchie et al. 1990; Guo et al. 1990). One 

particular feature of the cleavage was that the protection extended into the flanking 

regions, particularly those on the 3’-side of the junction, with protection up to five 

bases from the crossover in both three- and four-arm junctions, compared to just a 

single base protection at the 5’-side of the junction (Lu et al. 1989). 

Hydroxyl radical cleavage has also been shown to be modified by different DNA 

structures (Price & Tullius, 1992). A notable observation with respect to DNA 
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nanotechnology is seen with four-way Holliday junctions, which are protected from 

hydroxyl radical cleavage at the junction (Churchill et al., 1988). More recent 

studies showed similar results on DNA double cross-over molecules (Fu & 

Seeman, 1993) and five- and six-arm branched junctions (Wang et al., 1991).  

DEPC has also been used to probe the structure of DNA junctions. This agent is 

generally unreactive to duplex DNA, but reacts with adenines in distorted DNA 

structures. Two studies (Furlong & Lilley, 1986; Scholten & Nordheim, 1986) 

showed that DEPC modified unpaired adenines within the cruciform loops, though 

there was no enhanced reactivity at the junction crossover. A further study on four-

way junctions without the cruciform loops also showed no enhanced reactivity at 

the junction, compared with duplex controls of the same sequence (Panyutin et al., 

1995). On the other hand, studies on three-arm DNA junctions showed that DEPC 

modified paired adenines at the site of the junction and even, to a lesser extent, 

the adenine bases flanking the junction, suggesting that there may be partial un-

pairing of bases at the crossover (Guo et al. 1990; Lu et al. 1991). Additional work 

looking at the effect of unpaired bases between the arms of three-arm junctions 

found that there was a significant increase in modification at these sites compared 

with duplex controls (Zhong et al., 1994b).  

Another useful method to aid characterisation of DNA nanostructures is to 

examine their stability by thermal melting. This can be done either by measuring 

changes in the absorbance of DNA at 260 nm (UV melting), or using a DNA-

binding fluorescent dye, such as SYBR green (these methods examine the global 

melting of the DNA nanostructure), or by using fluorescent beacon probes to 

examine the melting of specific regions within the DNA nanostructure.  

There are few reports to date on melting studies with DNA tetrahedra. One such 

study carried out UV melting on a tetrahedron, similar to the one described by 

Goodman et al. (2004) (Figure 1.3(a)) in the absence and presence of the 

intercalating cyanine dye YOYO-1 (Özhalıcı-Ünal & Armitage, 2009). The melt 

showed a single transition, indicating that the structure melted in one cooperative 

process, rather than separate melts within the structure. The addition of YOYO-1 

simply increased the Tm. 
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Other studies describing melting with DNA nanostructures have been with DNA 

origami. Castro et al. (2011) presented a selection of different sized ‘honeycomb’ 

DNA origami lattices which were melted in the presence of SYBR green. The 

results showed that the average Tm of the staple strands that made up the 

structures was approximately 10 °C higher than the nanostructures themselves 

(Castro et al., 2011). Saccà et al. (2009) also demonstrated that FRET probes 

could be used to monitor the assembly of DNA origami structures (Saccà et al., 

2009). Methods like this were used later to show that melting temperatures can 

vary depending on the location of the probes within two and three-dimensional 

DNA nanostructures (Wei et al., 2013). This is in agreement with a separate study 

which observed the thermal denaturation of a DNA origami tile by AFM and found 

that some areas of the tile were more susceptible to denaturation than others. G-C 

content was suggested to play a significant role in this (Song et al., 2012). 

These studies show that a variety of different approaches have been used to 

probe the structure of DNA junctions. However, these studies have mainly 

examined structures in which the DNA ends are not constrained, and these 

techniques have not generally been applied to characterise closed DNA 

nanostructures, such as the tetrahedron, and there are few studies that compare 

their local DNA structures with equivalent liner duplexes. The aim of this chapter is 

to use these techniques to explore local DNA structures in the two different 

tetrahedron designs. 

3.2 Experimental design 

The original tetrahedron from Goodman et al. (2005)  was redesigned in order to 

generate single binding sites on each edge for various sequence-specific DNA 

binding ligands (Chapters four, five and six of this thesis) and is referred to as 

‘Science Tetrahedron - modified’ (ST-mod) (sequence shown in Figure 3.1(a)) 

since this structure was first described in the journal Science. The oligonucleotides 

were prepared with 5’ phosphate groups to allow for the tetrahedron to be 

covalently closed using T4 DNA ligase.  
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Figure 3.1. Oligonucleotide sequences for (a) tetrahedron ST-mod, (b) tetrahedron CCT, (c) tetrahedron  ST and (d) the hairpin beacons (F = fluorophore, Q = 

quencher), and (e) a schematic of the formation of the ST-mod tetrahedron, demonstrating the sequence locations within the structure. 
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For fluorescent beacon melting experiments, one of the four ST-mod strands was 

modified with a Carboxyfluorescein (FAM) fluorophore at the 5’ end and a Dabcyl 

quencher at the 3’ end (ST-mod1-4 5’F-3’Q as outlined in chapter two). These 

generate molecular beacon styled reporting systems for each of the edges of the 

tetrahedron (Tyagi & Kramer, 1996). Unconstrained DNA duplexes based on these 

sequences were generated by synthesising double hairpin copies of each of the 

edges of the tetrahedron with a 5’-fluorophore and 3’-quencher (HP1-4). A 

schematic to represent the fluorescence beacon melting experiments is shown in 

Figure 3.2. 

 

Figure 3.2. Schematic representation demonstrating the use of 5’F-3’Q fluorescent beacons within 

(a) the tetrahedron structure and (b) the control hairpins. 

The studies in this chapter also used the original tetrahedron sequence from 

Goodman et al. (2005) (referred to as ST). This is the design from which ST-mod 

was derived. The sequence from Goodman et al. (2004) was also used (referred 

to CCT as it was published in the journal Chemical Communications). The 

sequences of the oligonucleotides that were used to construct these tetrahedra 

are presented in Figure 3.1. 
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3.3 Results 

3.3.1 Tetrahedron formation 

Figure 3.3(a) shows agarose gels confirming the formation of the CCT and ST-

mod tetrahedra. In each of these, different combinations of the oligonucleotides 

that make up the tetrahedra were annealed before separating on the agarose gel. 

Looking first at the results for CCT (Figure 3.3(a(i))), it can be seen that there is a 

general decrease in migration when more strands are present, confirming the 

formation of higher molecular weight complexes. It is worth noting that each 

combination of oligonucleotides does not necessarily have the same mobility. For 

example 1+3, 2+3 and 2+4 run more slowly than 1+2 and 1+4, while 3+4 has the 

slowest mobility. Similarly, 1+2+4 runs slightly faster than the other combinations 

of three oligonucleotides. These variations are most likely due to the different 

structures that are formed with different portions of the tetrahedron which will have 

different shapes. However, it is clear that the lane with all four nucleotides has the 

slowest mobility, confirming successful formation of the compete tetrahedron.   

  

Figure 3.3. (a) Agarose gels showing the formation of (i) tetrahedron CCT and (ii) tetrahedron ST-
mod. (b) Polyacrylamide gels showing the formation of (i) CCT and (ii) ST-mod after doping 

component strands with radiolabelled oligonucleotide (indicated by an asterisk *). 

ST-mod CCT 
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Successful formation of the tetrahedron was further confirmed by running the 

samples on a native polyacrylamide gel Figure 3.3(b(i)). In these experiments the 

oligonucleotide mix was doped with a low concentration of a 32P-radiolabelled 

strand prior to annealing (in this gel, CCT1 is the radiolabelled strand). This shows 

a similar pattern with reduced mobility for the higher molecular weight complexes 

with the lane containing all four oligonucleotide strands showing the slowest 

mobility. As noted with the agarose gels, the mobility depends on the exact 

combination and 1+2 runs more slowly than 1+3 or 1+4. 

The results of similar experiments with the novel ST-mod tetrahedron are shown in 

Figure 3.3(a(ii)) and 3.3(b(ii)). These also demonstrate successful formation of the 

complete tetrahedron, though the results with the partial structures containing only 

two or three oligonucleotides were rather different and four of the two-stranded 

combinations showed the same mobility as the single stranded lanes (only 1+2 

and 3+4 are slower). With the three-stranded combinations, only 1+2+4 and 2+3+4 

showed the further retarded species, while 1+2+3 and 1+3+4 have the same 

mobility as 1+2. In several of these combinations, unincorporated strands can be 

seen in the mixture. This is not surprising since only the combinations of strands 

1+2 and 3+4 have regions which produce a 20mer duplex whereas all other 

combinations require one of the strands to form a less stable ring structure in order 

to anneal to its target. However, as seen with CCT, the lane containing all four 

strands contains a clear single band with slower mobility than any of the other 

complexes, suggesting successful tetrahedron formation. 

Figure 3.3(b(ii)) shows a native polyacrylamide gel for the formation of the ST-mod 

tetrahedron in which the mixture was doped with a low concentration of a 32P 

radiolabelled ST-mod1 strand prior to annealing. This shows a similar result to the 

agarose gels, in which the lane containing all four oligonucleotide strands shows 

the slowest mobility. This again confirms successful formation of the intact 

tetrahedron. 

3.3.2 Tetrahedron Ligation 

It has been previously shown that the nicks on the edges of the ST tetrahedron, 

where the 5’ and 3’ end of the oligonucleotides meet, can be ligated with T4 DNA 

ligase to generate a covalently closed structure (Goodman et al., 2005). We 
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therefore tested if this could also be achieved with the ST-mod tetrahedron by 

examining its sensitivity to exonuclease III digestion after treatment with T4 DNA 

ligase. The results are shown in Figure 3.4. The first lanes of this agarose gel 

confirm the successful formation of the tetrahedron (similar to that shown in Figure 

3.3). The other lanes show the effects of treating the tetrahedron with T4 DNA 

ligase and/or exonuclease III. It can be seen that when ST-mod was treated with 

Exo III, without prior ligation, it was completely degraded. However, after treating 

with T4 DNA ligase, the tetrahedron was protected from degradation, showing that 

the structure was covalently closed with no nick remaining.  

 

Figure 3.4. Agarose gel showing the ST-mod tetrahedron bands after treatment with T4 DNA 

ligase and/or exonuclease III. 

3.3.3 DNase I cleavage 

The structures of the tetrahedra were first probed by assessing their susceptibility 

to cleavage by DNase I. We would expect regions close to the corners to be 

protected from cleavage. The results for tetrahedron CCT are presented in Figure 

3.5. Each of the DNA strands in turn was labelled with 32P and in each case 

cleavage of the tetrahedron was compared with that of the corresponding linear 

duplex, formed by annealing the labelled oligo with its complementary strand. The 

gel in Figure 3.5(a) and the corresponding densitometer plots show that there is 
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clear protection at the sites which form the corners of the tetrahedron (indicated by 

the red bars). This result, therefore, provides further evidence for the successful 

annealing of the tetrahedron.  

The DNase I protection is seen at all the junctions which make up CCT. In each 

position the protection extends into the surrounding sequences, even though they 

are not directly part of the junction itself. The number of additional flanking base 

pairs that are protected varies from a single base pair on either side (CCT4 – CpG 

junction) to between 2-4 base pairs on either side. This contrasts with previous 

studies on DNase I cleavage of junctions in which a large protection (up to 5bp) 

was seen on the 3’-side with protection of only a single 5’-base (Lu et al. 1989). 

Enhancements in cleavage can also be observed in regions flanking some of the 

protected sites. This is most prominent 5’ of the CpT junction on CCT3 and 3’ of 

the ApA and CpG junctions on CCT3 and CCT4 respectively.  

ST-mod has only single unpaired adenines at the junctions compared to CCT 

which has two unpaired nucleotides of different composition at each junction. The 

results with this tetrahedron are shown in Figure 3.6 from which it is clear that the 

difference in junction structure has an impact on the protection from DNase I 

cleavage. As seen with CCT the junctions themselves were generally well 

protected. However, differences can be seen in protection of the flanking bases. 

Most of the junctions did not afford any 5’ protection (with the exception of the 

middle junction on ST-mod2*) whereas the junctions were often protected by up to 

4-5 base pairs away on the 3’-side. This result is similar to the literature on 

cleavage of three- and four-way junctions by DNase I (Lu et al., 1989a). 

Both these sets of data show clear protection at the proposed junctions and 

provide further evidence that the tetrahedra have folded properly. The slight 

differences in the protection of flanking base pairs between the two tetrahedra is 

interesting and suggests that the number of unpaired bases at the junction can 

affect the accessibility of flanking regions to DNase I cleavage. The differences in 

the protection of these tetrahedra and the unconstrained junctions that are 

described in the literature (Lu et al., 1989a) suggest that the torsional constraints 

at the junctions of DNA tetrahedra may influence the ability of DNase I to 

bind/cleave in these positions. 
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Figure 3.5. (a) DNase I cleavage assay of each of the radiolabelled CCT oligonucleotides as both duplex and tetrahedron. (b) Densitometer plots for each lane 

from the gel in (a). Red bars and letters correspond to the predicted junction/corner sites. 
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Figure 3.6. (a) DNase I cleavage assay of each of the radiolabelled ST-mod oligonucleotides as both duplex and tetrahedron. (b) Densitometer plots for each 
lane from the gel in (a). Red bars and letters correspond to the predicted junction/corner sites. 
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3.3.4 Hydroxyl radical cleavage 

Both tetrahedra were subjected to cleavage by hydroxyl radicals, generated from 

the Fenton reaction as described in the Introduction of this thesis. Polyacrylamide 

gels showing the cleavage patterns of ST-mod and CCT, and their corresponding 

densitometer plots are shown in Figures 3.7 and 3.8 respectively. Hydroxyl 

radicals generate a fairly even pattern of DNA cleavage products, on due to their 

very small size, and are not very sensitive to changes in DNA structure (Price & 

Tullius, 1992). The cleavage patterns therefore look similar for the tetrahedron and 

duplex forms of these sequences and any changes are only seen as small 

attenuations in the pattern. The densitometer traces for ST-mod appear to show 

small decreases in peak intensity at the junction adenines (shown in red). These 

have been quantified further in Figure 3.7(c), which shows line graphs 

representing the relative peak heights of bands on four bases either side of the 

unpaired corner adenines. These were calculated by dividing the individual peak 

height by the average peak height of the sample. These have only been done for 

the middle junction on each strand when the bands are most clearly resolved. 

Similar graphs for CCT are shown in Appendix 1. Examination of these plots 

indicates that there may be some slight protection and in each case there is a 

small dip in the cleavage at the junction itself. These differences are not sufficient 

to reach any firm conclusions, but suggest that there are some small reductions in 

hydroxyl radical cleavage at the junction, though this is less pronounced than that 

in previous reports (Price & Tullius, 1992). 

The results of hydroxyl cleavage of tetrahedron CCT are shown in Figure 3.8. 

These patterns showed even less evidence of any protection at the tetrahedron 

corners than with ST-mod. One suggestion for this poor protection, in comparison 

with other studies on DNA junctions, is related to intrinsic differences in the 

different junctions. With three-way branched junctions, the DNA will be relatively 

planar, thereby occluding hydroxyl radical access to the central part of the 

junction. In contrast, the unpaired bases at the corners of these tetrahedra will be 

more highly exposed. Even though each corner is part of a three-way junction the 

structure in this region will be very different as the DNA bends through 270°, 

compared with only 120° in a standard three-way junction.  
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Figure 3.7. (a) Hydroxyl radical cleavage assay of each of the radiolabelled ST-mod oligonucleotides as both duplex and tetrahedron. (b) Densitometer plots 

for each lane from the gel in (a). (c) Line graphs showing the relative band intensities at and four bases either side of the central junction on each 

oligonucleotide. Red bars and letters correspond to the predicted junction/corner sites. 
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Figure 3.8. (a) Hydroxyl radical cleavage assay of each of the radiolabelled CCT oligonucleotides as both duplex and tetrahedron. (b) Densitometer plots for 
each lane from the gel in (a). Red bars and letters correspond to the predicted junction/corner sites. 
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3.3.5 DEPC modification 

Figure 3.9(a) shows the reaction of DEPC with the various strands of the CCT 

tetrahedron. Duplex DNA is generally unreactive to DEPC, but it reacts with 

adenines that are exposed in unpaired or unwound DNA. We would therefore 

expect adenines at the junctions to react with this chemical probe. Inspection of 

Figure 3.9(a) reveals several bands that are more reactive to DEPC in the 

tetrahedron than the linear duplex DNA. This is also evident in the densitometer 

plots of these gel lanes (Figure 3.9(b)) for which it can be seen that adenines at 

the tetrahedron corners are especially reactive (indicated in red). The corners of 

strand 4 do not contain any unpaired adenines, and the reaction of DEPC with this 

strand is similar for the duplex and tetrahedron. Some adenines at other places in 

the tetrahedron also show enhanced modification. In some instances enhanced 

cleavage is seen several bases from the junction (most notably seen at both 

junction of CCT1, and the 3’- junctions (top) of CCT2 and CCT3), suggesting that 

the duplex structure has been slightly distorted in these regions.  

Similar experiments showing DEPC modification of tetrahedron ST-mod are 

presented in Figure 3.10. These show pronounced enhancements at the unpaired 

adenines at the corners of the tetrahedron compared to the linear duplex. As seen 

with tetrahedron CCT, some of the flanking adenines also show enhanced 

modification, though these are generally within 1-2 bases of the junction. This may 

suggest that there is less torsional stress on the flanking bases of ST-mod 

compared to CCT. This could be due to the shorter edge lengths of CCT (17bp) 

than ST-mod (20bp) or because the former contains two unpaired nucleotides at 

each corner. 
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Figure 3.9. (a) DEPC chemical probing assay of each of the radiolabelled CCT oligonucleotides as both duplex and tetrahedron. (b) Densitometer plots for 
each lane from the gel in (a). Red bars and letters correspond to the predicted junction/corner sites. 
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Figure 3.10. (a) DEPC chemical probing assay of each radiolabelled ST-mod oligonucleotides as both duplex and tetrahedron. (b) Densitometer plots for each 

lane from the gel in (a). Red bars and letters correspond to the predicted junction/corner sites.
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3.3.6 Global DNA tetrahedron melting 

UV melting, which is widely used to assess the stability of duplex DNA, was used 

to assess the melting profiles of the different tetrahedra. Figure 3.11 shows 

examples of melts, anneals and the corresponding first derivatives for the UV 

melting of both ST-mod and CCT as well as the original DNA tetrahedron on which 

ST-mod is based on (ST) (Goodman et al., 2005). Table 3.1 shows the average Tm 

values for the melts and anneals for each of the tetraheda. It can be seen that 

CCT was the most stable tetrahedron of the three; this is likely a result of its 17bp 

duplex on every edge of the structure whereas ST-mod and ST have varying 

duplex lengths on different edges as oligonucleotide ends meet in the middle of 

the edge rather than at the corners. ST was also more stable than ST-mod. This is 

unsurprising since ST has higher GC content (50 %) than ST-mod (39.7 %). The 

melting/annealing curves for all tetrahedra also do not exhibit any hysteresis from 

the melts suggesting the structures form fully in the hour-long cooling step from 80 

°C to 20 °C.  

 Figure 3.11. Representative UV melting curves (top) and corresponding first derivatives (bottom) 

for (a) tetrahedron CCT, (b) tetrahedron ST and, (c) tetrahedron ST-mod. 
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Table 3.1. Average Tm values for UV and SYBR green melting and annealing for each of the DNA 

tetrahedra. 

 

The melts in Figure 3.11 showed that both ST-mod and ST have biphasic melts 

with one main transition followed by a second, smaller transition at higher 

temperatures. In contrast, tetrahedron CCT showed just a single melt transition.  

This may be because it is a simpler design; each duplex edge is a the same 

length, unlike ST and ST-mod. For all three tetrahedra the presence of one 

primary transition suggests that denaturation of the structures occurs as a single 

cooperative global process. The second phases for ST-mod and ST are possibly 

stable intermediate products which remain intact after the main global melt. 

In order to understand the second phase melts, different two and three-stranded 

combinations of the oligonucleotides which make up ST-mod and ST were 

subjected to UV melting and compared with the melting of the whole tetrahedron. 

Examples of these melts and the corresponding first derivatives are shown in 

Figure 3.12, and Tm values corresponding to either the first of second transition 

are presented in Table 3.2. 

For the two-stranded combinations (Figure 3.12(a) and (c)) strands 1+2 of ST-mod 

and strands 3+4 of ST display similar melting patterns to the secondary melts seen 

with the intact tetrahedra. Overall the transitions with these complexes were 

shallower, but the first derivative peaks (Tms) for these melts were similar to the 

secondary melts of the complete tetrahedron. This is consistent with the 

suggestion that these partial complexes were responsible for the second melting
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Figure 3.12. Representative UV melting curves (top) and corresponding first derivatives (bottom) for two- (a and c) and three- stranded (b and d) 

oligonucleotide combinations for tetrahedra ST and ST-mod respectively. 
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transitions, indicating that they remained annealed after the rest of the tetrahedron 

had denatured. This was most likely a direct result of the stability of the duplexes 

formed between the complementary regions of these oligonucleotide 

combinations. 

Table 3.2. Tm values for two- and three-stranded combination UV melts of ST and ST-mod. 

 

With three-stranded combinations, the second stable melt is preserved when the 

strands highlighted in the previous paragraph are part of the complex. However, a 

number of less stable melts can also be seen. Interestingly, these Tms were 

generally lower than the Tm of the main transition of the whole tetrahedron. These 

results suggest that the ST-mod and ST DNA tetrahedra are more stable than 

most of the component duplexes from which they are composed.  

Another method for analysing the DNA melting is to use the fluorescent dye SYBR 

green which is commonly used for real-time PCR (Morrison et al., 1998). This 

ligand exhibits more than 1000-fold enhancement in fluorescence when bound to 

dsDNA compared to unbound SYBR green (Dragan et al., 2012). We therefore 

used this method for examining melting of the DNA tetrahedra are the results are 

shown in Figure 3.13. All of these melting/annealing curves show no signs of 

hysteresis, suggesting the structures form within the 13 minute (less than a quarter 

of the time for the UV melts) cooling step from 95 °C to 30 °C. 
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Figure 3.13. Representative SYBR green melting curves (top) and corresponding first derivatives 

(bottom) for (a) tetrahedron CCT, (b) tetrahedron ST and, (c) tetrahedron ST-mod. 

CCT showed a similar melt to that seen with the UV melting curve, with a single 

transition corresponding to the decrease in fluorescence as the ligand dissociates 

from the melted DNA. The Tm values are listed in Table 3.1 alongside the UV Tm 

values, and show that the tetrahedron appears to be about 8 °C more stable in the 

presence of SYBR green than without. In contrast to the UV melts, tetrahedron 

CCT was less stable than ST in the SYBR melts, suggesting SYBR green 

stabilises ST much more than CCT. This is likely because ST is a slightly larger 

structure and therefore has more available duplex to bind (120 paired bases, 

compared to 102 for CCT), thus resulting in a greater difference in stability, though 

structural differences making ST a more favourable structure is also a possibility. 

In contrast ST and ST-mod showed very different melting curves. Both these 

tetrahedra showed an initial increase in SYBR green fluorescence (with Tms of 

52.0 °C for ST and 48.2 °C for ST-mod) before the usual cooperative decrease as 

the denaturation occurs. We can imagine two possible explanations for these 

phenomena: Firstly, increasing the temperature changes the shape and/or 

dynamics of the tetrahedra which allows the binding of additional SYBR green 

molecules. Alternatively the structure of the DNA tetrahedra change in a manner 
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which increases the quantum yield of the bound SYBR green molecules, thereby 

increasing the fluorescence intensity.  

Unlike with UV, SYBR green melts also did not show the transitions occurring after 

the primary melt (known to be due to stable duplexes between one of the 20 bp 

edges which remain intact after the structure has denatured). This is likely not 

seen because of the overall increases in stability of the whole structures due to 

SYBR green binding, evidenced by the large increases in Tm reported in Table 3.1. 

3.3.7 Melting covalently closed ST-mod 

Figure 3.14 shows examples of both normalised UV and SYBR green melting 

curves of the ST-mod tetrahedron after it had been covalently closed by treatment 

with T4 DNA ligase, followed by removal of non-covalently closed structures by 

treatment with exonuclease III. It is immediately apparent that the UV melt is 

different to any of the previous melting curves since absorption decreases with 

increased temperature and the curve is not sigmoidal. However, it should be noted 

that the analyser (Cary 4000 UV-Vis spectrophotometer) could only just detect the 

DNA at a very low level, despite the sample having an OD of ~0.5 at 260 nm 

(measured by two separate Nanodrop 2000 spectrophotometers) which is well 

within the detection range of the analyser. This in itself may suggest that the 

covalently closed, interlocked-rings structure has altered optical properties with 

respect to UV absorption. Because of these issues, there is little quantitative data 

that can be drawn from the UV melt readings. 

An aliquot taken from the sample that was used for the UV melting experiment and 

its thermal stability was examined by melting in the presence of SYBR green using 

the Roche LightCycler®. This produced the usual type of fluorescence melting 

curve, with a reduction in fluorescence on raising the temperature. The transition is 

more shallow than usual but is centred around 60 °C which is slightly higher than 

that of the unligated tetrahedron. The SYBR green I melt of the ligated tetrahedron 

also did not show the increase in fluorescence before the main melt that was seen 

with the unligated species; this may suggest that the complex has reduced 

flexibility. In view of the unusual melting profiles it is not appropriate to draw any 

quantitative conclusions on the ligated tetrahedron from these Tm data. 
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Figure 3.14. Representative UV (a) and SYBR green (b) melting curves (top) and corresponding first 

derivatives for tetrahedron ST-mod after treatment with T4 DNA ligase and exonuclease III. 

3.3.8 Region-specific melting within the DNA tetrahedron 

All the melting data described above give information on the global stability of the 

tetrahedra. While this is useful, it does not give information on the local stability of 

each of the edges, for which each duplex might have different stabilities. In order 

to investigate this, each of the oligonucleotide sequences which make up ST-mod 

was synthesised with a FAM group on the 5’ end and a dabcyl group on the 3’ end 

(oligonucleotides of this nature will be referred to as 5’F-3’Q for the rest of this 

thesis). By replacing one of the usual ST-mod strands with its corresponding 5’F-

3’Q strand, it was possible to examine the stability of individual edges within the 

DNA tetrahedron (schematic shown in Figure 3.2(a)). As a control, fluorescently 

labelled double-hairpin oligonucleotides were generated mimicking each of the ST-

mod edges (Figure 3.2(b)). 
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Figure 3.15. Representative melting curves for each of the ST-mod 5’F-3’Q oligonucleotides (a) and 

corresponding hairpins (b). 

Figure 3.15 shows representative melting profiles for the 5’F-3’Q oligonucleotides 

within the tetrahedron structure and also for the corresponding control hairpins, 

while Table 3.3 shows the Tm values derived from these melts (some melting 

curves show a temporary dip in fluorescence, this is due to fluorescence levels 

exceeding the detection limit of the LightCycler, but these dips did not affect any of 

the Tm values). The Tms of the hairpin beacons are much higher than the all the 

tetrahedron beacons, this is likely a result of the hairpins being intramolecular 

complexes whereas the tetrahedron is made up of intermolecular complexes. 

Other structural differences such as the different junctions (a single unpaired 

adenine in the tetrahedron junctions, and a HEG linker in the hairpins) may also 

contribute to this difference. The hairpin Tms differ by 12 °C between the least 

(HP3) and most (HP1) stable. In contrast the Tms of the different edges varied by 

less than 2 °C. This suggests that being part of a larger DNA structure influences 

the local stability, and this is explored further in the next section. 

Table 3.3. Average Tm values for the 5’F-3’Q fluorescent beacons, for each of the ST-mod edges 

and corresponding hairpins. 
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3.3.9 Strand combination with 5’F-3’Q oligonucleotides 

To better understand how the global structure of the nanostructure affects the local 

stability of each edge of the tetrahedron, melting experiments were performed on 

different combinations of the oligonucleotides from which the tetrahedron is 

constructed. These experiments only used strand combinations which bring the 5’ 

and 3’ end of the labelled oligonucleotide together (i.e. where one of the other 

oligonucleotides in the mixture acted as a splint). Examples of these melting 

curves are shown in Figure 3.16 and the Tm values derived from these are listed in 

Table 3.4.The most noticeable trend from these melts is that for all of the 5’F-3’Q 

oligomers, increasing the number of strands in the complex increases the melting 

temperature, with the four-stranded tetrahedron always being the most stable. 

Both ST-mod1 and 2 (Figures 3.16(a) and (b)) show an increase of over 10 °C in 

Tm between the least stable, two-stranded complex and the fully formed 

tetrahedron. The partial complexes derived from ST-mod3 and 4 (Figures 3.16 c 

and d) show even greater differences in Tm, though it was not possible to estimate 

the absolute changes in Tm as the two-stranded complexes were unstable and 

mainly denatured at the starting temperature. Interestingly, for some three-

stranded complexes there were unexpected differences in the Tm, depending on 

which of the strands was fluorescently labelled. For example, if 2*+3+4 in ST-

mod2* is compared with 2+3+4* in ST-mod4*, then it can be seen that while both 

these samples contain the same three oligonucleotides, there are big differences 

in stability depending whether the 2nd or 4th strand is labelled.  This strongly 

suggests that some intermediary forms of the tetrahedron are thermodynamically 

favoured over others. 

Table 3.4. Average Tm values for the possible strand combination melts with the 5’F-3’Q 

oligonucleotides. 
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Figure 3.16. Representative melting curves for the possible strand combinations for the 5’F-3’Q ST-

mod oligonucleotides: STmod1 (a), ST-mod2 (b), ST-mod3 (c) and, ST-mod4 (d). 

3.3.10 Melting in molecular crowding agents 

Previous studies have shown that very high concentrations of a number of 

different compounds can be used to mimic in vivo crowding in cells. Some of these 

agents have been shown to change some of the physical properties of DNA 

(Miyoshi & Sugimoto, 2008). One such example is the ionic liquid choline 

dihydrogen phosphate (ChDHP), which has shown to stabilise A-T base pairs so 

that they become more stable than G-C base pairs (Tateishi-Karimata & Sugimoto, 

2012). To examine whether crowding conditions could influence the stability of the 

DNA tetrahedron, SYBR green melting experiments in varying concentrations of 

ChDHP were carried out for ST-mod and a duplex control (ST-mod1 and its 

complementary strand). Examples of these melts are shown in Figure 3.17 and 

corresponding Tm values are listed in Table 3.5. 
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For samples in ChDHP, clear melting curves are observed with both the duplex 

and tetrahedron samples, and Tm values could be obtained (Table 3.5), which, 

when compared with previous SYBR green melts with ST-mod were almost 

identical in 2 M ChDHP to Tm values in 50 mM sodium phosphate buffer (pH 7.4). 

Both the duplex and ST-mod showed increases in Tm with increasing ChDHP 

concentration up to 2 M, though the stability decrease a little on increasing to 4 M 

ChDHP. These results indicate that higher order DNA structures such as 

tetrahedra are able to form in conditions that mimic molecular crowding in vivo. 

However, it should be noted that these results do not confirm that the intact 

tetrahedron has been formed, merely that some temperature-sensitive DNA 

structures have been formed. We attempted band shifts experiments in the 

presence of ChDHP (results not shown), but these were unsuccessful as the high 

concentrations of ChDHP interfered with the running of both agarose and 

polyacrylamide gels. 

 

Figure 3.17.  Representative SYBR green melting curves (top) and corresponding first derivatives 

(bottom) of a ST-mod1 duplex (a) and tetrahedron  ST-mod (b) in choline dihydrogen phosphate. 
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Table 3.5. Average Tm values for ST-mod melts in choline dihydrogen phosphate. 

 

3.4 Discussion 

The overall aim of this chapter was to characterise the two main designs of DNA 

tetrahedra. The results presented not only provide information on their formation 

and stability, but also validate these techniques for assessing DNA tetrahedra, 

which will be used to examine tetrahedron-ligand interactions in other chapters. 

3.4.1 Tetrahedron formation and ligation 

The methods used to form the tetrahedra in this chapter were adapted from the 

protocols described in the original publications (Goodman et al. 2004; Goodman et 

al. 2005). The protocol used demonstrated the successful formation of the two 

designs of tetrahedron when all four of their constituent oligonucleotides were 

present in equimolar quantities. The DNA tetrahedra also formed when the 

samples were doped with low concentrations of radiolabelled oligonucleotides. 

By treating the ST-mod tetrahedron with T4 DNA ligase post-annealing, followed 

by treatment with exonuclease III, it was shown that this tetrahedron could be 

ligated to form a covalently closed structure which essentially consists of four 

catenane-style, interlocked rings of DNA. These results confirm the results from 

the original publication on this design of tetrahedron (Goodman et al., 2005) and 

demonstrate that the altered DNA sequence has not significantly affected  

assembly of the tetrahedron. 

3.4.2 DNase I cleavage 

DNase I was used to cleave each of the tetrahedra when each oligonucleotide 

strand in turn was radiolabelled with 32P.These experiments were performed under 

conditions of single-hit kinetics and compared with the corresponding duplexes in 

order to assess the folding and assembly of the tetraheda.  
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Both of the tetrahedra demonstrated protection from DNase I cleavage at the 

junctions, in regions that are cleaved in the duplex controls. Protections were also 

observed at nucleotides flanking the junctions, though these showed subtle 

differences from previous reports on three- and four-way branched junctions (Lu et 

al., 1989a). In particular, CCT showed protection from DNase I cleavage at 2-4 

bases on both the 3’- and 5’-side of the junction, whereas previous data reported 

protection largely on the 3’-side. However, it is important to note that the junctions 

described in the literature which were subjected to DNase I cleavage did not 

contain unpaired bases at the junctions, unlike the tetrahedra examined in this 

thesis. The duplex (non-junction) regions in the tetrahedra generally showed the 

same cleavage patterns to the control duplexes, suggesting the underlying duplex 

structures in the tetrahedra were unchanged, though some regions did exhibit 

some cleavage enhancement; these were only seen at the edge of some footprints 

and most likely are the result of compensation from the enzyme being blocked 

from regions it would otherwise have cleaved. 

An extra control which could be used to validate this further would be to generate 

synthetic oligonucleotides to mimic each of the three-way junctions from the 

tetrahedra and subject these to DNase I cleavage, though the structure that these 

adopt is likely to be very different from that in the constrained environment of the 

tetrahedron. The two sequence-identical junctions, one as part of a rigid structure 

and one free, could then be compared to demonstrate any differences between 

them. 

3.4.3 Hydroxyl radical cleavage 

As a consequence of their small size, hydroxyl radicals are ideal cleavage agents 

for mapping changes in DNA accessibility at high resolution. However, their small 

size means that they are still able to cleave most DNA structures and only subtle 

differences in relative cleavage of adjacent bands are often observed. The results 

from hydroxyl radical cleavage of these tetrahedra did not reveal clear differences 

between duplexes and tetrahedra. The results with ST-mod did suggest small 

attenuations in cleavage around each of the junctions, though no significant 

changes were detected at the junctions in tetrahedron CCT. This contrasts with 

previous studies with three- and four-way junctions, which showed clear 

protections from hydroxyl radical cleavage at the junctions (Churchill et al., 1988; 
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Price & Tullius, 1992). However the orientation of the strands in these junctions 

was not constrained in the same way as the tetrahedra; the ends are free and the 

junctions adjust the orientation of the strand so as to adopt minimum energy 

conformations, in contrast to the tetrahedra for which the junctions are constrained 

by the integrity of the entire structure. These results therefore suggest that the 

rigid corners in the tetrahedron structures are more accessible to hydroxyl radicals 

than the central bases of the unconstrained three- and four-way junctions.  

3.4.4 DEPC modification 

DEPC modified all unpaired adenine bases at the junctions in both DNA 

tetrahedra. Some base-paired adenines flanking the junctions were also more 

susceptible to modification than those in equivalent duplex fragments, suggesting 

partial unpairing or unwinding of the flanking bases, as has been observed 

previously in free, unconstrained junctions (Guo et al., 1990; Lu et al., 1991b; 

Zhong et al., 1994b). 

3.4.5 Global DNA tetrahedron melting 

Measuring the thermal stability of the tetrahedra by UV and with the fluorescent 

intercalating dye SYBR green provided further information on their structures. UV 

melting demonstrated biphasic transitions for both ST and ST-mod tetrahedra, but 

only showed a single transition for CCT. This suggests that the two DNA 

tetrahedron designs differ in the way they denature and anneal. The additional 

melting transitions were shown to be due to residual stable duplexes between two 

of the oligonucleotides which make up the tetrahedra. In contrast these additional 

melts were not evident with SYBR green (most likely due to increased stability of 

the tetrahedron from SYBR green binding). Both ST and ST-mod showed an 

unexpected increase in SYBR green fluorescence with Tms of 52.2 °C and 48.2 °C 

respectively (well below the Tm corresponding to the denaturation of the 

structures). The molecular origins of this effect are not clear, but it might reflect a 

structural transition in the tetrahedron that either allows more SYBR green to bind, 

or increases the quantum yield of the molecules that are already bound. Both 

these explanations indicate that the tetrahedron can undergo structural changes. 

No such changes were observed with tetrahedron CCT, suggesting that either this 

tetrahedron does not undergo such a transition, or that it occurs at lower 

temperatures. 
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UV and SYBR green melting have different advantages and disadvantages for 

assessing tetrahedron stability. UV melting was able to detect the additional 

melting phases, corresponding to stable duplexes formed from pairs of 

oligonucleotides from the melted tetrahedron. However, this technique uses 

relatively large amounts of oligonucleotides, and the Cary 4000 UV-Vis 

spectrophotometer used in these experiements can only run five samples at a 

time. SYBR green melting only uses very small (20 µl) volumes, and 32 samples 

can be run in parallel on the Roche LightCycler®, with the possibility of faster run 

times. However this technique necessarily requires SYBR green to interact with 

(and possibly stabilise) the DNA tetrahedra. The data are therefore not an entirely 

true depiction of the stability of the native tetrahedron, but instead reflect the 

denaturation of the tetrahedra to which the ligand is bound.  

Attempts to measure the denaturation of the covalently closed ST-mod, by both 

UV and SYBR green melting were relatively unsuccessful and no further work on 

these covalently closed structures is explored in this thesis. In general, the global 

melting experiments with both methods generated useful data on the global 

stability of the entire structures and these techniques are used in the rest of this 

thesis to examine the influence of DNA-binding ligands on global stability of these 

DNA tetrahedron nanostructures. 

3.4.6 Melting at specific regions within the DNA tetrahedron 

By replacing one of the four oligonucleotides which make up ST-mod with a 5’F-

3’Q oligonucleotide, it was possible to produce information on the local stability of 

specific regions within the DNA tetrahedron. Using corresponding double hairpin 

oligonucleotides as controls, it was possible to assess how the stability is affected 

by being part of a larger structure. There was considerably more variability 

between the stabilities of the different edges in isolated duplexes than when these 

were incorporated within the entire tetrahedron. When these are part of a 

tetrahedron, the 5’F-3’Q oligonucleotides generate more stable structures than 

partially formed DNA complexes made from different combinations of the strands 

that make up ST-mod. Duplexes with all four ST-mod 5’F-3’Q oligonucleotides 

were more stable as part of a tetrahedron than when they were simply held 

together using a splint strand of DNA. 
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These specially designed oligonucleotides are used in further Chapters to 

investigate how the binding of ligands to one edge of the tetrahedron affects the 

stability of other edges in the structure. This complements the global melting 

previously described and gives a much clearer picture of ligand interaction with 

DNA nanostructures. 

3.4.7 Melting in molecular crowding agents 

Melting in the ionic liquid ChDHP, to mimic cellular environments, showed that 

complexes can be formed from the ST-mod component oligonucleotides, though it 

is not possible to confirm that these correspond to fully formed tetrahedra. 

Attempts to prove the formation of the ST-mod DNA tetrahedron in ChDHP by 

agarose or polyacrylamide gel electrophoresis were unsuccessful. There were 

also issues using high concentrations of ChDHP as it interfered with the 

fluorescence, which is evident in the first derivative peaks in Figure 3.17, 

especially at higher ChDHP concentrations. Because of these drawbacks, 

experiments using ChDHP are not continued in this thesis.   

3.5 General conclusions 

The results from this chapter have characterised the two main designs of DNA 

tetrahedron built from four oligonucleotides. The tetrahedron’s formations, 

interaction with DNA cleavage and modifying agents, global and regional stabilities 

have all been assessed and provide new insights into assessing rigid DNA 

junctions. These have also demonstrated the use of a novel fluorescent beacon-

based method to assess region-specific stability.  

The results presented in this chapter validate the methods that are used to study 

the interaction of ligands with the tetrahedra in the remainder of this thesis. DNase 

I can be used to assess sequence-selectivity of DNA-binding ligands, comparing 

binding to linear duplex DNA vs DNA in a rigid tetrahedron, whilst both global and 

region-specific melting will provide insights into the effects of DNA-binding ligands 

on DNA tetrahedron stability. 
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4.0 Interaction of Minor Groove Binding Ligands with 

the DNA Tetrahedron 

4.1 Introduction 

The minor groove of DNA has been targeted over the years by a number of 

naturally produced and synthetic molecules (Wemmer, 2000; Neidle, 2001). For 

small molecules with sequence-specificity, the minor groove is an attractive target 

since it can often allow for better contact at the interface between the ligand and 

the floor of the DNA’s minor groove as well as providing both hydrogen bond 

acceptors ((A/T) base pairs) and hydrogen bond donors ((G/C) base pairs) 

(Wemmer & Dervan, 1997). 

The synthetic small molecule Hoechst 33258 (Hoechst) and the natural product 

distamycin are minor groove binding ligands which are known to be selective for 

(A/T) tracts of at least four bases in length (Portugal & Waring, 1987a; Pjura et al., 

1987). Using these well studied ligands, this chapter uses DNase I footprinting and 

the other methods of melting discussed in chapter 3 of this thesis to examine how 

minor groove binding ligands interact with DNA when it is constrained in the rigid 

formation of a DNA tetrahedron.  

4.2 Experimental design 

This experiments described in this chapter used the ST-mod DNA tetrahedron, 

which was designed to contain a single binding site (AATT) for both Hoechst and 

distamycin on one of its six edges. This binding site was chosen as the sequence 

GAATTC which has been shown to be a good binding site for  both ligands to 

which they bind with strong affinity (Abu-daya et al., 1995; Abu-daya & Fox, 1997; 

Hampshire & Fox, 2008b).  

Agarose gels were used to assess the effects of the minor groove binders on the 

formation of the DNA tetrahedron. DNase I footprinting with 32P-labeled ST-mod 

oligonucleotide substrates was used to determine if the rigid DNA of the DNA 

tetrahedron had any influence on the sequence-selectivity or affinity  of the 

ligands, when compared with corresponding linear duplexes of the same 

sequences. Melting with SYBR green was carried out with both of the ligands to 
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assess their influence on the global stability of the DNA tetrahedron. Due to the 

large amount of DNA sample needed, UV melting was only carried out with 

Hoechst. 

The 5’F-3’Q oligonucleotides were also used to assess the influence of the ligands 

on different regions within the DNA tetrahedron.  Four ‘beacon’ sites within the 

structure were used, corresponding to the binding edge 

(TTGAGAATTCCACCTAGTAG), the two adjacent edges 

(CTCAACTGTACGTAGATCCA and GTTGTACCTAGCTTCAGTAC) and the 

opposite edge (CATGTTGATATCCAAGACCA). 

4.3 Results 

4.3.1 Hoechst 33258 

 

Figure 4.1. Agarose gel showing the influence of Hoechst when incubated with the component ST-

mod strands both pre- and post-annealing. The DNA was at 1 µM concentration. 

4.3.1.1 Effect of Hoechst 33258 on DNA tetrahedron formation 

The four oligonucleotides which make up the DNA tetrahedron were incubated 

with concentrations of Hoechst (ranging from 10 to 50 µM) both prior to annealing 

and post annealing in order to assess the effect of the ligand on the formation of 

the tetrahedron. The results are shown in Figure 4.1. Hoechst had little effect on 
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the formation of the tetrahedron comparatively to the control, nor did it have any 

destructive effects on the tetrahedron when added after annealing.  

4.3.1.2 Sequence-selective binding to the ST-mod DNA tetrahedron 

The binding of Hoechst to the ST-mod DNA tetrahedron, was investigated by 

DNase I footprinting and the results are shown in Figure 4.2. The interaction of 

Hoechst with each radiolabelled ST-mod oligonucleotide was examined either 

within the complete tetrahedron or as a linear duplex with its complementary 

oligonucleotide. The solid red bars on the Figure highlight the GAATTC binding 

site, while the unfilled red bars indicate other sites of reduced DNase I cleavage.  

 

Figure 4.2. DNase I cleavage on each radiolabelled ST-mod strand as both duplex and tetrahedron 

in the presence of 5 and 20 µM Hoechst (DNA concentration: 1 µM). Filled red bars indicate the 

GAATTC primary binding site while unfilled red bars indicate secondary binding sites. 
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It can be seen that the GAATTC site, which is in the labelled strand of ST-mod1 is 

clearly protected when incubated with 20 µM Hoechst. As expected this footprint is 

evident on both the linear duplex and the complete tetrahedron. Some protection 

is still evident with 5 µM Hoechst, though this is more pronounced on the duplex 

than on the tetrahedron, suggesting that the ligand binds less well to the DNA 

tetrahedron. Several other weaker Hoechst footprints can also be seen in these 

gels in the other labelled strands that do not contain any (A/T)4 site, though these 

additional footprints are less clear than the one at  AATT. They also only showed 

weaker protection at 20 µM ligand and very little with 5 µM.  

The secondary sites, which were seen in the same locations on both duplex and 

tetrahedon, fell into two categories: some sites contained three consecutive (A·T) 

base pairs, such as the secondary site highlighted at the 3’-(upper) end of ST-

mod2 which has the sequence GATATC (This site was included in the tetrahedron 

as a binding site for the bis-intercalator TANDEM which is described in the 

following chapter. Minor groove binders have previously been shown to bind this 

site, but with 100-fold less affinity than for the AATT site (Abu-daya et al., 1995)) 

or the secondary site at the 3’-end of ST-mod3 which has the sequence GAATC. 

Other sites seem to be part of an oligo(T/C) tract, such as the secondary sites at 

the 5’-(lower) ends of both ST-mod2 and ST-mod4 which are TCCTT and 

CTCTTCTTTCTT respectively. 

Interestingly, the radiolabelled ST-mod3 shows a footprint when it is part of the 

DNA tetrahedron, but not when part of a duplex. The sequence at this site 

(AGCTT) does not fit any previously described binding sites for this minor groove 

binding ligand. This therefore raises the possibility that the binding at this location 

is promoted by the rigid structure of the DNA tetrahedron, though this does not 

necessarily have to be a result from interaction within the minor groove as 

previous studies have demonstrated that, at high concentrations, minor groove 

binders have been able to change their binding modes to match that of an 

intercalator (Wilson et al. 1990; Bailly et al. 1993; Moon et al. 1996).   

4.3.1.3 Binding affinity to the DNA tetrahedron 

Quantitative DNase I footprinting was used to estimate the affinity of Hoechst for 

the tetrahedron and linear DNA duplexes, using the radiolabelled ST-mod1 
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oligonucleotide (since this strand contains the GAATTC binding site). The results 

are shown in Figure 4.3 for DNase I footprints in the presence of Hoechst 

concentrations from 1 µM to 50 µM.  

 

Figure 4.3. Quantitative DNase I footprinting gel with radiolabelled ST-mod1 substrate as both 

duplex and tetrahedron structures (DNA concentration: 1 µM). Hoechst concentrations were 50, 

40, 30, 20, 10, 5, 3 and 1 µM. The red bars indicate the GAATTC primary binding site. 

Clear concentration-dependent footprints at the GAATTC binding site (highlighted 

by the red bars) can be seen for both the linear duplex and the DNA tetrahedron. 

The intensity of the bands at this primary binding site were quantified and are 

presented as a footprinting plot in Figure 4.4. C50 values (the concentration of 

ligand at which the band intensity is reduced by 50%) were determined from the 

gels in Figure 4.3 by fitting the data with a simple binding curve and gave values of 

1.1 ± 0.2 µM for the linear duplex and 3.7 ± 0.5 µM for the tetrahedron. C50 values 
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are often interpreted as approximating to the dissociation constant (Kd) of the 

ligand-DNA interaction. However, this relationship is only appropriate if the DNA 

concentration is much lower than the Kd (Hampshire et al., 2007), and the 

experiment shown in Figure 4.3 contained 1 µM DNA in the samples. Although 

these values should not be regarded as dissociation constants, they suggest that 

Hoechst binds to the linear duplex better than to the tetrahedron, and that the 

more rigid DNA tetrahedron structure attenuated the binding of Hoechst compared 

with linear, duplex B-DNA of the same sequence. It should also be considered that 

the DNA tetrahedron samples will have had twice as many base pairs present than 

the duplexes, therefore potentially offering more opportunities for ligand binding, 

however, the number of AATT target sites for the ligand will have been the same 

for both duplex and tetrahedron. 

 

Figure 4.4. Footprinting plot derived from the band intensities at the primary Hoechst binding site 

in Figure 4.3. 

Examination of the gels also reveals some enhanced cleavage 3’ (above) the 

primary binding site. This is apparent in both the tetrahedron and linear duplex 

samples. Although enhanced DNase I cleavage is often interpreted as indicating 

ligand-induced DNA structural changes, in this case it is more likely due to 

changes in the ratio of free DNA to enzyme. 
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A secondary binding site can also be seen a few bases on the 5’-side (below) of 

the primary footprint in the sequence CATTG, which is clearest on the DNA 

tetrahedron footprint. This also showed a similar concentration dependence, but 

required a much higher ligand concentrations than the primary site with C50 values 

of 10.4 ± 2.2 µM and 29.6 ± 9.0 µM for the duplex and tetrahedron respectively. 

4.3.1.4 UV and SYBR green I melting 

The effect of Hoechst on the global stability of the tetrahedron was examined by 

UV-melting experiments, and fluorescence melting detected with SYBR green. 

Examples of UV melting curves of the ST-mod tetrahedron in the presence of 

Hoechst are shown in Figure 4.5, and demonstrate that, as expected, Hoechst 

shows a concentration-dependent stabilisation of the tetrahedron.  Tm values were 

determined from the first-derivatives of these melts and are presented in Table 

4.1. 

 

Figure 4.5. Representative UV melting curves and corresponding first derivatives of tetrahedron 

ST-mod (at a concentration of 1 µM) in the presence of Hoechst. 

Table 4.1. Average Tm values from UV melting tetrahedron ST-mod in the presence of Hoechst.  

These values were calculated from only duplicates of data. 
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The first derivatives of these melts reveal that the temperature range over which 

the DNA tetrahedron denatured becomes broader with increasing Hoechst 

concentrations. This suggests that the ligand causes some regions of the 

tetrahedron (i.e. the sequences to which it is bound) to become more stable than 

other, unbound regions, resulting in a broader transition.  

 

Figure 4.6. Representative SYBR green melting curves (top) and corresponding first derivatives 

(bottom) of the ST-mod1 duplex and tetrahedron ST-mod (1 µM) in the presence of Hoechst. 

Melting experiments on the ST-mod tetrahedron as well as a ST-mod1 63mer 

duplex in the presence of SYBR green were also carried out to observe the effect 

of Hoechst binding on stability. Examples of these melting curves and their first 

derivatives are shown in Figure 4.6, while the Tm values derived from these data 

are presented in Table 4.2. Since the duplex and tetrahedron had very different 

melting temperatures and melting profiles in the absence of the ligand, the 

absolute Tm data between the two cannot be directly compared, though they both 
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showed concentration-dependent increases in the melting temperatures. The ΔTm 

value at 20 µM Hoechst for the DNA tetrahedron (4.4 °C) is nearly two degrees 

less than that seen with the UV melting. This may be because the SYBR green 

competes with Hoechst and thereby reduces its apparent binding affinity. 

Alternatively, this lower ΔTm could also reflect the fact that the DNA tetrahedron 

had a higher Tm in the presence of SYBR green in the absence of added ligand. 

However, since the SYBR green concentration was the same in all the samples it 

is still possible to draw comparisons between the data which, as with the UV-

melting, showed concentration-dependent stabilisation of the duplex and DNA 

tetrahedron. 

Table 4.2. Average Tm values for SYBR green melting with the ST-mod1 63mer duplex and 

tetrahedron ST-mod in the presence of Hoechst. 

 

The melting curves for ST-mod showed an increase in fluorescence at 

temperatures below the main melting transition, as noted in Chapter 3 (Figure 

3.13), which were relatively consistent across all the ligand concentrations. This 

suggests that the binding of Hoechst did not cause the DNA tetrahedron to 

denature in a different manner in the presence of the ligand compared with the 

SYBR green-only control. 

4.3.1.5 Melting with 5’F-3’Q oligonucleotides 

The 5’F-3’Q oligonucleotides, described in Chapter 3 (section 3.3.8), were used to 

assess the effect of Hoechst on the stability of specific regions within the DNA 

tetrahedron. Four oligonucleotide tetrahedron beacons were used with the 

fluorescent probes located in different positions with respect to the ligand’s AATT 

binding site: The binding edge, two adjacent edges and an opposite edge.
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Hairpins Tetrahedron 

 

Figure 4.7. Representative melting curves with the 5’F-3’Q hairpin controls (left) and beacon edges 

within the ST-mod tetrahedron (right) in the presence of Hoechst (DNA concentration: 1 µM). 

Tetrahedron edges are labelled according to nomenclature set out in Fig 3.1(e). 
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One of the adjacent edge oligonucleotides (referred to as ‘adjacent edge 1’) also 

contained the primary binding site, but on a different edge to the fluorescent 

groups. With respect the labelling of the tetrahedron diagram in Figure 3.1, for 

Hoechst, the binding edge is edge C, adjacent edge 1 is edge A, adjacent edge 2 

is edge D, and the opposite edge is edge E. The hairpin oligonucleotides, 

described in section 3.3.8, were used as controls to mimic each edge of the ST-

mod tetrahedron which contained a beacon site. Figure 4.7 shows examples of 

melting curves for the ST-mod edges and the corresponding hairpins in the 

presence of Hoechst, while Table 4.3 shows the Tm and ΔTm values estimated 

from the peaks in the first differentials. No hysteresis was observed between 

melting and annealing curves (not shown). 

Table 4.3. Average Tm and ΔTm values for each of the 5’F-3’Q beacons and control hairpins in the 

presence of Hoechst. 

 

For the hairpin controls, only the sequence corresponding to the binding edge 

showed any significant increase in stability with a ΔTm of 8.1 ± 0.5 °C in the 

presence of 20 µM Hoechst. For the other controls Hoechst 33258 did not produce 

any significant changes in the melting profiles, which is not surprising as these 

oligonucleotides do not contain binding sites for the ligand. However, very different 
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results were obtained with the DNA tetrahedron. Although the labelled edge 

containing the AATT binding site showed the greatest increase in Tm (6.3 ± 0.4 °C 

with 20 µM ligand), the other ‘beacon’ edges also showed significant increases in 

stability by Hoechst. The order of increased stability with 20 µM ligand was as 

follows: Binding edge > Adjacent edge 2 > Adjacent edge 1 = Opposite edge.  

There are two main conclusions that can be drawn from these data: Firstly, 

Hoechst 33258 binding to one site on a DNA tetrahedron can affect the stability of 

other, distant regions across junctions. Secondly, the enhancements in stability 

are reduced the further away the beacon is from the binding site. These results 

therefore suggest that Hoechst binding at a specific site on a DNA nanostructure 

can affect the whole structure and not simply the region of binding. 

4.3.2 Distamycin 

4.3.2.1 Effect of distamycin of DNA tetrahedron formation 

Distamycin was incubated with the tetrahedron oligonucleotides prior to and post 

annealing to assess its effect on the tetrahedron formation. The results are shown 

in Figure 4.8. The results suggest that distamycin did show exhibit any inhibitory 

effects on the formation of the tetrahedron or any destructive effect on the formed 

structure. At higher concentrations, it appears as though there are fewer 

secondary products present which could potentially suggest that the ligand 

promotes a higher yield of formation, though it would probably be more likely be 

due to reduced fluorescence from Diamond™ nucleic acid stain due to competition 

with the ligand. 

4.3.2.2 Sequence-selectivity to ST-mod DNA tetrahedron 

The AATT site incorporated into the ST-mod DNA tetrahedron is also a good 

binding site for distamycin (Hampshire & Fox, 2008b). Distamycin also binds to 

(A/T)n sequences, but shows less discrimination than Hoechst 33258 between 

different arrangements of AT-base pairs (Abu-daya et al., 1995). Similar 

experiments to those described above for Hoechst were therefore used to study 

the interaction of this minor groove-binding ligand with the tetrahedron.  
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.  

Figure 4.8. Agarose gel showing the influence of distamycin when incubated with the component 

ST-mod strands both pre- and post-annealing. The DNA was at of 1 µM concentration. 

 

Figure 4.9. DNase I cleavage on each radiolabelled ST-mod strand as both duplex and tetrahedron 

in the presence of 5 and 20 µM distamycin (DNA concentration: 1 µM). Filled red bars indicate the 

GAATTC primary binding site while unfilled red bars indicate secondary binding sites. 
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Figure 4.9 shows DNase I cleavage of radiolabelled ST-mod duplexes and DNA 

tetrahedra in the presence and absence of distamycin. It can be seen that 

distamycin produces a clear footprint at the expected primary binding site 

(GAATTC), as indicated by the filled bars. However, several other footprints 

(secondary binding sites) are also evident, which are indicated by the unfilled bars. 

Several of these correspond to the secondary binding sites that were seen with 

Hoechst such as the GATATC site on ST-mod2 and the oligo(T/C) sequence on 

ST-mod4. There were, however, secondary footprints with Hoechst which did not 

appear with distamycin. These include the 5’ (lower) footprint on ST-mod 2 and the 

5’ (lower) footprint on ST-mod3 (when part of a tetrahedron) in Figure 4.2, 

corresponding to the sequences TTCCT and AGCTT respectively.   

 

Figure 4.10. Quantitative DNase I footprinting gel on radiolabelled ST-mod1 as both duplex and 

tetrahedron structures (DNA concentration: 1 µM). Distamycin concentrations were 50, 40, 30, 20, 

10, 5, 3 and 1 µM. The red bars indicate the GAATTC primary binding site. 
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Some of the secondary DNase I footprints on the linear DNA duplexes are not 

seen when these radiolabelled oligonucleotides are part of the DNA tetrahedron 

including the GATATC 3’ (upper) site on ST-mod2 and the 5’ (lower) TAGATC 

sequence on ST-mod4. This suggests that distamycin binds less well to the rigid 

DNA structures that make up the DNA tetrahedron and is similar to the result seen 

with Hoechst.   

 

Figure 4.11. Footprinting plot derived from the band intensities at the primary Hoechst binding site 

in Figure 4.10. 

Quantitative DNase I footprinting gels showing the concentration-dependent 

protection of the ST-mod1 duplex and the DNA tetrahedron are shown in Figure 

4.10. The protection at the primary GAATTC binding site was quantified and the 

footprinting plot derived from these data is shown in Figure 4.11. C50 values 

calculated from these data gave values of 3.8 ± 1.0 µM for the linear duplex and 

12.9 ± 1.8 µM for the tetrahedron. These values for distamycin are higher than 

those for Hoechst 33258, for both the duplex and tetrahedron, and are consistent 

with the generally weaker binding of distamycin (Abu-daya et al., 1995; Abu-daya 

& Fox, 1997). The three-fold higher C50 value of distamycin for the DNA 

tetrahedron than for the linear duplex is similar to the result with Hoechst, and 

again suggests that these minor groove ligands bind less well to sites within the 

nanostructure than to a normal B-DNA duplex.  
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4.3.2.3 SYBR green I melting 

Example melting curves from the global melts of ST-mod1 duplex and the ST-mod 

DNA tetrahedron with SYBR green are shown in Figure 4.12 along with the plots 

of the first derivatives. Melting values for these data are presented in Table 4.4. As 

expected, the linear duplexes and DNA tetrahedra were stabilised with increasing 

distamycin concentrations. The regions of increased fluorescence prior to the main 

melting transitions for the tetrahedron melts were also stabilised with increasing 

ligand concentration in the same was that Hoechst was. The duplex was stabilised 

by 7.6 °C and the tetrahedron by 7.4 °C when incubated with 20 µM distamycin. 

The linear duplexes were stabilised by approximately the same amount as 

Hoechst, though distamycin stabilised the tetrahedron by 3 °C more than Hoechst. 

This suggests that the binding of distamycin to the tetrahedron is less affected by 

its rigid structure than Hoechst binding, though the difference may also be affected 

by the competition of these ligands with SYBR green. However, since these minor 

 

Figure 4.12. Representative SYBR green melting curves (top) and corresponding first derivatives 

(bottom) of the ST-mod1 duplex and tetrahedron ST-mod (1 µM) in the presence of distamycin. 
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groove binders have similar sequence preferences, the results suggest that the 

rigid DNA structure may affect the binding of some ligands more than others. 

Table 4.4. Average Tm values for SYBR green melting with the ST-mod1 63mer duplex and 

tetrahedron ST-mod in the presence of distamycin. 

 

4.3.2.4 Melting with 5’F-3’Q oligonucleotides 

Melting experiments were also performed with the fluorescently labelled tetrahedra 

and hairpin oligonucleotides and the results are presented in Figure 4.13. The 

binding edge, adjacent edges and opposite edge were the same as with Hoechst. 

No hysteresis was observed between melting and annealing curves (not shown). 

The Tm values derived from the first differential plots of these data are shown in 

Table 4.5.  It can be seen that distamycin had the greatest effect on the binding 

edge hairpin oligonucleotide, with a ΔTm of 7.8 ± 0.8 °C in the presence of 20 µM 

distamycin. However, in contrast to Hoechst, distamycin also stabilised the other 

three hairpins by approximately 3 °C. This suggests that distamycin may also 

interact with other sequences in the tetrahedron, not just at the primary GAATTC 

binding site.  

With the DNA tetrahedron, distamycin stabilised the melting transitions for the 

oligonucleotides that contained beacon sites on the binding edge and both 

adjacent edges to a similar extent (3-4 °C), while the opposite edge did not show a 

significant increase in stability. The lack of effect on the tetrahedron containing a 

beacon in the opposite edge was surprising since this sequence is stabilised by 

distamycin in the control hairpin. The reasons for these differences are not clear, 

but the results show that there are differences in binding of distamycin to the DNA 

tetrahedron and the hairpin control sequences. 
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Hairpins Tetrahedron 

 

Figure 4.13. Representative melting curves for the 5’F-3’Q hairpin controls (left) and beacon edges 

within the ST-mod tetrahedron (right) in the presence of distamycin (DNA concentration: 1 µM). 

Tetrahedron edges are labelled according to nomenclature set out in Fig 3.1(e). 
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Table 4.3. Average Tm and ΔTm values for each of the 5’F-3’Q beacons and control hairpins in the 

presence of distamycin. 

 

4.4 Discussion 

This experiments presented in this chapter have investigated the interaction of the 

minor groove binders Hoechst and distamycin with the ST-mod DNA tetrahedron 

that contains a single GAATTC site, which is known to be a good binding site for 

these small molecules (Abu-daya et al., 1995; Abu-daya & Fox, 1997; Hampshire 

& Fox, 2008b). DNase I cleavage assays as well as global and site specific 

melting experiments were used to assess the ligand binding and their effects on 

the DNA nanostructure. 

4.4.1 Effect of minor groove binders on DNA tetrahedron formation 

Neither of the two minor groove binders showed any inhibitory effects on the 

formation of the tetrahedron, even at high concentrations (50 µM), nor did they 

exhibit any destructive effects on formed structures. These results are unsurprising 

since neither of the ligands are known to distort or unwind the DNA double helix 

when binding in a 1:1 ratio (Pelton & Wemmer, 1989; Pelton & Wemmer, 1990; 

Spink et al., 1994) and are therefore less likely to interfere with the folding of the 

oligonucleotides. However, it is known that distamycin can bind in a 2:1 ratio when 
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ligand is in excess of the DNA substrate (such as these experiments) which does 

distort the B-DNA helix (Pelton & Wemmer, 1989; Pelton & Wemmer, 1990; Mitra 

et al., 1999). The lack of inhibition of tetrahedron formation therefore suggests 

either the ligand is binding in a 1:1 binding mode, or that the tetrahedron is able to 

form with partial unwinding present, or that the tetrahedron forms before any 2:1 

binding can occur. 

4.4.2 Sequence-selectivity of minor groove binders to DNA tetrahedron 

Both Hoechst and distamycin showed good binding to the single GAATTC site 

within the DNA tetrahedron which has been a strong binding site in previous 

studies (Abu-daya et al., 1995; Abu-daya & Fox, 1997; Hampshire & Fox, 2008b). 

Several weaker secondary binding sites were also observed. These generally fell 

within regions that contained sequences with three consecutive AT base pairs or 

within oligo(T/C) sequences. While both these molecules have previously shown 

to bind preferentially to (A/T)n sequences of at least four base pairs in length, it is 

not particularly surprising that at high concentrations they were able to bind these 

smaller (A/T) sites. This agrees with previous literature which has shown that 

these ligands are able to still bind (A/T)n sequences which contain G/C base 

interruptions (Portugal & Waring, 1987a; Portugal & Waring, 1988) 

It is clear that both ligands bind less well to the GAATTC site in the DNA 

tetrahedron than in the linear duplex DNA, and this is discussed further in the next 

section. With 20 µM ligand Hoechst, an additional secondary binding site was 

evident with the DNA tetrahedron compared with the duplex corresponding to the 

sequence AGCTT which is not a previously described binding site for the ligand, 

therefore suggesting that this may have been a result of the rigid DNA structure. 

While with distamycin, some of the secondary sites seen in the duplex were 

missing in the tetrahedron, notably the sequences GATATC and TAGATC. It is 

known that Hoechst and distamycin (when binding in a 1:1 ratio) do not unwind or 

distort the DNA helix when they bind B-DNA (Pelton & Wemmer, 1988; Spink et 

al., 1994), but bind best to DNA regions with narrow minor grooves where they can 

make optimal binding interactions. The primary sequence preferences for these 

ligands are not the same, suggesting that they require slightly different local minor 

groove environments, which may account for the different behaviour of the 

secondary binding sites between the tetrahedron and the linear DNA fragments, 
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as a result of changes in the local DNA flexibility. Alternatively, changes in 

secondary binding-site selectivity between the ligands could also be the result of 

2:1 binding by distamycin which, unlike 1:1 binding, distorts and unwinds B-DNA at 

the minor groove (Pelton & Wemmer, 1989; Mitra et al., 1999). This explanation 

may also account for the reduced number of binding sites on the tetrahedron 

compared to the linear duplex, and also for the reduced number of binding sites 

than observed with Hoechst. It also cannot be concluded that secondary sites 

reflect binding in the DNA minor groove; both ligands have been reported to 

display other binding modes, such as intercalation, with weaker affinities, which 

are therefore only apparent at higher concentrations (Wilson et al., 1990; Bailly et 

al., 1993). 

4.4.3 Affinity of ligands to the DNA tetrahedron 

Using quantitative DNase I footprinting, it was possible to assess the binding 

affinity of the two minor groove binding ligands to their primary binding site on the 

ST-mod DNA tetrahedron and to compare this with the same sequence as part of 

a linear B-DNA duplex. Hoechst bound to both structures at lower concentrations 

than distamycin, and both ligands bound to the linear duplex approximately three 

times stronger than to the tetrahedron. As far as we are aware, there have been 

no previous studies using methods such as these to compare a ligand’s affinity for 

DNA of a linear duplex with that of a DNA nanostructure such as DNA tetrahedron. 

These results may therefore be relevant to the DNA nanotechnology community, 

particularly those which use DNA nanostructures for biomedical applications such 

as drug delivery systems (Zhao et al. 2012; Kim et al. 2013; Li et al. 2013; Pei et 

al. 2014) where the structures will come into contact with DNA binding agents, as 

binding may affect nanostructure function. 

The DNA concentration in these footprinting experiments was much higher than is 

typically employed in quantitative experiments to probe small molecule-DNA 

interactions. The was done partly in order to force efficient assembly of the 

tetrahedron and partly to ensure that doping samples with low concentrations of 

radiolabelled oligonucleotide did not affect the equimolar ratios between the four 

strands which make up the tetrahedron, which could lead to insufficient formation. 

As a result, the target DNA concentration is similar to the Kd of the ligands.  Under 

normal conditions, the C50 value approximates to the Kd, but this is clearly not the 
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case in these experiments. Taking into account that there is double the 

concentration of DNA in the samples with tetrahedron than the duplex, the 

concentration of the GAATTC binding site is ubiquitous across both types of 

sample, therefore, although these C50 values are not the same as Kd, the 

differences between them do indicate that the ligands bind less well to the 

tetrahedron than linear DNA duplexes.  

4.4.4 UV and SYBR green I melting 

The UV melting experiments demonstrated a global increase in stability of the 

DNA tetrahedron as a result of Hoechst binding. This experiment was able to show 

the tetrahedron melting in the presence of Hoechst without having any additional, 

competing ligand present which made for a useful comparison with the 

fluorescence melting with SYBR green. However, a relatively high concentration of 

DNA is needed for these melts, and only a small number of samples could be run 

at a time. This technique was therefore only used selectively to examine some of 

the ligands used in this study. 

The melting assays using SYBR green also demonstrated that the ligands 

increased global stability of the DNA tetrahedron as well as the control duplex. 

With this technique the ΔTms with 20 µM Hoechst were not as large as those 

measured in the UV  melting experiments, which may be explained by competition 

between the ligand and SYBR green for DNA binding sites. Alternatively the 

smaller ΔTm may be a consequence of the higher Tm of the DNA tetrahedron when 

assessed with SYBR green; any stabilisation by Hoechst may appear smaller 

simply because DNA is already more stable under these conditions. Despite these 

caveats in the use of SYBR green melting curves, this technique has several 

advantages (higher throughput and much smaller sample sizes) for measuring 

ligand-induced stabilisation of the DNA tetrahedron, and generated results that are 

comparable to those determined by UV melting. 

4.4.5 Melting with 5’F-3’Q oligonucleotides 

The melting experiments with the 5’F-3’Q oligonucleotides were able to provide 

data about stability of specific locations within the DNA tetrahedron respective to 

the binding site of each of the minor groove binding ligands. Hoechst only 

stabilised the hairpin duplex that contained the GAATTC binding site, and had no 
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significant effect on the other three hairpin controls. However, it stabilised all the 

edges of the DNA tetrahedron, suggesting that binding to one edge of the 

structure affects the stability of neighbouring regions. Perhaps unsurprisingly, 

smaller effects were measured when the beacon was placed on the edge that was 

furthest (opposite edge) from the binding site.  

The results with distamycin were not as clear cut as those with Hoechst as this 

ligand stabilised the hairpins which didn’t contain the GAATTC binding site, albeit 

to a much lesser extent. However, the general trend was similar to that of Hoechst 

with the greatest stabilisation of the tetrahedron seen with the binding edge and 

the adjacent edges, and no effect on the opposite edge, despite the fact that the 

ligand increased the Tm of this hairpin sequence. Incidentally, the opposite edge 

contains the GATATC sequence which was shown in Figure 4.9 to be a secondary 

distamycin site on the ST-mod2 duplex, but was not observed to be a binding site 

the tetrahedron. These phenomena may account for the unexpected result. 

Thermal denaturation studies have previously demonstrated telestability, where a 

remote location in a DNA duplex has been stabilised by ligands binding elsewhere 

on the same strands (Burd et al. 1975a; Burd et al. 1975b) though there is not 

extensive research in this area. However, the use of a fluorescent beacon-based 

method such as the one described in this chapter has not been previously used to 

study the interaction of DNA-binding ligands with DNA nanostructures. The insight 

provided by this method has been able to provide a better understanding of the 

telestability caused by ligand interactions with a DNA tetrahedron, and 

complement the global melting studies which only show an increase in stability of 

the whole structure.  

4.5 General conclusions 

This chapter has investigated the interaction of the minor groove ligands Hoechst 

33258 and distamycin with a DNA tetrahedron. DNase I footprinting has 

demonstrated that both ligands retain their sequence preference for the GAATTC 

on the DNA tetrahedron, though other, weaker sites were also observed. The 

affinity of these ligands for the primary binding site within the DNA tetrahedron was 

about three times lower than to that with linear B-DNA duplexes of the same 

sequence, suggesting the rigid, nanostructured DNA can affect ligand binding. 
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Melting experiments showed that both ligands stabilise the DNA tetrahedron, 

which was not surprising. However, when beacons were placed at specific 

positions within the DNA tetrahedron it was possible to observe ligand-induced 

increases in stability at regions that were remote from the ligand binding site. 

Hoechst increased the melting temperature of the tetrahedron as assessed with all 

the fluorescently-labelled edges, though the increased stability was less the further 

away it was from the binding site. In contrast the control sequences, which 

mimicked each of the tetrahedron edges containing a beacon site, were unaffected 

by Hoechst (with the exception of the binding edge itself). Distamycin showed a 

similar trend, but showed greater stabilisation of the edges that did not include the 

AATT binding site. These results therefore demonstrate that the local stability 

introduced from ligand binding can be transferred around the junction within this 

DNA nanostructure. 
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5.0 Interactions of Intercalating Ligands with the 

DNA Tetrahedron 

5.1 Introduction 

DNA intercalators are a wide group of DNA-binding agents that insert between the 

base pairs of DNA (Lerman, 1961; Pritchard et al., 1966; Wakelin, 1986). Their 

mode of binding can interfere with cellular processes such as DNA replication and 

RNA synthesis, and as a result some intercalators have medical significance as 

antibiotics and anticancer agents (Baguley, 1991; Wang, 1992; Brana et al., 2001; 

Ferguson & Denny, 2007). The intercalative groups of these molecules are planar 

and aromatic in order to allow for stacking between the base pairs (Wakelin, 1986) 

meaning that a number these ligands often possess fluorescent properties due to 

delocalisation of electrons in the aromatic rings  (Lichtman & Conchello, 2005). 

Upon binding to DNA these ligands have shown to unwind and extend the DNA 

helix (Lerman, 1961; Waring, 1970). 

The monofunctional intercalator actinomycin, the bis-intercalators echinomycin 

and TANDEM, and the threading intercalator nogalamycin, intercalate in different 

ways, but all possess some sequence-selectivity (Fox & Waring, 1984b; Low et al., 

1984; Fox & Waring, 1986b; Waterloh & Fox, 1991a; Lavesa et al., 1993; Fletcher 

& Fox, 1996a; Hampshire & Fox, 2008a). Specifically, actinomycin binds primarily 

to the dinucleotide sequence GpC, echinomycin binds to CpG, TANDEM to 

sequences containing TpA, while nogalamycin binds best to mixed sequences with 

alternating purines and pyrimidines, such as TpG and GpT. The properties of each 

of these ligands are explained in detail in the general introduction in section 1.3.2. 

These intercalators were chosen over others, such as ethidium, for this study due 

to their sequence-selectivity, enabling analysis of ligand-DNA interactions at 

specific locations, making interpretation of results simpler. This chapter assesses 

the binding of these sequence-selective ligands to the ST-mod DNA tetrahedron 

and their effects on its global and local stability. 
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5.2 Experimental design 

The techniques and experimental conditions used are similar to those described in 

Chapter 4 for the minor groove binding agents. Actinomycin, echinomycin and 

TANDEM each have a single primary binding site within the ST-mod tetrahedron 

which corresponds to the sequences AGCT, ACGT and ATAT respectively. 

Because nogalamycin is not as sequence-selective as the other ligands, a single 

binding site for this ligand was not added into the tetrahedron, it was instead 

studied for its overall interaction with the nanostructure. Since nogalamycin also 

fluoresces at a similar wavelength to SYBR green, melting experiments with this 

dye could not be carried out. However, the fluorescence of nogalamycin is 

quenched upon association with DNA (Johnston et al., 1978), so we were able to 

use the fluorescence of the ligand itself as a reporter for the thermal melting 

studies.  

5.3 Results 

5.3.1 Actinomycin 

5.3.1.1 Effect of actinomycin on DNA tetrahedron formation 

Actinomycin, at concentrations ranging from 10-50 µM, was incubated with the 

oligonucleotides that form the DNA tetrahedron both pre- and post-annealing, to 

see if it affected the formation of the nanostructure or altered the pre-formed 

structure. The results of these band-shift experiments are shown in Figure 5.1. It 

can be seen that addition of actinomycin before annealing the four strands inhibits 

tetrahedron formation in a concentration-dependent fashion. Although 10 µM 

actinomycin has very little effect on the formation of the tetrahedron, 30 µM ligand 

completely abolishes the appearance of the retarded band. Conversely, addition of 

the same concentrations of actinomycin after the tetrahedron had already been 

annealed had no effect on the retarded band that corresponds to the tetrahedron 

and all the lanes show the same mobility as the control. This could indicate that 

either the pre-formed tetrahedron prevents actinomycin from binding, or the ligand 

can bind to the intact structure without affecting its integrity. 
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Figure 5.1. Agarose gel showing the influence of actinomycin when incubated with the component 

ST-mod strands both pre- and post-annealing. The DNA was at 1 µM concentration. 

5.3.1.2 Sequence-selective binding to the ST-mod DNA tetrahedron 

DNase I footprinting was used to investigate the interaction of actinomycin with the 

tetrahedron, to determine whether it still bound to its usual AGCT binding site and 

to assess whether it could interact with any secondary binding sites. These results 

with each labelled strand in turn are shown in Figure 5.2 and are compared with 

binding to the simple linear duplexes. The single GpC site in these fragments is 

indicated by the filled red bars and a clear footprint is evident at this position with 

both the linear duplex and the ST-mod3 tetrahedron. The footprint (indicated by 

the unfilled bars) extends above (3’) the binding site on both the duplex and 

tetrahedron as usual for DNase I footprints. An additional weaker footprint can be 

seen on both DNA duplex and the tetrahedron 3’ (above) the primary site, 

corresponding to the sequence CACCT which, surprisingly, includes the unpaired 

adenine at the junction of the tetrahedron. Another secondary (non-GpC) footprint 

site can be seen on ST-mod4 with both the tetrahedron and linear duplex, which 

corresponded to the sequence TCCA. One further non-GpC footprint is found on 

the linear duplex DNA with ST-mod1 in the sequence CACCT, but this is not 

evident on the tetrahedron. In addition, two regions of attenuated DNase I 
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cleavage can be seen on the tetrahedron, towards the top (3’ ends) of the strands 

ST-mod 2 and 3, and correspond to the sequences ACCA and ATCC respectively, 

these are not seen on the linear duplexes. All of these secondary footprints were 

only evident with 20 µM ligand, and corresponded to attenuated enzyme cleavage 

rather than complete protection. All these sites contain the dinucleotide CpC to 

which actinomycin has previously been shown to bind at high concentrations (Fox 

& Waring, 1984a). 

 

Figure 5.2. DNase I cleavage assay on each radiolabelled ST-mod strands as both duplex and 

tetrahedron in the presence of 5 and 20 µM actinomycin (DNA concentration: 1 µM). Filled red 

bars indicate the GpC primary binding site while unfilled red bars indicate secondary binding sites. 
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Quantitative DNase I footprinting on the duplexes and DNA tetrahedra containing 

radiolabelled ST-mod3 oligonucleotide, which contains the primary AGCT primary 

binding site, was used to estimate the binding affinity of actinomycin to both DNA 

structures and the results are shown in Figure 5.3. The protection at the GpC site 

was quantified and the footprinting plots derived from these data are shown in 

Figure 5.4. The C50 values estimated from these plots were 2.3 ± 0.5 µM for the 

linear duplex and 7.4 ± 1.6 µM for the tetrahedron. As reported with the minor 

groove binding agents in the previous chapter, actinomycin appears to bind 

approximately three-fold weaker to the tetrahedron than to the linear duplex. 

 

Figure 5.3. Quantitative DNase I footprinting gel with radiolabelled ST-mod3 as both duplex and 

tetrahedron structures (DNA concentration: 1 µM). Actinomycin concentrations were 50, 40, 30, 

20, 10, 5, 3 and 1 µM. The red bars indicate the GpC primary binding site. 
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Figure 5.4. Footprinting plot derived from the band intensities at the primary actinomycin binding 

site in Figure 5.3. 

5.3.1.3 SYBR green I and UV melting 

Representative melting curves showing the melts of the ST-mod3 duplex and the 

ST-mod DNA tetrahedron in the presence of actinomycin, detected with SYBR 

green, are shown in Figure 5.5 along with their first derivatives. Tm values derived 

from these melts are presented in Table 5.1. In these experiments the overall 

fluorescence signal was reduced with increased actinomycin concentration, and 

was undetectable with 20 µM ligand on the linear duplex. We assume that this is 

due to quenching between the fluorescent dye and the actinomycin (though it 

could also indicate that actinomycin has displaced all the SYBR green from the 

DNA). Although the tetrahedron is at the same molar concentration as the linear 

duplex, it contains about twice as many base pairs, on account of its larger size 

(though the same concentration of GpC sites). This greater concentration may 

explain why SYBR green fluorescence can be still be detected with 20 µM 

actinomycin in the tetrahedron but not the linear duplex. The ST-mod melt with 20 

µM ligand shows a biphasic melt suggesting a staggered denaturation of the 

tetrahedron rather than a uniform melt. This second transition, in contrast to the 

main melts, appears to be more stable than the other samples. It can also be 

observed that the transition showing the initial fluorescence increase on the 

tetrahedron melts (discussed in Chapter 3) becomes less potent with increased 

ligand concentration. 
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Figure 5.5. Representative SYBR green melting curves (top) and corresponding first derivatives 

(bottom) of the ST-mod3 duplex and tetrahedron ST-mod (1 µM) in the presence of actinomycin. 

Table 5.1. Tm values from SYBR green melting showing the influence of actinomycin on the ST-

mod3 63mer duplex and on the DNA tetrahedron. 

 

The duplex DNA showed a concentration dependent increase in stability in the 

presence of actinomycin, rising to an increase of 5.9 ± 0.9 °C with 10 µM ligand. In 

contrast, actinomycin reduced the melting temperature of the tetrahedron. To 
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probe this surprising result we performed similar UV melting experiments (i.e. with 

no SYBR green present) to examine the effect of actinomycin on the native 

tetrahedron; The Tm values determined from these melts are presented in Table 

5.2, and show that the tetrahedron is stabilised by actinomycin with an increase in 

Tm of 12.7 °C at 20 µM. This contrasts with the results with SYBR Green, which 

will be considered further in the discussion. Figure 5.6 shows an example of a 

melting an annealing step with 20 µM actinomycin with UV along with the first 

derivatives. These graphs clearly show that the actinomycin prevents re-annealing 

of the tetrahedron at this concentration, which is in agreement with the gel shown 

in Figure 5.1. Interestingly, no hysteresis was observed between melts and 

anneals of actinomycin at this concentration with SYBR green (not shown), 

suggesting the dye promotes folding of the tetrahedron to a greater extent than 

actinomycin prevents folding at these concentrations. 

 

Figure 5.6. UV melting and annealing curves (left) and the corresponding first derivatives (right) of 

tetrahedron ST-mod (1 µM) in the presence of 20 µM actinomycin. 

Table 5.2. Tm values from UV melting ST-mod DNA tetrahedron in the presence of actinomycin. 

Data was not tested in duplicate. 
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Figure 5.7. Representative melting curves with the 5’F-3’Q hairpin controls (left) and beacon edges 

within the ST-mod tetrahedron (right) in the presence of actinomycin (DNA concentration: 1µM). 

Tetrahedron edges are labelled according to nomenclature set out in Fig 3.1(e) 

Tetrahedron Hairpins 
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5.3.1.4 Melting with 5’F-3’Q oligonucleotides 

Melting experiments with the 5’F-3’Q and hairpin oligonucleotides were carried out 

in order to assess the effect of actinomycin binding on the stability of different 

regions around the tetrahedron structure. Example melting curves are shown in 

Figure 5.7 and the corresponding Tm values are shown in Table 5.3. With respect 

the labelling of the tetrahedron diagram in Figure 3.1, for actinomycin, the binding 

edge is edge A, adjacent edge 1 is edge E, adjacent edge 2 is edge C, and the 

opposite edge is edge D. 

For the hairpin controls, actinomycin produces the greatest stabilisation with the 

binding edge oligonucleotides, with a ΔTm rising to 12.8 ± 1.3 °C with 20 µM 

ligand. The two adjacent edges and the opposite edge hairpin controls were also 

stabilised by actinomycin, though to a lesser extent, with ΔTm values rising to 5-7 

°C. However, actinomycin has very little effect on the stability of the tetrahedron at 

concentrations of 10 µM and lower. With 20 µM ligand all the labelled tetrahedra 

showed an increase in stability of approximately 4 °C at 20 µM ligand with no clear 

preference for one edge over another. 

Table 5.3. Tm and ΔTm  values of the ST-mod edges and corresponding control hairpins in response 

to actinomycin binding. 
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Hysteresis was present between the melting and annealing curves of the 

fluorescent beacons. Representative melting/annealing curves for each of the 

tetrahedron edges in the presence of 20 µM actinomycin are shown in Figure 5.8. 

It can be seen that the binding edge and two adjacent edges still show sigmodal 

curves, though much less stable than the melts. However, the opposite edge 

anneal curve showed a much less clear sigmoidal transition. 

 

Figure 5.8. Representative melting and annealing curves for each of the 5’F-3’Q beacon edges in 

the presence of 20 µM actinomycin. 
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5.3.2 Echinomycin 

5.3.2.1 Effect of echinomycin on DNA tetrahedron formation 

Concentrations of echinomycin between 10-50 µM were added to the ST-mod 

tetrahedron before and after annealing to observe any effects of tetrahedron 

formation, and the results of band shift experiments are presented in Figure 5.9. It 

can be seen that echinomycin does not inhibit formation of the tetrahedron nor 

does it affect the integrity of the pre-formed structure. All tetrahedron bands in the 

lanes containing the drug appear to have a more smeared appearance and at 

higher ligand concentrations (>30 µM for pre-anneal, 50 µM for post-anneal) 

appear to show an additional retarded band which could be due to more highly 

ligand-bound structures. If this is the case, then this would suggest that more 

echinomycin is able to bind the structure when added pre-annealing than can 

penetrate the structure after adding post-anneal. Lanes with higher echinomycin 

concentrations also show some reduced intensity. This could be either because 

less Diamond™ nucleic acid stain is bound due to competition from echinomycin 

or due to fluorescence quenching by DNA-bound ligand. 

 

Figure 5.9. Agarose gel showing the influence of echinomycin when incubated with the component 

ST-mod strands both pre- and post-annealing. The DNA was at 1 µM concentration. 
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Figure 5.10. DNase I cleavage on each radiolabelled ST-mod strand as both duplex and 

tetrahedron in the presence of 5 and 20 µM echinomycin (DNA concentration: 1 µM). Filled red 

bars indicate the CpG primary binding site while unfilled red bars indicate secondary binding sites. 

5.3.2.2 Sequence-selective binding to the ST-mod DNA tetrahedron 

The sequence specific interaction of echinomycin with the DNA tetrahedron and 

the corresponding linear duplexes was assessed using DNase I footprinting and 

the results are shown in Figure 5.10. The CpG binding site is located in ST-mod 4 

(filled red bars) and clear footprints at this site are observed with 5 and 20 µM 

echinomycin on both the duplex and tetrahedron. These footprints extend several 

bases on either side of this dinucleotide step, producing footprints that cover 7-8 

base pairs. Enhanced cleavage can also be seen immediately 3’ (above) the 

footprint on the tetrahedron but not the duplex, a difference which must be a result 

of the underlying structural differences between the two DNA substrates. Three 
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other weak secondary footprints were observed on the linear duplexes around the 

sequences CACCT on ST-mod1, CATG on ST-mod2 and GGATGG on ST-mod4. 

None of these secondary echinomycin sites was observed on the DNA tetrahedron 

at a concentration of 20 µM ligand, suggesting that the constrained structure 

enhances this ligand’s selectivity.  

 

Figure 5.11. Quantitative DNase I footprinting gel with radiolabelled ST-mod3 as both duplex and 

tetrahedron structures (DNA concentration: 1 µM). Echinomycin concentrations were 30, 20, 15, 

10, 5, 3 and 1 µM. The red bars indicate the CpG primary binding site and the asterisk indicates 3’ 

cleavage enhancement. 

Quantitative DNase I footprinting was used to estimate the affinity of echinomycin 

for the linear duplex and the tetrahedron; the resulting gel is shown in Figure 5.11. 

This shows a clear footprint at the binding site and surrounding areas (as seen in 
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Figure 5.10) in which the bands gradually return with decreasing echinomycin 

concentration. Enhanced cleavage above the footprint (marked with an asterisk), 

which is seen in the tetrahedron, also shows a concentration dependence, which 

corresponds to that of the footprint. 

The band intensities at the ACGT binding site were quantified, generating the 

footprinting plots which are shown in Figure 5.12. C50 values were determined as 

1.3 ± 0.2 µM for the linear duplex and 1.6 ± 0.2 µM for the DNA tetrahedron. The 

lack of significant difference between these values contrasts with the results for 

actinomycin, and the two minor groove binding ligands described in the previous 

chapter, which showed approximately three-fold weaker binding to the 

nanostructured DNA over the duplex. This suggests that different ligands are 

affected differently when interacting with the rigid DNA of the tetrahedron 

compared with linear duplexes. When the concentration-dependent 3’ cleavage 

enhancement on the tetrahedron was quantified (not shown), it gave an estimated 

C50 of 1.5 ± 0.9 µM, in agreement with the C50 value of the footprint. 

 

Figure 5.12. Footprinting plot derived from the band intensities at the primary echinomycin 

binding site in Figure 5.11. 

5.3.2.3 SYBR green I melting 

Melting experiments with SYBR green were employed in order to assess the 

global melting of the DNA tetrahedron in the presence on echinomycin. Figure 

5.13 shows example melting curves of the ST-mod4 duplex and the tetrahedron 

along with their first derivatives and Table 5.4 presents the corresponding melting 
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values derived from these curves. No hysteresis was observed in the annealing of 

the tetrahedron after the initial melting step. 

 

Figure 5.13. Representative SYBR green melting curves (top) and corresponding first derivatives 

(bottom) of the ST-mod4 duplex and tetrahedron ST-mod (1 µM) in the presence of echinomycin. 

Table 5.4. Tm values from SYBR green melting showing the influence of echinomycin on the ST-

mod4 63mer duplex and on the DNA tetrahedron. 
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The duplex DNA showed a clear increase in Tm with increasing ligand 

concentration rising 6.2 ± 1.1 °C at 20 µM echinomycin while the DNA tetrahedron 

showed a ΔTm of 13.8 ± 0.7 °C at the same concentration. The greater ΔTm with 

the tetrahedron may simply be because it melts initally at a lower temperature than 

the duplex. However, it should be noted that the shape of the tetrahedron melting 

curve changes with increasing echinomycin concentration. The initial increase in 

fluorescence that is seen at lower temperatures (discussed in Chapter 3) becomes 

smaller as the ligand concentration increases, and it is no longer apparent with 20 

µM echinomycin. It was previously suggested that this transition was a result of 

either additional SYBR green binding due to ‘relaxation’ of the tetrahedron or of 

altered fluorescence properties allowing for a greater fluorescence quantum yield. 

These results therefore suggest that echinomycin either prevents additional SYBR 

green binding or it quenches the dye’s fluorescence. Another feature of the 

tetrahedron melts is that at 20 µM, the curve becomes biphasic, suggesting that at 

higher concentrations, the ligand enhances the stability of one or more regions of 

the tetrahedron over the other region(s). 

5.3.2.4 Melting with 5’F-3’Q oligonucleotides 

The effect of echinomycin on the stability of local regions of the tetrahedron was 

examined using the 5’F-3’Q oligonucleotides and the results are shown in Figure 

5.14, and the corresponding Tm values are presented in Table 5.5. No hysteresis 

was observed between melting and annealing curves (not shown). With respect 

the labelling of the tetrahedron diagram in Figure 3.1, for echinomycin, the binding 

edge is edge D, adjacent edge 1 is edge C, adjacent edge 2 is edge E, and the 

opposite edge is edge A. 

Unlike the results with previous ligands, all the hairpins are stabilised by a similar 

amount (approximately 8-10 °C with 20 µM ligand), with a similar concentration 

dependence and no apparent preference for the region containing the CpG ligand 

binding site. Similar results were obtained with the tetrahedron for which the 

binding edge and both adjacent edges were equally stabilised by large amounts 

(between 16-19 °C with 20 µM echinomycin) though the opposite edge was only 

stabilised by approximately 3 °C. Although it is not possible to compare these 

results directly with those of the hairpins it is clear that echinomycin causes region-

specific stabilisation within the DNA tetrahedron. 
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Figure 5.14. Representative melting curves for the 5’F-3’Q hairpin controls (left) and beacon edges 

within the ST-mod tetrahedron (right) in the presence of echinomycin (DNA concentration: 1 µM). 

Tetrahedron edges are labelled according to nomenclature set out in Fig 3.1(e). 

Tetrahedron Hairpins 
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Table 5.5. Tm and ΔTm values of the ST-mod edges and corresponding control hairpins in response 

to echinomycin binding. 

 

*result from duplicate, not triplicate. 

5.3.3 TANDEM 

5.3.3.1 Effect of TANDEM on DNA tetrahedron formation 

 

Figure 5.15. Agarose gel showing the influence of TANDEM when incubated with the component 

ST-mod strands both pre- and post-annealing. The DNA was at 1 µM concentration. 
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An agarose gel showing the effect of TANDEM on the DNA tetrahedron 

oligonucleotides before and after annealing is shown in Figure 5.15. It is evident 

that TANDEM concentrations up to 50 µM did not affect the formation or stability of 

the tetrahedron.  

 

Figure 5.16. DNase I cleavage assay on each radiolabelled ST-mod strands as both duplex and 

tetrahedron in the presence of 5 and 20 µM TANDEM (DNA concentration: 1 µM). Filled red bars 

indicate the TpA primary binding site while unfilled red bars indicate secondary binding sites. 

5.3.3.2 Sequence-selective binding to the ST-mod tetrahedron 

DNase I footprinting was used to assess the sequence-selective binding of 

TANDEM to the ST-mod tetrahedron and its corresponding duplexes and the 

results are shown in Figure 5.16. Footprints can be clearly seen at the single 

ATAT site (indicated by the filled red bars) on the ST-mod2 duplex and 
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tetrahedron, confirming the ligand’s selectivity for this site. However, one other 

footprint can be seen on both the duplex and tetrahedron on the ST-mod1 strand, 

at the sequence CTAGTAG. This may not be surprising since, although the ligand 

has a clear preference for TpA surrounded by AT residues, other TpA steps 

including CTAG and GTAG have shown to bind TANDEM, albeit with lower affinity 

(Lavesa & Fox, 2001; Hampshire & Fox, 2008a). TANDEM has fewer secondary 

binding sites than the other ligands in this chapter and the preceding one. 

However, the ATAT binding site on ST-mod2 is not completely protected at 20 µM 

TANDEM, consistent with its lower affinity than echinomycin, and any secondary 

sites may therefore not be seen at these concentrations. 

Quantitative DNase I footprints on the ST-mod2 duplex and DNA tetrahedron with 

TANDEM are presented in Figure 5.17. A clear (though weaker, compared to other 

ligands) footprint is evident at the ATAT site in both the linear and tetrahedron with 

no other secondary binding sites, even with 50 µM ligand. However, some 

enhanced cleavage can be seen immediately 3’ (above) of this footprint (marked 

with an asterisk) at higher ligand concentrations with the tetrahedron. 

The footprint at this site was quantified and footprinting plots were generated 

which are presented in Figure 5.18. The C50 values generated from these plots 

were 8.8 ± 3.1 µM for the linear duplex and 13.5 ± 4.7 µM for the DNA tetrahedron. 

These values are lower than of the other ligands studied in this, and the preceding 

chapter, and are consistent with the known weaker affinity of TANDEM. The data 

also suggest that TANDEM binds slightly less well to the tetrahedron than the 

duplex, though these values contain large experimental errors, most likely due to 

the ligand only causing a weak footprint. It is apparent that, like echinomycin, 

TANDEM has a much smaller difference in affinity between linear and tetrahedron 

DNA than actinomycin and the minor groove binders. Not all intercalators are 

affected by the nanostructured DNA in the same way, though it should be noted 

that TANDEM and echinomycin are bis-intercalators in contrast to actinomycin. 

The 3’ enhanced cleavage of the footprint on the tetrahedron was also quantified 

(plot not shown) to have an estimated C50 of 20.0 ± 7.9 µM, which is within the 

range of error for the C50 value of the footprint. 
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Figure 5.17. Quantitative DNase I footprinting gel with radiolabelled ST-mod3 as both duplex and 

tetrahedron structures (DNA concentration: 1 µM). TANDEM concentrations were 50, 40, 30, 20, 

10, 5, 3 and 1 µM. The red bars indicate the TpA primary binding site and the asterisk indicates 3’ 

cleavage enhancement. 

 

Figure 5.18. Footprinting plot derived from the band intensities at the primary TANDEM binding 

site in Figure 5.17. 
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5.3.3.3 SYBR green I melting 

Examples of the effect of TANDEM on the SYBR green melting curves of linear 

ST-mod2 duplex and the ST-mod tetrahedron are shown in Figure 5.19 and the 

corresponding Tm values are presented in Table 5.6. No hysteresis was seen 

between melting and annealing with this ligand present. The results show that 

TANDEM does not significantly stabilise either the duplex or tetrahedron. This 

result is surprising since the footprinting studies showed that this ligand can bind 

to these sequences. However, it is possible that SYBR green simply prevents 

TANDEM from binding (consistent with TANDEM’s lower affinity. It can also be 

seen that the tetrahedron’s initial increase in fluorescence becomes less 

prominent in the presence of increasing concentrations of TANDEM (and shifts to 

higher temperatures), which confirms that there is some interaction between the 

ligand and the DNA nanostructure. 

 

Figure 5.19. Representative SYBR green melting curves (top) and corresponding first derivatives 

(bottom) of the ST-mod2 duplex and tetrahedron ST-mod (1 µM) in the presence of TANDEM. 
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Table 5.6. Tm values from SYBR green I melting showing the influence of TANDEM on the ST-mod2 

63mer duplex and on the DNA tetrahedron. 

 

5.3.3.4 Melting with 5’F-3’Q oligonucleotides 

The effect of TANDEM on the stability of different regions of the tetrahedron was 

examined using the 5’F-3’Q oligonucleotides, and example melting curves for the 

various hairpins and tetrahedra are shown in Figure 5.20; the corresponding Tm 

values are presented in Table 5.7.  No hysteresis was observed between melting 

and annealing curves (not shown). With respect the labelling of the tetrahedron 

diagram in Figure 3.1, for TANDEM, the binding edge is edge E, adjacent edge 1 

is edge D, adjacent edge 2 is edge A, and the opposite edge is edge C. It is 

evident that TANDEM has very little effect on the stability of the hairpins, though 

the greatest change (1.6 °C) is produced with the binding edge control. This is 

consistent with the weaker binding of TANDEM than the other ligands. Greater 

changes are seen with the tetrahedron, and although the ΔTm values are smaller 

than with the other ligands, the order of stabilisation is adjacent edge 2 > binding 

edge ≈ opposite edge > adjacent edge 1, though these values were still relatively 

low. Adjacent edge 2 contains the sequence CTAGTAG, which appeared as a 

secondary binding site in the footprinting experiments, which may explain its 

greater stabilisation, as it can potentially bind two ligand molecules. It is therefore 

not possible to explain these TANDEM-induced changes in the regional stability of 

the tetrahedron in terms of single ligand binding, though it is clear that the ligand 

produces changes in the patterns of stability between the hairpins and the 

tetrahedron, suggesting that the underlying DNA structure is affecting ligand 

binding. 
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Figure 5.20. Representative melting curves for the 5’F-3’Q hairpin controls (left) and beacon edges 

within the ST-mod tetrahedron (right) in the presence of TANDEM (DNA concentration: 1 µM). 

Tetrahedron edges are labelled according to nomenclature set out in Fig 3.1(e). 

Tetrahedron Hairpins 
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Table 5.7. Tm and ΔTm  values of the ST-mod edges and corresponding control hairpins in response 

to TANDEM binding. 

 

5.3.4 Nogalamycin 

Nogalamycin has previously been shown to bind best to mixed DNA sequences 

with alternating purines and pyrimidines, especially the dinucleotides TpG and 

GpT (Fox & Waring, 1986b) though it can clearly bind to other sites as well (Fox & 

Alam, 1992). The ST-mod DNA tetrahedron therefore contains several potential 

binding sites for this ligand.  

5.3.4.1 Effect of Nogalamycin on DNA tetrahedron formation 

The effect of this threading intercalator on the formation and integrity of the 

tetrahedron was examined by incubating the oligonucleotides with the ligand pre- 

and post- annealing, and the results are shown in Figure 5.21. Nogalamycin 

clearly had no impact on the formation of the DNA nanostructure up to a 

concentration of 50 µM, nor did it affect the structure after it was annealed. 
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Figure 5.21. Agarose gel showing the influence of nogalamycin when incubated with the 

component ST-mod strands both pre- and post-annealing. The DNA was at 1 µM concentration. 

5.3.4.2 Sequence-selective binding to the DNA tetrahedron 

DNase I footprinting was used to determine binding sites of nogalamycin on the 

DNA tetrahedron and corresponding linear DNA duplexes; the results are 

presented in Figure 5.22. The unfilled red bars indicated the location of regions of 

reduced cleavage in the presence of Nogalamycin, while the filled bars show the 

locations of the TpG and GpT dinucleotide steps within these footprints. It can be 

seen that all the footprints are close to or contain a TpG or GpT step, with some of 

the larger footprints containing two such sequences (though, not all TpG/GpT 

steps bound ligand). These areas of protection are generally only seen with 20 µM 

ligand. There are very few differences between the footprints on the duplexes and 

the tetrahedron. The only exception is that an additional protection appears with 

the tetrahedron with ST-mod1, at a region that contains the sequence GAAC. It is 

interesting that this site seems to be more accessible on the tetrahedron than the 

duplex. 

Due to the numerous binding sites from nogalamycin seen in Figure 5.22 and 

because of the cross-over between a number of footprints, quantitative footprinting 

analysis was not carried out. 
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Figure 5.22. DNase I cleavage assay on each radiolabelled ST-mod strands as both duplex and 

tetrahedron in the presence of 5 and 20 µM Nogalamycin (DNA concentration: 1µM). Filled red 

bars indicate TpG and GpT binding sites while unfilled red bars indicate secondary binding sites. 

5.3.4.3 Global melting with nogalamycin 

Nogalamycin fluoresces at a similar wavelength to SYBR green and so could not 

be used in conjunction with the dye to determine melting curves. However, the 

threading intercalator is reversibly quenched on binding to DNA (Johnston et al. 

1978). The changes in nogalamycin’s intrinsic fluorescence were therefore used to 

assess the global melting of the ST-mod DNA tetrahedron along with the ST-mod1 

duplex. Example melting curves and first derivatives for these experiments are 

shown in Figure 5.23a. It can be seen that these tetrahedron melts have two 

transitions which are evident in the distinct peaks seen in the first derivatives, and 
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which are exaggerated at higher ligand concentrations. Tm values for both these 

peaks are shown in Table 5.8. It can also be seen that the fluorescence intensity 

of the free ligand decreases after the melting has occurred. Control experiments 

with nogalamycin alone (Figure 5.23b) showed this is due to the temperature-

dependent fluorescence of the ligand itself.   

 

Figure 5.23. (a) Representative nogalamycin melting curves (top) and corresponding first 

derivatives (bottom) with the ST-mod1 duplex and tetrahedron (1 µM). (b) Graph showing effect of 

temperature on nogalamycin fluorescence. 
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Table 5.8. Tm values of the ST-mod1 63mer duplex and the DNA tetrahedron in the presence of 

nogalamycin when the ligand is also the reporter dye. 

 

The main melting transitions in the presence of the linear duplex DNA and the 

tetrahedron shifted to higher temperatures with increasing nogalamycin 

concentrations. Both melting transitions with the tetrahedron moved to higher 

temperatures at elevated nogalamycin concentrations, though the one at the 

higher Tm showed a greater change (ΔTm = 11.8 °C) than the lower (ΔTm = 8.8 °C) 

at 20 µM nogalamycin. This suggests that nogalamycin binds to different sites on 

the tetrahedron with different affinities. The Tm value of the ST-mod 1 duplex in the 

presence of 1 µM of nogalamycin is 77.1 ± 0.4 °C, compared with a value of 71.6 

°C for the unliganded duplex as determined with SYBR green. However, both the 

two tetrahedron melting transitions were less stable in the presence of 1 µM 

nogalamycin (approximately 48 and 56 °C respectively) than the tetrahedron itself 

as determined with SYBR green (Tm = 57 °C). These data therefore suggest that 

nogalamycin binds much less favourably to the DNA tetrahedron than a linear 

DNA duplex. 

It was not possible to probe the effects of nogalamycin on local stability using the 

5’F-3’Q oligonucleotides because due to similarities in fluorescence emission of 

the ligand and the 5’ FAM fluorophore. 

5.4 Discussion 

This chapter has investigated the interaction of the monofunctional intercalator 

actinomycin, the bis-intercalators echinomycin and TANDEM, and the threading 

intercalator nogalamycin with the ST-mod DNA tetrahedron by using band shift 

assays, DNase I footprinting and both global and region-specific melting assays. 
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5.4.1 Effect of intercalating agents on DNA tetrahedron formation 

By incubating the four oligonucleotides of the DNA tetrahedron with each of the 

intercalating ligands prior to annealing it was possible to assess their effects on 

the formation of the nanostructure. The tetrahedron was shown to be able to 

assemble in the presence of up to at least 50 µM echinomycin, TANDEM and 

nogalamycin. Actinomycin on the other hand prevented tetrahedron formation at 

concentrations above 10 µM. One explanation for this is that actinomycin is able to 

bind to partly-formed, mis-folded or alternative structures during the annealing or 

even binding single stranded structure which has been described previously (Chen 

& Sha, 2001; Chen & Sha, 2002; Chen et al., 2003), which prevents proper 

formation of the tetrahedron. As a result it may be thermodynamically more 

favourable to remain bound to the incomplete structures than allow the 

oligonucleotides to fold to completion and form the tetrahedron. However, once the 

tetrahedron has been formed it can bind actinomycin without any detrimental 

effects. The different outcomes from the two routes of forming the ligand-DNA 

complex, suggest that the inability to assemble a tetrahedron in the presence of 

actinomycin is a kinetic rather than a thermodynamic problem. 

5.4.2 Sequence-selectivity and affinity of intercalators to the DNA tetrahedron 

DNase I footprinting was used to examine the binding sites of each of the ligands 

on the DNA tetrahedron and to compare this with the interaction with linear 

duplexes of the same sequence. The intercalating agents were all able to bind to 

their respective binding sequences incorporated into the DNA tetrahedron; 

actinomycin to AGCT, echinomycin to ACGT and TANDEM to ATAT. 

Nogalamycin, which did not have a unique binding site in the structure, bound to 

the same (TpG and GpT) sites in linear DNA and the tetrahedron. The selectivity 

of these ligands for these sequences is consistent with previous studies (Fox & 

Waring, 1984c; Low et al., 1984; Fox & Waring, 1986b; Waterloh & Fox, 1991a; 

Lavesa et al., 1993; Fletcher & Fox, 1996a; Hampshire & Fox, 2008a). 

A number of additional secondary binding sites were also observed for several of 

these intercalating agents. Actinomycin showed secondary binding on both linear 

duplex and tetrahedron (at the sequences CACCT and TCCA), One secondary 

site was observed on the linear duplex which was not seen in the tetrahedron 

(CACCT), and two footprints were observed on the tetrahedron which weren’t 
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visible on the linear duplexes (ACCA and ATCC), suggesting subtle changes in 

selectivity between the two DNA structures. All of these secondary sites contained 

the dinucleotide CpC/GpG which, at high ligand concentrations, has been shown 

previously to be a potential binding site for this ligand (Krugh et al., 1977; Fox & 

Waring, 1984c; Waterloh & Fox, 1992). While it is not totally clear how actinomycin 

interacts with this particular dinucleotide, it is assumed in previous studies that a 

single hydrogen bond forms between the carbonyl group of threonine and the 2-

amino group of guanine (Krugh et al., 1977; Waterloh & Fox, 1992). 

The secondary sites observed with echinomycin were only seen on the linear DNA 

duplexes and not on the tetrahedron and were located around sequences CACCT, 

CATG and GGATGG. Previous studies have shown that, at high concentrations, 

echinomycin can bind the dinucleotides TpG/CpA, GpG/CpC and also alternating 

AT sequences (van Dyke & Dervan, 1984; Fox & Kentebe, 1990; Fox et al., 1991). 

It is therefore unsurprising that footprints were located at these sequences. The 

lack of these footprints on the tetrahedron suggests either an increase in 

selectivity or a reduction in their affinity. Both of these explanations would still 

result from changes in the underlying DNA structure. It is known that echinomycin 

unwinds the DNA helix by approximately 48° (Waring & Wakelin, 1974). It is 

therefore not difficult to conceive that the rigid tetrahedron may simply not be able 

to accommodate multiple ligands without detriment to the structure, thus giving the 

appearance of increased selectivity.  

TANDEM was more consistent and only showed footprints at one non-ATAT site, 

which was seen on both DNA structures. This additional site was located around 

the sequence CTAGTAG, for which both CTAG and GTAG have previously shown 

to be able to bind TANDEM (Lavesa & Fox, 2001; Hampshire & Fox, 2008a). 

Retrospectively, this sequence should not have been included in the 

oligonucleotides which make up the tetrahedron, though it would have been 

difficult to avoid all potential TpA steps. 

Nearly all the footprints seen with nogalamycin contained the dinucleotides 

TpG/CpA or GpT/ApC which are known binding sites of the ligand (Fox & Waring, 

1986b; Fox, 1988). Nogalamycin contains an intercalative alglycone chromophore 

flanked either end by a bicyclic amino sugar and a nogalose sugar which lie in the 
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major and minor groove respectively. Because of this, it is presumed that the DNA 

helix must open up transiently for the ligand to intercalate before ‘shuffling’ to its 

binding site (Fox & Waring, 1986a). The footprinting therefore reveals that the 

tetrahedron is able to tolerate this helix opening, suggesting the structure has 

some degree of ‘breathing room’ within its edges which are only 20 bp long and 

anchored by the junctions at each end. This could be explored further using timed 

footprinting experiments to measure association and dissociation kinetics of the 

ligand with the DNA nanostructure. 

5.4.3 Affinity of ligands to the DNA tetrahedron 

By quantifying the intensity of the bands in the footprints it was possible to 

estimate the binding affinity of the ligands and to compare these for the two 

different DNA structures. Actinomycin showed approximately three-fold weaker 

binding to the AGCT site on the DNA tetrahedron than to the linear duplex, a 

similar effect to that seen with the minor groove ligands in the previous chapter. 

The ligand is known to unwind the DNA helix by 26° (Müller & Crothers, 1968; 

Wang, 1971; Kamitori & Takusagawa, 1994) which may help explain this result 

since the DNA in the tetrahedron will have limited ability to unwind without the 

structure falling apart. However, echinomycin, which is also known to unwind DNA 

by 48° (Waring & Wakelin, 1974), did not show any significant difference between 

the C50 values for the linear DNA duplex or the tetrahedron at its ACGT binding 

site, suggesting that DNA unwinding might not be the only reason (if at all) for 

actinomycin’s reduced binding to the tetrahedron, which would correlate to the 

situation with the minor groove binding ligands which do not unwind the helix at all. 

It is therefore not clear what the cause of this reduced affinity is. While TANDEM 

also appeared to show reduced binding to the tetrahedron, the large experimental 

error makes this difficult to confirm definitively. Echinomycin and TANDEM also 

showed concentration dependent DNase I cleavage enhancement 3’ of the 

footprints on the tetrahedron. This suggests that the unwinding caused with larger 

concentrations of these ligands enables a region of the nanostructure, which was 

relatively inaccessible to the enzyme, to become more accessible. 

5.4.4 Melting with SYBR green I and nogalamycin 

Thermal melting with SYBR green was used to deduce the effects of these ligands 

on the global melting of the DNA tetrahedron. 
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The ST-mod3 linear duplex was stabilised by actinomycin as expected, though it 

appeared to destabilise the tetrahedron in the experiments with SYBR green. 

However, a different result was obtained by UV melting, in which the actinomycin 

clearly stabilised the tetrahedron. Comparing the Tm values of the tetrahedron from 

SYBR green and UV melting, without added ligand  reveals that SYBR green 

stabilised the tetrahedron by approximately 11 °C (which was a feature discussed 

in Chapter 3). It therefore appears that SYBR green strongly stabilises the 

tetrahedron which is in agreement with the literature which has shown SYBR 

green can potently stabilise DNA (Monis et al., 2005). It is possible that when 

actinomycin binds to the tetrahedron it simply prevents SYBR green from binding, 

though this argument does suggest that actinomycin binding is weaker than SYBR 

green. This notion is also supported by comparing the Tms of the UV and SYBR 

green melts in the presence of 20 µM actinomycin. These have similar values, 

suggesting that by reducing the amount of bound SYBR green, the Tm values 

become comparable with each other. This suggestion is also consistent with the 

reduced fluorescence signal that is observed with increased actinomycin 

concentration, though this could simply be due to quenching of SYBR green by 

actinomycin. However, this argument does not explain why the tetrahedron 

preferentially binds actinomycin when it should be more stable with SYBR green. It 

should be noted however, that actinomycin was incubated with the tetrahedron for 

approximately 30 minutes prior to adding the SYBR green and immediately 

running on the LightCycler®. This therefore may not allow enough time for 

actinomycin displacement by SYBR green. 

If this proposal is correct, then the results demonstrate that actinomycin is able to 

stabilise the global DNA tetrahedron structure. However, as a result of its ability to 

inhibit tetrahedron formation at concentrations greater than 10 µM, reannealing of 

the nanostructure was not possible with higher concentrations of ligand present in 

the sample as demonstrated by the UV melting curves with 20 µM actinomycin in 

Figure 5.6., though no hysteresis was observed at these concentrations with the 

SYBR green melts suggesting the dye had a greater influence over folding of the 

structure during the annealing step than actinomycin had preventing folding at 20 

µM concentrations of the ligand. 
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Echinomycin increased the stability of both the linear duplex and DNA tetrahedron. 

However, the shapes of the tetrahedron melting curves changed with increasing 

ligand concentration, which suggested changes in the denaturation of the 

structure. At higher concentrations the melts became biphasic suggesting that the 

ligand was stabilising a specific region of the tetrahedron, rather than the structure 

melting uniformly, as seen without ligand. 

It was reported in Chapter 3 that tetrahedron melting curves in the presence of 

SYBR green reveal an increase in fluorescence prior to the actual melting 

transition, which was interpreted as arising from either ‘breathing’ of the structure  

allowing more dye to bind, or a change in the fluorescence properties of the dye, 

increasing its quantum yield. The amplitude of this pre-melting transition is 

reduced with higher concentrations of actinomycin and echinomycin, suggesting 

that these ligands may be making the tetrahedron less flexible and prevents this 

structural change.  

Unlike actinomycin and echinomycin, TANDEM did not significantly stabilise the 

linear duplex or the DNA tetrahedron. Since this ligand is a much weaker binder 

than all the other compounds, it is possible that TANDEM is not able to complete 

with the SYBR green for DNA binding. However, these tetrahedron melting curves 

show a reduction in the initial fluorescence increase, suggesting that TANDEM is 

indeed interacting with the tetrahedron. 

Since nogalamycin is fluorescent and this is reversibly quenched on binding to 

DNA it could be used as a reporter dye instead of SYBR green. These 

experiments showed a concentration-dependent effect of nogalamycin on the 

apparent Tm, though of course there is no control for the absence of nogalamycin. 

Despite this, the results showed that nogalamycin stabilised both the linear DNA 

duplex and the tetrahedron. The tetrahedron melts had two melting transitions, 

though it was not clear as to what parts of the tetrahedron were responsible for 

which transition. In theory, this might be resolved by measuring the Tms with 

different combinations of the component ST-mod oligonucleotides in the presence 

of the ligand. 

Another observation is that 1 µM nogalamycin stabilised the linear duplex more 

than SYBR green did. However, the tetrahedron was more stable in the presence 
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of SYBR green than either of the two tetrahedron melting transitions seen with 1 

µM nogalamycin. These data therefore suggest that either nogalamycin binds less 

well to the tetrahedron than the linear duplex DNA, or SYBR green binds stronger 

to the DNA tetrahedron than linear B-DNA. Either way, the difference must be a 

direct result of the tetrahedron’s structure.  

5.4.5 Melting with 5’F-3’Q oligonucleotides 

The 5’F-3’Q oligonucleotides provide information about regional stability within the 

tetrahedron in response to intercalator binding. Actinomycin stabilised all of the 

control hairpins to some extent, but had the greatest effect on the binding edge 

control hairpin. However, in the complete tetrahedron, all the beacon sites were 

stabilised by similar amounts. Although the lower stability of the non-binding edge 

control hairpins at 20 µM ligand suggests that there may be some secondary 

binding (in agreement with the footprinting studies), the ligand clearly has the 

greatest affinity for the AGCT site. The tetrahedron results therefore suggest either 

a loss in affinity to the extent where it matches the affinity of other secondary sites, 

or that actinomycin binding at the GpC site stabilises other regions within the 

tetrahedron structure to a greater extent than observed with the minor groove 

binders. In either situation, the nanostructured DNA of the tetrahedron has 

affected the binding of actinomycin. When melting and annealing curves of the 

tetrahedron 5’F-3’Q beacons in the presence of 20 µM actinomycin were 

compared, all showed some level of hysteresis. Annealing curves of the binding 

edge and adjacent edges still maintained sigmoidal transitions, though much less 

stable than the melts, whereas the opposite edge showed a much less clear 

sigmoidal transition. One explanation for this is that actinomycin promotes duplex 

formation at its binding site, which in turn allows for stabilisation of the adjacent 

edges, but the distorting effects of the ligand do not allow the complete folding of 

the structure, hence the lack of a clear transition for the opposite edge. This 

explanation agrees with the gel in Figure 5.1, which show some incomplete 

structures formed in the presence of 20 µM actinomycin. 

It is not clear why echinomycin stabilised all the control hairpins by approximately 

8-10 °C with no apparent preference for the hairpin containing the ACGT binding 

site. It is possible that the beacon, which is located within the edge of the hairpin, 

may have obstructed binding. If this is correct then this will have implications for all 
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the data generated for the binding edge melts on the tetrahedron. This 

explanation, however does not account for the large increases in stability of the 

other controls, the reason for this is unknown. However, the tetrahedron melts did 

demonstrate differences in regional stability, with the binding edge and two 

adjacent edges being strongly stabilised by echinomycin and the opposite edge 

only stabilised by a relatively small amount. These results are more consistent with 

what might be expected from ligand binding at the ACGT binding site, and suggest 

that the stabilisation afforded by the bis-intercalator is attenuated further away 

from the binding edge. 

The Tm values derived from the TANDEM melting curves showed much less 

variance in the presence of the bis-intercalator than the other ligands, which is not 

surprising since the binding of TANDEM is much weaker, as demonstrated by 

quantitative DNase I footprinting.  The binding edge control hairpin was stabilised 

by the greatest amount (though the ΔTm was still small) suggesting selectivity for 

the ATAT binding site. However the greatest stabilisation on the tetrahedron was 

observed with the second adjacent edge, which was stabilised approximately by 

twice as much as the binding edge. While this is not what would have been 

predicted, it can be explained by noting that adjacent edge 2 contains the 

sequence CTAGTAG, which is known to be a good secondary binding site from 

previous footprinting studies. This suggests that the binding preference of 

TANDEM is altered between linear duplex DNA and the DNA of the 

nanostructured tetrahedron.  
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6.0 Interaction of Triplex Forming Oligonucleotides 

with the DNA Tetrahedron 

6.1 Introduction 

TFOs are single stranded oligonucleotides which bind within the major groove of 

duplex DNA forming by Hoogsteen hydrogen bonding to exposed edges of the 

purine bases (Chan & Glazer, 1997; Fox, 2000). Pyrimidine-rich TFOs  bind to the 

duplex in acidic conditions (<pH 6), necessary for formation of the C+.GC triplet, 

and are arranged parallel to the target polypurine tract, forming the base triplets 

C+.GC and T.AT. The addition of the third strand does not cause major changes to 

the structure of the underlying DNA duplex (Rusling et al., 2006). 

As a result of their pH dependence, triplexes can be used as pH-sensitive 

‘switches’ to moderate the formation of DNA nanostructures (Tumpane et al., 

2007). Triplexes can be used to target double crossover arrays (including over the 

crossover junction itself) with biotin-labelled TFOs, thereby enabling the site-

specific recruitment of streptavidin to a nanostructure. Psoralen-containing TFOs 

have also been used to covalently cross-link TFOs to DNA crossover tiles as 

another means to functionalise DNA nanostructures (Rusling et al., 2012a; Rusling 

et al., 2012b). More recent studies have also used TFOs to functionalise crystals 

built from repeating DNA subunits with cohesive sticky ends (Rusling et al., 2014). 

6.2 Experimental design 

Two polypurine sequences were incorporated into two separate edges of the DNA 

tetrahedron and could be targeted with the 10mer TFO: TTCTCTTCCT and the 

13mer TFO: TTCTTTCTTCTCT. The target site for the 13mer TFO was designed 

so as to have a thymine as the first base on the 5’-side of the polypurine site, 

generating a TpA step, which can be cross-linked with psoralen after exposure to 

UV radiation (Cimino et al., 1985; Takasugi et al., 1991). 

The binding of the two TFOs was assessed by DNase I footprinting, as described 

for the other ligands in chapters 4 and 5. We also attempted to use the 

polypyrimidine tract of the ST-mod2 oligonucleotide as a TFO to target the 

polypurine tract within the tyrT(43-59) DNA fragment, to investigate whether it is 
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possible to generate a nanostructure around an existing duplex. Other 

experiments explored the possibility of using triplex formation to mediate pH-

controlled linking of DNA structures via specially designed linker oligonucleotides.  

6.3 Results 

6.3.1 DNase I Footprinting TFOs 

DNase I footprinting was used to assess the binding of both the 10mer and 13mer 

TFO to the DNA tetrahedron at their respective locations and the results are 

shown in Figure 6.1. Both TFOs showed clear footprints at their target binding 

sequences on both the linear duplexes and the DNA tetrahedron, suggesting that 

the major groove binders were selective for their respective target sites. The 

footprints with the 10mer TFO are also accompanied by enhancement in DNase I 

cleavage immediately 3’ (above) the TFO binding site, this is marked by an 

asterisk on the gel. Triplex-induced enhancements in DNase I cleavage are often 

observed at this location on the purine-rich target strand (Cassidy et al., 1994; 

Brown et al., 1996) and are thought to reflect TFO-induced changes in the local 

duplex structure at the triplex-duplex junction. No such enhancement is seen with 

the 13mer footprints though this target site was labelled on the pyrimidine-rich 

strand.  

The bands within the TFO footprints were quantified and footprinting plots were 

generated, which are shown in Figure 6.2. C50 values derived for the 10mer were 

estimated to be 0.5 ± 0.2 µM for the linear duplex and 0.4 ± 0.1 µM for the 

tetrahedron and the values for the 13mer TFO were 0.4 ± 0.2 µM for the duplex 

and 0.6 ± 0.3 µM for the tetrahedron. Both TFOs had similar C50 values for the 

linear duplexes, which was a little surprising, as one would expect the longer TFO 

to produce a more stable triplex. Both TFOs also showed no significant difference 

in C50 values between the linear duplexes and the tetrahedron, which suggests 

that the binding of these TFOs is not affected by the nanostructured DNA of the 

tetrahedron. 
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Figure 6.1. Quantitative DNase I footprinting gels with radiolabelled ST-mod1 (left gels) and ST-

mod4 (right gels) as both duplex and tetrahedron structures (DNA concentration: 1 µM). Both TFO 

concentrations were 10, 5, 1, 0.7, 0.3, 0.1 and 0.05 µM. The red bars indicate the predicted TFO 

binding sites. 

 

Figure 6.2. Footprinting plots derived from the band intensities from TFO binding sites in Figure 6.1 

for the 10mer and 13mer TFOs. 
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6.3.2 Triplex mediated circularisation of ST-mod2 around a tyrT fragment 

The ST-mod2 oligonucleotide contains a ten base oligo(T/C) tract which has the 

correct sequence for triplex formation with a 10 base pair section the 17 base pair 

oligopurine tract in the tyrT(43-59) DNA fragment. We were interested to see if this 

long oligonucleotide could form a stable triplex with this target (albeit with long 

single stranded ends that would be left hanging free). This might then be used as 

a scaffold for assembling the other ST-mod strands, forming a tetrahedron around 

the duplex DNA. A schematic representation of this is shown in Figure 6.3. 

 

Figure 6.3 Schematic representation of forming a tetrahedron around an existing DNA duplex. The 

10 base oligopyrimidine tract of ST-mod2 forms a triplex with its duplex target, the strand is then 

circularised around the duplex, and the other tetrahedron oligonucleotides added and annealed to 

form a tetrahedron. 

The tyrT(43-59) DNA  fragment, contained within a pUC18 plasmid vector (Brown 

& Fox, 1999) was transformed in to TG2 E. coli cells. The plasmid was prepared 

and the DNA fragment radiolabelled at its 3’-end with α-32P-ATP, as described in 

the Methods section. The sequence of the fragment was confirmed by Sanger 

sequencing (appendix 2). The radiolabelled fragment strand was incubated with 10 

µM ST-mod2 at pH 5.0 in the presence of 5 mM MgCl2 before being subjected to 

DNase I footprinting; the result is shown in Figure 6.4. The 10mer control TFO 

(also at a concentration of 10 µM) produced a clear footprint at its target binding 

site (red bar) as expected. However, no footprint was observed when the same 

TFO sequence was contained within the much longer ST-mod2 oligonucleotide, 



155 
 

suggesting that the triplex was not forming. This suggests that, in this sequence 

context, the additional 17 and 36 nucleotides on the 5’- and 3’ side of the 10 base 

oligo (T/C) tract have hindered triplex formation. 

 

Figure 6.4. DNase I footprinting of a radiolabelled tyrT(43-59) strand with a 10mer TFO control and 

the ST-mod3 oligonucleotide. The red bar indicated the expected TFO binding site. 

A number of approaches were employed in an attempt to promote this triplex 

formation (not shown): increasing the MgCl2 concentration (15 mM), increasing 

ST-mod2 concentration (20 µM), varying incubation times (3-18 hours) and 

temperatures (4 °C and room temperature), incubating with the naphthylquinoline 

triplex stabilising ligand (Wilson et al., 1993; Chandler et al., 1995), pre-heating 

and fast cooling the ST-mod2 strand to remove any possible secondary structures, 

and using a 20 base splint to join the two end of ST-mod 2 together. None of these 
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methods were able to induce a footprint from ST-mod2 on tyrT(43-59) and this 

work was not continued further. 

 

Figure 6.5. (a) Schematic representation of the two methods used for triplex-mediated linking of 

duplexes; a double ended ‘13mer(HEG)310mer’ TFO, and a palindromic linker which targets a 

psoralen-crosslinked TFO. (b) Sequences of the  linker oligonucleotides; for the palindromic linker, 

the palindromic region is purple, and the 13mer TFO complementary region is red. 

6.3.3 Triplex mediated linking of DNA structures 

Two approaches were used to link DNA structures together via triplex formation 

and schematic representations of these methods are shown in Figure 6.5a. The 

first approach uses an oligonucleotide containing both the 13mer and 10mer TFO 

sequences, which are joined together by three hexaethylene glycols 

(13mer(HEG)310mer) (sequence shown in Figure 6.5b). The 13mer and 10mer 



157 
 

TFOs should form triplexes with different target molecules which should then be 

connected together via the HEG linker. In the second method, a psoralen, which 

can intercalate at TpA steps (Cimino et al., 1985), is attached to the 5’-end of the 

13mer TFO, which on UV-irradiation, should form a cross-link by cycloaddition to 

the thymine of the duplex DNA at the end of the target site. On raising the pH, this 

triplex should be destabilised freeing the 13mer TFO, so that although it is still 

covalently attached to its target, can anneal with 13 complementary bases of an 

oligonucleotide which also contains a further 20 base palindromic sequence 

extension at its 3’-end (sequence shown in Figure 6.5b – red bases correspond to 

the region complementary to the 13mer TFO while the purple bases correspond 

the palindromic region). This should enable it to form a duplex with the palindromic 

region of another cross-linked structure, thereby linking the two duplexes. Only 

linear duplexes were used for these triplex-mediated linking experiments to 

demonstrate the proof of principle.  

6.3.3.1 13mer(HEG)310mer TFO linker 

The 13mer(HEG)310mer was incubated with the ST-mod 1 and 3 duplexes both 

separately and in combination to see if the linker could join the two duplexes. An 

agarose gel, run at pH 5 and at 4 °C, was used to confirm the formation of the 

complexes while DNase I footprinting was used to confirm triplex formation at the 

correct locations; the results are shown in Figure 6.6a and b respectively. The 

agarose gel (Figure 6.6a) clearly shows a reduction in the mobility of both 

duplexes on addition of the linker-oligonucleotide, confirming successful triplex 

formation by the sequences at either end of the linker-oligonucleotide at their 

individual targets. The correct location of the TFOs was confirmed by DNase I 

footprinting and the results are shown in Figure 6.6b. Footprints can be seen at 

both TFO binding sites (indicated by the red bars), demonstrating that the 

additional sequence in the linker-oligonucleotide did not prevent triplex formation. 

The result of the attempt to use linked triplex formation to join the two duplexes 

together is shown in the last lane (7) of Figure 6.6a. The two independent triplexes 

with ST-mod1 and ST-mod3 run with similar mobility on the agarose gel (lanes 5 

and 6); successful linking of the duplexes should produce a supershifted band with 

lower mobility. However, the gel shows that most of the DNA is present in a 

dominant band which has the same mobility as the individual triplexes. However a 
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small amount of DNA appears as a retarded ‘smear’ and in a band with lower 

mobility. This suggests that the linked triplexes are only forming in low yield or that 

they are unstable on the agarose gel. 

 

Figure 6.6. (a) Agarose gel band-shift showing TFO binding of the 13mer(HEG)310mer with ST-

mod1+3 both separately and together. (b) DNase footprinting showing the linker binding to its 

respective binding sites of the duplexes; the red bar indicated the expected binding sites. 

In order to increase the stability of one of the triplexes, a psoralen was attached to 

the 5’-end of the 13mer(HEG)310mer linker oligonucleotide to see whether this 

could facilitate linking of the two duplexes by triplex formation. The psoralen-

labelled linker was first incubated with the ST-mod3 duplex and then subjected to 

UV irradiation to cross link the TFO to the ST-mod3 duplex. The products were 

then run on an agarose gel at pH 7.0 and room temperature (conditions which 

should destabilise the triplex, but retain the covalent attachment) and the result is 

shown in Figure 6.7a. It can be seen that the duplexes that were incubated with 

the linker and subjected to UV irradiation show reduced mobility compared to the 
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controls, suggesting successful cross-linking. The retarded (cross-linked) bands 

were cut out and the DNA was eluted and purified by ethanol precipitation. The 

cross-linked ST-mod 3 duplex DNA was then incubated with the ST-mod1 duplex 

under triplex forming conditions and run on a native polyacrylamide gel at pH 5.0 

and 4 °C  (polyacrylamide was used over agarose here to achieve better band 

separation) and the results are shown in Figure 6.7b. A band can be seen in the 

lane containing both duplexes with a slower migration than the cross-linked 

duplexes alone. This suggests that some triplex-mediated linking had occurred. 

However, other, un-linked structures are still clearly present in the lane, suggesting 

that any linking was not in high yield. It can also be seen that the ‘ST-mod3 (ds) + 

pTFO linker’ control lane showed a faint band with a similar mobility to the 

uncross-linked duplex, suggesting that some of the cross-linking may have been 

reversed during the extraction and purification from the first gel.  

 

Figure 6.7. (a) Agarose gel band-shift showing psoralen-crosslinking of the 13mer(HEG)310mer to 

the ST-mod3 duplex. (b) Polyacrylamide gel band-shift showing the linking of a cross-linked ST-

mod3 duplex from (a), with a ST-mod1 duplex. 

6.3.3.2 Palindromic linker 

To assess whether the palindromic linker can work in principle, the 13mer TFO 

was incubated on its own with the palindromic linker to check that two structures 

can anneal to form a duplex. An agarose gel showing a band shift is shown in 

Figure 6.8. Two bands were observed for the palindromic linker (lane 3), which 
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presumably correspond to the single (possibly in a partial hairpin structure) and 

double stranded complexes of the linker with 13 unpaired bases, complementary 

to the 13mer TFO, hanging from each end. When linker oligonucleotide was 

incubated with the 13mer TFO (lane 4), a reduction in mobility is seen for both 

bands suggesting that the TFO has formed a duplex with both single stranded 

linker as well as the complementary overhangs of the double stranded structures. 

 

Figure 6.8. Agarose gel band-shift showing the 13mer TFO incubated with a complementary 

13mer (lane 2) and the palindromic linker oligonucleotide (lane 4). 

A 5’ psoralen-labelled 13mer TFO was cross-linked to the ST-mod 3 duplex in the 

same way as described in section 6.3.3.1 for the 13mer(HEG)310mer. 

Radiolabelled ST-mod3 was used in order to improve the sensitivity for later 

experiments. A native polyacrylamide gel run at pH 7.0 showing the change in 

mobility is shown in Figure 6.9a. In this gel it can be seen that the duplex 

incubated with the psoralen-labelled TFO shows reduced mobility, suggesting that 

the cross-linking to the ST-mod3 duplex was successful. The DNA from the 

retarded bands was extracted, purified and then incubated with 0.5 and 1 µM 

concentrations of the palindromic linker. The DNA was run on a native 

polyacrylamide at pH 7.0 and the radioactivity was detected using a 

phosphorimager; the result is shown in Figure 6.9b. We anticipated that the lanes 

incubated with linker would show retarded bands if linking of duplexes had 

occurred, or even if a lone linker oligonucleotide had simply formed a duplex with 

cross-linked TFO without linking the ST-mod3 duplexes. However, no changes in 

mobility can be seen on the gel relative to the ’ST-mod3 (ds) + pTFO’ (i.e. TFO-

cross-linked but with no linker present) control in lane 2. Not only does this 
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suggest that the duplexes are not linked together, it also suggests that a linker on 

it own could not even bind the TFO to form a duplex. Since we know that uncross-

linked 13-mer TFO can bind to the palindromic linker (Figure 6.8) these results 

indicate that the TFO is not accessible to the linker when cross-linked, possibly 

because it remained bound to the target site, despite the unfavourable conditions 

for triplex formation.  

 

Figure 6.9. (a) Polyacrylamide gel band-shift showing psoralen-crosslinking of the 13mer TFO to 

the ST-mod3 duplex, and (b), a polyacrylamide gel band-shift of a 5’-radiolabelled and cross-linked 

ST-mod 3 (from (a)) with the palindromic linker oligonucleotide. 

6.4 Discussion 

5.4.1 DNase I footprinting TFOs 

DNase I footprinting confirmed that the 13mer and 10mer TFOs were able to bind 

to their respective target sites on the ST-mod DNA tetrahedron and to control 

linear duplexes. The 10mer TFO, bound to radiolabelled ST-mod1 showed the 

characteristic DNase I cleavage enhancement immediately 3’ of the binding site, 

whereas the 13mer TFO, bound to radiolabelled ST-mod 4 did not. Cleavage 

enhancement immediately 3’ of a TFO binding site has been described in many 

triplex footprinting experiments, but has only been observed on the labelled 

purine-rich strand of the TFO binding site (Cassidy et al. 1994; Brown et al. 1996). 
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The target site for the 13mer TFO was labelled on the pyrimidine-rich strand, 

which explains why not enhanced cleavage was detected for this combination. 

C50 values, derived from these footprinting experiments showed that the 10mer 

and 13mer TFOs bound to their respective linear duplex controls with similar 

affinities. There was also no significant difference in binding to the sites on the 

linear duplexes and the tetrahedra. We expected that the 13mer TFO would bind 

more strongly to its target than the 10mer TFO because of its greater length. 

However, both TFOs contain the same number of cytosines, and C+.GC triplets 

have previously been shown to play a much greater role in stabilising triplexes at 

pH 5 than T.AT triplets (Keppler & Fox, 1997). The similar binding affinity for the 

linear duplex DNA and the tetrahedron suggests that the constrained DNA of the 

tetrahedron does not obstruct triplex formation. It is known that the C+.GC and 

T.AT are isomorphous and it is thought that parallel triplex formation does not 

significantly affect the structure of the underlying DNA duplex (Thuong & Hélène, 

1993). This result is therefore consistent with the suggestion that the shape of the 

major groove is not affected by TFO binding and also suggests that this groove 

has not been affected by tetrahedron formation.  

6.4.2 Targeting a mutated tyrT(43-59) fragment with ST-mod2 

We attempted to use the 10 nucleotide oligopyrimidine tract in ST-mod2 to target a 

region within the 17 base pair oligopurine tract in tyrT(43-59). We hoped that this 

could then be circularised, forming a catenane ring, so that it could be used as a 

scaffold for building the tetrahedron on a longer DNA fragment. However, the 

footprinting studies showed that this longer single stranded oligonucleotide was 

not able to form a triplex with its target site despite using a variety of conditions to 

promote triplex formation. Since the comparable 10mer control TFO was able to 

bind in these conditions, the results indicate that the free ssDNA on either side of 

the TFO site must be preventing binding. Similar experiments using triplexes to 

form catenane rings around plasmid DNA have been previously reported (Escudé 

et al. 1999; Roulon et al. 2002), demonstrating the feasibility of this approach, 

however these studies used longer TFO regions, that were intrinsically more 

stable. Increasing length of the 10-mer TFO site within the ST-mod2 was not an 

option in this study as it corresponds to a single helical turn of the DNA helix, 

necessary for stable tetrahedron formation. As a result the long oligonucleotide 
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used in this study only forms a single ring around the target tyrT(43-59) fragment, 

whereas longer TFO sequences could loop around the duplex several times. 

6.4.3 Triplex mediated linking of DNA structures 

Two approaches were used to link DNA duplexes by triplex formation; one using a 

13mer(HEG)310mer oligonucleotide in which the two ends are designed to form 

triplexes with the oligopurine tracts in the ST-mod 3 and 1 duplexes. Another 

approach used a linker containing a palindromic region to form a duplex with a 

psoralen cross-linked 13mer TFO on the ST-mod3 duplex. 

The 13mer(HEG)310mer was able to bind to the two TFO binding sites individually, 

but the results suggested that it was not able to link two separate duplexes 

together. When labelled with a 5’ psoralen it was able to covalently cross-link at 

the TpA step 5’ of the TFO target site on the ST-mod3 duplex. In this cross-linked 

form, the 10mer TFO region of the overhanging linker appeared to be able bind to 

the ST-mod1 duplex, thereby linking the two structures, though this only occurred 

in low yield. Further work could be done to improve this yield, perhaps by using 

longer, more stable TFO sequences, or using base analogues with high affinity for 

triplex formation such as 2’-aminoethoxy-5-(3-aminoprop-1-ynyl)uridine (Bis-

amino-U, BAU) (Osborne et al., 2004). If these structures could be stabilised then 

this would have potential as a ‘pH-sensitive switch’. Approaches similar to this 

could be used for applications involving dynamic DNA structures that undergo 

structural changes to perform functions such as DNA robots (Lund et al., 2010) or 

for the controlled release of trapped molecules from DNA cages. 

The palindromic linker method was not able to demonstrate linking of two duplexes 

via a 13-mer psoralen-linked TFO. This approach requires that the cross-linked 

TFO should dissociate from its target site at the elevated pH but remain covalently 

attached leaving it free for duplex formation with the linker oligonucleotide. One 

explanation of the failure of this approach is that this TFO does not dissociate from 

the triplex target site. However this would be an unexpected finding since the 

cross-linked DNA and linker oligonucleotide were incubated at pH 7 and with no 

multivalent cations present in the buffer, which have previously been shown to be 

necessary for triplex formation (Beal & Dervan, 1991). It may be that the close 

proximity of the covalently attached TFO, held in place by the psoralen is enough 
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to induce triplex formation even in non-triplex-forming conditions. Further 

experiments will be needed to establish whether the TFO is still forming a triplex 

under these conditions. Footprinting would not be suitable to test this since DNA 

fragments cleaved 3’ of the cross-linked DNA (containing psoralen) would not be 

comparable with DNA cleaved 5’- of the cross-linked DNA (not containing 

psoralen) as the cross-linked group would hinder migration on a gel leading to an 

ambiguous digestion pattern, however, a fluorescent beacon based method testing 

triplex formation across a wide range pH could potentially be a suitable method to 

determine this. 

An alternative approach to make this method work could be to add a non-triplex 

forming base sequence to the 3’ end of the TFO which would hang free when the 

triplex is bound. This overhanging sequence could then be targeted by the 

palindromic linker instead of the oligopyrimidine region of the TFO.  

If the use of a palindromic linker can be shown to work, then similar methods this 

could be utilised to link multiple DNA structures around a multi-armed DNA 

junction like a ‘molecular docking station’, a representation of how this might look 

is shown in Figure 6.10. Restriction sites incorporated into the palindromic linkers 

could also be used to moderate the controlled release of individual structures. 

 

Figure 6.10. A schematic representation of how a ‘molecular docking station’ could look; multiple 
TFO-cross-linked tetrahedra joined by palindromic linkers around a multi-arm branched DNA 

junction.
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7.0 General conclusions and future work 

7.1 General conclusions 

DNA nanotechnology has become a prominent area of research in recent years, 

and a number of structures have been designed for biomedical applications such 

as drug delivery systems and as biosensors (Seeman, 2010; Li et al., 2013; Pei et 

al., 2014). Although many of these structures have been designed so as to interact 

with DNA-binding ligands, there has been little research on the effects of the 

ligands on nanostructures and how this affects ligand binding (Rusling & Fox, 

2014). 

The experiments described in this thesis have characterised two DNA tetrahedron 

designs built from four oligonucleotide strands, and have studied the interaction of 

one of these tetrahedra, modified to contain single binding sites for a number of 

sequence-specific DNA-binding ligands, with the minor groove binding agents 

Hoechst 33258 and distamycin, the intercalators actinomycin D, echinomycin, 

TANDEM and nogalamycin, and major groove binding triplex forming 

oligonucleotides. Ligand effects on tetrahedron formation and stability (local and 

global) have been measured, as well as the tetrahedron’s effects on ligand 

sequence-selectivity and affinity.  

Electrophoretic mobility shift assays were used to assess tetrahedron formation 

and to observe the effects of the ligands on assembly of the nanostructure. DNase 

I footprinting determined the sequence-selectivity of the ligands on both the DNA 

tetrahedron and control linear duplexes of the same sequences. From these 

footprinting gels, C50 values were estimated, providing a comparison of the 

ligands’ affinity for the tetrahedron with that of linear duplex DNA. UV and SYBR 

green melting were used to assess the effects of the ligands on the global stability 

of the tetrahedron, while fluorescent beacons, placed at specific sites within the 

structure, assessed their effects on local and global tetrahedron stabilty. 

7.1.1 Chapter 3 – Characterisation of DNA tetrahedra 

Two main DNA tetrahedron designs, built from four oligonucleotides are widely 

used in DNA nanotechnology. In one of these, the 5’- and 3’ ends meet at the 
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corners of the tetrahedron, with 17 base pairs along each edge and two unpaired 

bases at each junction (Goodman et al., 2004). In the other design the 5’- and 3’ 

ends meet in the centres of each of the 20 base pair edges, and have a single 

unpaired adenine at each corner (Goodman et al., 2005). These structures were 

characterised using EMSAs, DNase I and free radical cleavage assays and 

chemical probing with DEPC, as well as UV, SYBR green and fluorescence 

beacon (using collisional quenching) melting studies. The former of these 

tetrahedra (CCT) was an exact copy of the original design by Goodman et al. 

(2004), while the latter (ST-mod), was designed to contain single ligand binding 

sites on each edge.  

EMSAs showed that a band of slower mobility was present when all four strands of 

the tetrahedron were annealed, and which ran slower than any strand 

combinations, suggesting successful formation of the structure. It was also 

possible to form the structures with small amounts of 5’- radiolabelled 

oligonucleotide present in the annealing mixture. By treating the annealed ST-mod 

structure with T4 DNA ligase followed by Exo III digestion, this tetrahedron could 

be ligated to become a covalently closed structure consisting of four catenane 

rings. 

DNase I cleavage patterns of each radiolabelled strand with the tetrahedra were 

used to assess the folding of the structures, by comparing with the cleavage 

patterns of their linear duplex counterparts. Both tetrahedra afforded protection at 

the expected junction sites, further evidencing proper formation of the structures. 

The protection observed on ST-mod was similar to that seen in three-way 

junctions described in the literature, revealing protection in the region flanking the 

3’ side of the junction (Lu et al., 1989; Murchie et al., 1990; Lu et al., 1991). 

Tetrahedron CCT however, showed additonal protection on the 5’-side of the 

junction, which is probably a consequence of having two unpaired bases at the 

junction, though this will need to be confirmed. 

Three- and four-way DNA junctions have previously been shown to affect hydroxyl 

radical cleavage, producing attenuations in cleavage around the junction (Churchill 

et al., 1988; Price & Tullius 1992). However, free radical cleavage of the 

tetrahedra only revealed small attenuations at the junctions in the ST-mod 



169 
 

tetrahedron, and no clear protection in the CCT tetrahedron. This lack of 

protection, compared to unconstrained junctions, could be due to the non-planarity 

of these junctions, which force the unpaired nucleotides to face out from the 

structure, leaving them exposed for cleavage. 

DEPC was used to modify unpaired adenines in the structures. This chemical 

probe modified all the unpaired adenines at the junctions in both the ST-mod and 

CCT tetrahedra, further evidencing correct folding of the structures. Some paired 

adenines flanking the junctions were also more reactive to DEPC, compared with 

the same bases in linear duplex structures, suggesting partial unpairing or 

unwinding at these locations.  

UV and SYBR green were used to reveal the global melting profiles of the two 

tetrahedra (and also the original tetrahedron sequence from which ST-mod was 

derived (Goodman et al., 2005)). In both melting approaches, the CCT tetrahedron 

revealed a typical sigmoidal denaturation, whereas tetrahedra ST and ST-mod 

showed multiple transitions. UV melting showed largely sigmoidal melts with ST 

and ST-mod but with an additional, smaller, more stable melt following the primary 

melt. By melting different two- and three-stranded combinations of these 

oligonuclotides, thereby generating partial structures, we concluded that this 

second transition was a result of one of the 20 bp edges remaining intact after the 

rest of the structure had denatured. SYBR green melting curves with these 

tetrahedra showed an increase in fluorescence before the denaturation. While it is 

not clear what is responsible for this increase, it may be a result of small 

conformational changes to the structure, thus allowing more dye to bind, or due to 

changes to the chemical properties (or environment) of the dye, resulting in an 

increase in its quantum yield. 

By placing fluorescent beacons (collisional quenching between FAM and dabcyl) 

at specific sites within the ST-mod structure and comparing these with hairpin 

structures of the same sequences, it was seen that Tm values of the various edges 

were much more similar in the tetrahedron than the individual hairpins, suggesting 

that melting of the nanostructure is less sequence-dependent than those of the 

individual linear duplex component sequences. This agrees with the global melts 

which also suggested a uniform, cooperative melting of the structure.   
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Using the ionic liquid, ChDHP to mimic cellular environments, SYBR green melting 

showed that structures could be formed from the ST-mod component strands, 

though it was not possible to confirm complete tetrahedron formation by agarose 

or polyacrylamide gel electrophoresis due to adverse effects of ChDHP on these 

gels. The ionic liquid also interfered with the fluorescence making it difficult to 

interpret melting data. Consequently, investigations with this crowding agent were 

not continued. 

7.1.2 Chapter 4 – Interactions of minor groove binding agents with the DNA 

tetrahedron 

The ST-mod tetrahedron contained a single GAATTC hexanucleotide sequence 

on one edge. This site is known to be a sequence of high affinity for the minor 

groove binders Hoechst and distamycin (Abu-daya & Fox, 1997; Hampshire & 

Fox, 2008b). 

Band shifts confirmed that the component strands of the tetrahedron were able to 

anneal in the presence of both these ligands up to a concentration of 50 µM, and 

these ligands did not affect the integrity of pre-annealed tetrahedra. 

DNase I footprinting on each radiolabelled variation of the ST-mod tetrahedron 

confirmed the sequence-selectivity of each ligand for this binding site, though 

other, weaker secondary binding sites were also observed. These were generally 

seen with higher ligand concentrations at (A/T)3 and oligo(T/C) sequences. 

Quantitative footprinting at the primary binding sites revealed approximately three-

fold weaker binding of both ligands to the GAATTC site on the tetrahedron than on 

the linear duplex of the same sequence. This result was unexpected since neither 

of these molecules unwind nor distort the DNA helix (Pelton & Wemmer 1989; 

Pelton & Wemmer 1990; Spink et al., 1994). This finding will have relevance to 

users of DNA nanotechnology who use nanostructured DNA to carry ligands, such 

as in drug delivery applications (Zhao et al., 2012; Kim et al., 2013; Li et al., 2013). 

Global melting studies with UV (Hoechst only) and SYBR green revealed that both 

ligands increase the stability of the tetrahedron and control duplexes. The broader 

transitions seen in the UV melts with higher concentrations of Hoechst suggest 

that the denaturation becomes less uniform, and the ligand may have stabilised 

some regions of the structure over others. Both ligands stabilised the same control 
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linear duplexes by approximately the same amount at 20 µM ligand in the SYBR 

green melts, however, distamycin stabilised the tetrahedron significantly more than 

Hoechst, suggesting that nanostructured DNA can favour some ligands over 

others compared with linear duplex DNA. 

Using 5’F-3’Q oligonucleotides and their corresponding hairpins, the stability of 

specific locations distant from the primary binding site for these liands were 

measured. Hoechst only stabilised the control hairpin containing the GAATTC 

binding site yet was able to stabilise all the beacon sites within the tetrahedron, 

suggesting that the ligand affects the stability of regions away from its binding site, 

even across junctions. However, the increased Tms  were much lower when the 

beacons were placed further from the binding site, and were greater for adjacent 

than opposite edges of the tetrahedron. Distamycin showed similar trends. This 

type of telestability, in which ligand binding to one region affects the stability of 

adjacent (non-bound) regions has been previously reported (Burd et al., 1975; 

Burd et al., 1975) for simple linear duplexes, based on blocks of repeating 

nucleotides,  but this is the first report of this effect for DNA nanostructures. 

7.1.3 Chapter 5 – Interactions of intercalating ligands with the DNA tetrahedron 

The bis-intercalators echinomycin and TANDEM and the threading intercalator 

nogalamycin did not inhibit tetrahedron formation in the presence of 50 µM ligand. 

The monofunctional intercalator actinomycin D, however, prevented successful 

annealing at concentrations above 10 µM. All of these ligands are known to 

unwind and distort the B-DNA helix (Müller & Crothers 1968; Waring & Wakelin 

1974; Fox et al., 1982; van Houte et al., 1993; Kamitori & Takusagawa 1994), 

therefore this feature cannot be the sole explanation for actinomycin preventing 

formation of the structure. Instead, we suggest that this ligand binds to partly 

formed or even single stranded structures and so prevents them from assembling 

into the complete nanostructure. However, actinomycin did not affect the integrity 

of pre-annealed tetrahedra. 

DNase I footprinting confirmed the binding of each of these ligands to their 

‘canonical’ preferred binding sites: AGCT (actinomycin), ACGT (echinomycin) and 

ATAT (TANDEM). Nogalamycin is known to be less selective than the other 

ligands and no unique binding site was incorporated into the tetrahedron; though it 
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demonstrated clear binding at TpG and GpT sites, which are known to be 

favourable for the ligand (Fox & Waring, 1986b). Weaker, secondary binding sites 

were observed with all the ligands, though all these sites contained sequences 

which have been previously reported as secondary ligand binding sites. 

Quantitative DNase I footprinting at the primary binding sites revealed that 

actinomycin bound approximately three-fold weaker to the tetrahedron than control 

linear duplex, which was not entirely unexpected, since it is known that it unwinds 

the helix (Müller & Crothers, 1968; Kamitori & Takusagawa, 1994) which would put 

strain on the constrained tetrahedron structure. However echinomycin, which also 

unwinds the DNA, and by a greater amount than actinomycin (Waring & Wakelin, 

1974), showed no significant difference in C50 value between the two DNA 

structures, suggesting that unwinding may not be the sole cause of actinomycin’s 

reduced binding to the tetrahedron, if at all. Further experimentation will be needed 

to establish the cause of actinomycin’s reduced affinity. TANDEM was a weaker 

binder than the other ligands and did show some reduced affinity for the 

tetrahedron compared to the linear duplex, though the large experimental error 

made this difficult to confirm. 

SYBR green melting assessed the effects on global melting of actinomycin, 

echinomycin and TANDEM. Nogalamycin contains a fluorophore with a spectrum 

similar to that of SYBR green, which is known to be reversibly quenched on 

binding to dsDNA (Johnston et al., 1978). The ligand, therefore, was used as a 

reporter to monitor the thermal denaturation. Echinomycin stabilised both the 

duplex and the tetrahedron, though at higher concentrations the ligand appeared 

to stabilise some regions of the structure more than others. Actinomycin stabilised 

the duplex, but appeared to destabilise the tetrahedron. UV melts with actinomycin 

confirmed that the monofunctional intercalator does indeed stabilise the global 

structure, and suggests that the negative result with SYBR green may be due to 

some competition with the dye. TANDEM did not significantly increase the stability 

of either the duplex or tetrahedron, which is partly a result of competition with 

SYBR and also because TANDEM has a lower affinity for DNA than the other 

ligands. Nogalamycin stabilised both the duplex and tetrahedron, though the 

tetrahedron melts contained two transitions, the origin of which is not clear, though 

it is likely that the ligand is stabilising some regions of the tetrahedron over others.  
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The 5’F-3’Q oligonucleotides and control hairpins were used to assess the effects 

of actinomycin, echinomycin and TANDEM on the stability of regions remote from 

their primary binding sites. Actinomycin stabilised all the control hairpins to some 

extent, but stabilised the hairpin containing the AGCT binding site the most, 

confirming its sequence-selectivity to ths site. However, in the tetrahedron, all the 

beacon sites were stabilised by similar amounts, suggesting that either the ligand 

loses affinity for its primary binding site on the nanostructured DNA, or the affinity 

for the secondary sites is increased. Echinomycin stabilised all the hairpins by 

similar amounts (8-10 °C) with no clear preference for the one with the ACGT 

binding site, though it is possible that the beacon itself may have obstructed 

binding to this site. Melts on the tetrahedron however, showed very strong 

stabilisation of the binding edge and adjacent edges, but only a small increase in 

stability of the opposite edge, which is consistent with what would be expected 

from echinomycin binding at the ACGT site. TANDEM only weakly stabilised the 

hairpins, but stabilised the binding edge control the most. Greater differences in Tm 

were seen on the tetrahedron, with the the largest effect seen on the adjacent 

edge, and the binding edge being the second most stabilised. Although previous 

footprinting experiments showed good binding to the secondary site that is located 

on the adjacent edge (CTAGTAG), these results still suggest differences in binding 

between linear duplex DNA and the nanostructured DNA. 

7.1.4 Chapter 6 – Interactions of triplex forming oligonucleotides with the DNA 

tetrahedron 

The ST-mod tetrahedron contained two sites which could be targeted with the 

10mer TFO: TTCTCTTCCT and the 13mer TFO: TTCTTTCTTCTCT to form 

parallel triplexes in acidic conditions. 

DNase I footprinting confirmed binding of these TFOs to their respective target 

sites on the tetrahedron. The C50 values suggested that neither TFO showed any 

significant differences in binding between linear duplex and tetrahedron DNA. 

Since parallel triplexes are not thought to affect the structure of the underlying 

DNA duplex (Thuong & Hélène, 1993), these results suggest that the shape of the 

major groove is not affected by annealing of the TFOs to the structure, or by the 

structure of the tetrahedron itself. 
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The 10mer polypyrimidine site on the ST-mod2 oligonucleotide was used to target  

a tyrT(43-59) fragment to form a triplex, with the aim that it could be ligated to form 

a catenane ring which might be used as a scaffold on which to build a tetrahedron 

around an existing B-DNA duplex. Despite attempting numerous conditions to 

promote triplex formation, all the experiments were unsuccessful. Since the 10mer 

TFO control can successfully form a triplex with its target, it was concluded that 

the long single-stranded regions that were placed on either side of the 

polypyrimidine tract were responsible for inhibiting this formation. 

A double ended TFO oligonucleotide (13mer(HEG)310mer) was used in an attempt 

to link the ST-mod1 and ST-mod3 duplexes together. The linker was clearly able 

to bind both duplexes individually but was not successful in linking the two 

duplexes together. A 5’ psoralen-labelled 13mer(HEG)310mer was used to 

promote assembly by covalently cross-linking the 5’-end to the ST-mod3 duplex. 

This modified linker was more successful in linking the duplex structures but only 

in low yield. 

An alternative approach was therefore used to link the duplexes; A 5’-psoralen-

labelled 13mer TFO was covalently linked to the ST-mod3 duplex; this was then 

targeted with a linker oligonucleotide with a sequence complementary to the TFO 

and with a palindromic overhang, with the expectation that this overhang would 

form a duplex with another identical structure, thus linking two ST-mod3 duplexes. 

While experiments showed that the linker could bind to uncross-linked TFO, it was 

unable to bind to the TFO after it has been cross-linked to its target, suggesting 

that the TFO was not dissociating from its binding site, even under the higher pH 

conditions that were expected to be unfavourable for triplex formation. 

7.2 Implications and Future work  

There are two key implications resulting from the work presented in this thesis, 

relevant to the field of DNA nanotechnology, which may aid the design and 

functionality of future DNA-based devices: Firstly a clearer understanding of ligand 

interactions with DNA nanostructures and, secondly, the generation of a model for 

assessing regional stability within these structures. The former of these will have 

particular relevance for applications such as drug delivery and biosensors, where 

interaction with ligands is a core part of the function of these technologies. This 
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work has shown that ligands can interact differently between linear B-DNA and 

nanostructured DNA with differences ranging from changes in selective binding 

and affinity to altered stability of the structures. Consequently, this highlights the 

need to use methods, such as those described in this thesis, to understand the 

effect a ligand will have on future nanostructure designs. In doing this, designers 

of DNA devices can use this knowledge to improve device function, for example, 

by knowing where a ligand binding-site may cause a reduced function of a 

structure due to distortion from ligand binding. To further extend the work of 

understanding ligand interactions with nanostructures, kinetics studies could be 

carried out to gain a greater understanding of the association and dissociation of 

ligands from nanostructures compared with linear duplex DNA. This could be 

achieved using DNase I footprinting at timed intervals after adding the ligand to the 

structure and measuring increase/decrease of a footprint at the binding sites 

(Fletcher & Fox, 1996b; Fletcher & Fox, 1996a; Paes & Fox, 1997). Similar 

methods could also be extended to include DX assemblies (discussed in section 

1.2.3) as a target for sequence-specific ligands. These tiles could be designed as 

a single helical turn anchored by the crossovers at either end with a single, central 

ligand binding-site. The location of the ligand target sequence could also be 

moved within the tile (e.g. binding site facing out from the molecule vs binding site 

facing into the centre of the DX) in order to see if these different locations affect 

binding. It has been previously shown that it was possible to control release of the 

anticancer drug doxorubicin by using varying helical pitches within a DNA origami 

structure (Zhao et al., 2012). This principle could be applied to study a range of 

ligands on DX targets with varying helical pitch, so to understand how this 

structural feature of DNA affects ligand binding with respect to affinity as well as 

association and dissociation kinetics. 

The use of fluorescent beacons placed at specific locations within a DNA 

nanostructure has demonstrated a simple, but effective model to monitor stability 

throughout a DNA nanostructure, as well as measure the impact ligands can have 

on stability across junctions. This can be useful since conventional methods to 

estimate duplex stability, based on GC content, will be less predictable in an 

environment where there are lots of junctions and other molecules which can alter 
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the stability, and global melting with UV or a reporter dye simply cannot give an 

accurate depiction of structure stability at specific locations.  

To expand work with location-specific fluorescent beacons, like those developed in 

this project, DNA origami structures could be assessed using this methodology. To 

do this, two staple strands that target an origami scaffold in close proximity could 

be labelled with the fluorophore/quencher. A clear advantage of this technique is 

that beacons could be controllably placed at a wide variety of locations within the 

structure, allowing assessment of the changes in stability at a much greater range 

of distances from ligand binding sites. In doing this, ligand-induced telestability on 

DNA nanostructures could be studied much more in-depth. 
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Appendix I – Line graphs of the relative band 

intensities at the CCT junction sites from the gel in 

Figure 3.8. 
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Appendix II – Sanger sequencing of the tyrT(43-59) 

fragment in pUC18. 

CAGTGCAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGAACCCCCACCACGGGGTAAT

GCTTTTTACTGGCCTTCTCCCTTCTCGGGAAGCGGGGCGCTTCATATCAAATGACGCGCCGCTGTA

AAGTGTTAGGAAGAGAAAAAAGAACTGGTTGCGTAATTTTCATCCGTAACGGATTAAAGGTAACCG

GAATTCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAA

CATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAAT

TGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGG

CCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCT

GCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCAC

AGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAA

AAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACG 

CTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTC

CCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGG

AAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAA

GCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCT

TGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAC 

 

Red bases confirm the 110 bp tyrT(43-59) sequence in the plasmid, and the 

underlined blue letters indicate the 10 bp polypurine tract targeted with TFOs in 

this project. 

 


