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Abstract

The overall aim of this thesis is to investigate the combination of supramolecular cylinders with
DNA nanotechnology and assess any effects that can occur through binding and any
applications this could have in biomedical therapy applications. From this base it is hoped that
insight can be gained as to whether supramolecular chemistry can be used to create DNA nano-

machines, capable of triggered release of cargo.

The thesis begins with a review of DNA discovery, structure and binding by small molecules,
followed by a review of the field of DNA nanotechnology. By expanding on the field of DNA
nanotechnology recognition, chapters 2 and 3 will highlight the advantages of supramolecular
chemistry when combined with DNA nanotechnology in both nano-machines and inside cell
systems with a focus on DNA tetrahedral nanostructures. Chapter 4 researches the
photocleavage capabilities of a ruthenium cylinder and the possibilities of selective release and
photodynamic therapy using a DNA tetrahedron. Chapter 5 illustrates a new class of anti-viral
agents capable of structure recognition regardless of RNA sequence. The chapter focuses on

the inhibition of binding between the TAR RNA and ADP-1 peptide found in the HIV-1 virus.

Xii



Chapter 1

Introduction



1.1 DNA — An Introduction

1.1.1 Discovery of DNA

DNA was first isolated by Friedrich Miescher in 1869. The Swiss chemist discovered what he
called nuclein inside human white blood cells obtained from pus-coated bandages. By
separating this phosphorus rich nuclein from the surrounding proteins, he realised he had

discovered a new substance which started the track towards understanding DNA fully.?

Following on from this initial discovery many years later in 1919 Phoebus Levene, a Russian
biochemist put forward his polynucleotide theory, discovered through analysing hydrolysis
products of nucleic acids. He stated that nucleic acids were in fact long chains of nucleotides,
which turned out to be correct.? Although the theory stated that nucleotides were long

identical repeats of the nucleotides, the idea however, aided further research.®

In 1950, a vital stepping stone was reported by Erwin Chargaff, he found from separating
DNA samples with paper chromatography, the ratios of nucleic acids were different
depending on the sample being analysed.* From this he concluded that Phoebus Levene
cannot be correct and that DNA has varying sequences. He also found that the ratio between
the purines and the pyrimidines was 1:1 regardless of the sample source. Specifically he found
that adenine and thymine were in equal proportions and the same was true of guanine and
cytosine.* This became known as ‘Chargaff’s rules’ and was instrumental in the eventual final

elucidation of the structure of DNA.®

Following from this, two English chemists, Rosalind Franklin and Raymond Gosling
managed to produce the X-ray diffraction pattern of DNA in 1953 (Figure 1.1).° This X

structure shown in the picture suggested that the structure of DNA must be a repeating



Figure 1.1 - X-ray diffraction pattern of DNA produced by Franklin and Gosling.
Taken from 6.

structure which is uniform in nature. The crystallography also gave measurements for the
width of DNA and therefore distances between the bases which would prove vital in
discovering the final structure. Finally, with these initial pieces of evidence in place, Watson
and Crick were able to propose their model of DNA in 1953.7 They proposed a right-handed
double helical structure, with the nucleotide bases hydrogen bonded down the centre,
surrounded by the phosphate-sugar backbone on the outside. Chargaff’s rule were also
followed by correctly pairing A to T and G to C, resulting in the observed ratios of 1:1
between the bases. Figure 1.2 shows the structure of DNA proposed by Watson and Crick in

1953.

Figure 1.2 — Original model of Watson and Cricks structure of DNA. Photo from the
Archives at Cold Spring Harbor Laboratory.
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1.1.2 Different Structures of DNA

1.1.2.1 Helical DNA

DNA has a huge variety of structures, but they mainly follow what is known as Watson-Crick
base-pairing. As discussed earlier, this is the pairing between A and T and between G and C.
This pairing is composed of hydrogen bonds between NH groups on one base and oxygen on

an adjacent base. Figure 1.3 illustrates this hydrogen bond pairing between these bases.®

H H
N \N_H ....... ,O Me /N 9 IIll||H_N
N ( ;

. A\
L / X \ N—( N_H......: )
N N H=N < - =
R N= : N N—H: QO R
o R .

H
A-T base pair G-C base pair

Figure 1.3 — Drawing illustrating Watson-Crick base pairing between DNA nucleotides. Taken
From 8.

The main form of helical DNA is known as B-DNA. Here, the bases shown above are bound
to a deoxyribose unit to form what is known as a nucleotide. These nucleotides are then linked
by a phosphate group to form long strands of nucleotides called an oligonucleotide. Two
complimentary strands (with regard to the above Watson-Crick base pairing) are hydrogen
bonded together as illustrated, with each base pair in the chains stacked with one above and
one below and stabilised further by favourable = interactions from the aromatic groups in the
bases. The bases are centralised due to their hydrophobicity and the stacking results in a
double helix structure. As the helix turns, a major groove and a minor groove is created, with
one of each per full turn of B-DNA. This full turn occurs across about 10-11 base pairs of

helix.? In vivo this form of DNA is by far the most common, carrying the genetic information



for organisms. There is another form of right handed double helical DNA possible known as
A-DNA. This generally occurs in dehydrated samples of DNA and is estimated to form when
relative humidity drops below around 75%.!° This is because with less H-O molecules
available, the ribose sugars bend in a different fashion, causing the base pairs to bend away
from the helical axis by a 19° angle meaning the phosphate groups can bind less H>O
molecules.!® A-DNA as a result is shorter and wider than the B form of DNA. Biologically,
the A form is thought to exist as protection against bacterial dehydration.!! It has also been
proposed that due to the shorter conformation compared to B-DNA, the transition to A-form

can drive the mechanism for genome packing in bacteriophages. '

The final form of helical DNA found in biology differs from the other two as it is left-handed,
meaning the double helix winds to the left. The phosphate groups in the backbone zig-zag in
an alternating fashion, hence coining the Z name.'* The helix is thinner and more elongated
than in B-DNA with around 12 bp per turn and a diameter reduced from 2 nm to 1.8 nm. The
major and minor grooves have little difference in size and the structure as a whole is
considered to be unfavourable.'* It is rarely formed in vivo as it is higher energy than B DNA
and is thought to form briefly due to biological activity such as during transcription to relieve
torsional strain in supercoiled DNA.!®> All three helical DNA forms are visually represented in

figure 1.4.

A-DNA B-DNA Z-DNA

Figure 1.4 — Left: A-DNA, Centre: B-DNA, Right: Z-DNA. Taken from 8.



1.1.2.2 DNA Junctions

There are two types of DNA junctions that can form in vivo. The first is the three way
junction (3WJ) of which the replication fork is one example. These occur as the name
suggests during cell replication as the DNA is split and copied by enzymes such as DNA
polymerase. Figure 1.5a shows the structure of a 3WJ, which consists of helical DNA which
is then split into single strands which then form a template for complimentary bases to be

added to each emerging single strand to produce two final helical pieces of DNA.!®

A Holliday junction (named after the discovering scientist Robin Holliday) is a DNA four
way junction (4WJ) (figure 1.5b). It consists of four double stranded pieces of helical DNA
joined together in one junction. These form in vivo in repair mechanisms and in biology the
junction is not stationary and can slide up and down each strand by breaking and pairing bases

as it moves.

Both of these structures have been replicated in vitro with short synthetic oligonucleotides,
resulting in further studies on their structure.!” '8 These structures are have been more
recently utilised in the field of DNA nanotechnology as a means to build up structures

comprised of DNA.!" This area will be covered in depth later on in the chapter.

C G G C
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Figure 1.5 — A) Representation of a DNA 3WJ. B) Representation of a DNA 4WJ.
Taken from 18.



1.1.2.3 Guanine Quadruplex

The guanine quadruplex (G4 DNA) is a DNA secondary structure which does not follow
traditional Watson-Crick base pairing. Instead it exhibits ‘Hoogsteen’ binding between 4
guanine molecules to form a G-quartet with a central metal cation such as sodium or
potassium. (Figure 1.6a). Because of this, the structure can only form in guanine rich
sequences. These G-quartets then stack upon one another through m-interactions to form a

guanine quadruplex (figure 1.6b).%°

A H R B
SNZEZNOON /-\
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|

Figure 1.6 — A) G quartet exhibiting four guanine bases with Hoogsteen binding and
stabilising central metal cation. B) Representation of stacking G quartets to form a G-
quadruplex. Taken from 21

These structures are found at the end of the chromosomes and protect the ends of a subset of
some genes during replication.?’ They have also been found to have significant roles in
biological systems, such as formation in the telomeric regions in cells to reduce the action of
telomerase, which lengthens the telomeres and increases cell lifetime. Overexpression of
telomerase can lead to immortalised cells which replicate indefinitely and as such is thought
to be involved in around 80-85% of all types of cancer.?? The potential presence of G-
quadruplex structures has also been discovered in oncogene promotor regions.”’ G-

quadruplexes of varying topologies, specific to mutated genes relating to a number of cancers,



have been reported such as human c-MYC?* and human c¢-KIT?® (figure 1.7)?°. Formation of
G-quadruplex in these genomic DNA sequences can alter protein output by blocking
transcription mechanisms. As each of these quadruplex topologies vary, they have attracted
great interest as targets for selective chemotherapy drugs, some of which will be explored

later.

Figure 1.7 — Left: G-quadruplex topology found in the promoter region of the c-MYC
oncogene. Right: G-quadruplex topology found in the promoter region of the c-KIT
oncogene. Taken from 26.

1.1.3 Targeting DNA structures with small molecules

DNA has long been a very attractive target for drug design as biological outputs start at the
DNA level. This means that many diseases such as cancer have their roots in DNA changes
and mutations. Alterations in the genetic code of a cell can lead to differing transcriptions of
RNA which ultimately leads to altered expression of proteins or enzymes which leads to
uncontrolled cell proliferation and function. An example of cancer being caused by changes in
protein expression is the well-known simultaneous over expression of the proteins Bcl-2 (an
anti-apoptic protein)?’ and Myc (a gene expression regulator)?®, which are characteristic in B-
cell lymphoma and cause uncontrollable cell proliferation.?’ Targeting these DNA genes

which causes these expressions could offer selective therapy for many cancers. Cancer isn’t



the only disease with interesting DNA targets which could have therapeutic effects; Viruses
such as HIV work by integrating genetic material in the form of DNA or RNA into host cells.
In the case of HIV this infection allows for virus proliferation and cell death in the host T-

lymphocytes, leading to loss of immune system for the patient.°

This section aims to review the significant developments in drug and small molecule designs
for targeting DNA for applications in the clinic, discussing and providing examples of the

main modes of DNA binding exhibited by each.
1.1.3.1 Cisplatin and Derivatives

Cisplatin or cis-diamminedichloroplatinum(ll) (Figure 1.8a) is a square planar Pt(ll)
compound with two chloride and two ammine ligands in a cis arrangement. As part of the
alkylating agent drug family, the biological effects of cisplatin were first reported in 1965 by
Rosenberg who noticed that cisplatin could inhibit proliferation of E.coli bacteria.®! Its anti-
cancer properties were then studied and in 1978 it became the first anti-cancer metallo-drug to
become licensed.®? Since then it has been used to treat a huge range of cancers including
bladder, testicular, cervical, head, neck, ovarian, small cell lung, germ cell cancers as well as

sarcomas and lymphoma. 334

Cisplatin’s action results from its DNA binding ability. Once in the cell, the chloride ligands
are hydrolysed and the platinum is free to bind directly the N7 reactive centre on purine DNA
bases (typically guanine). It binds directly to two adjacent purines and this interaction leads to
DNA kinking which makes DNA replication impossible while the adduct remains in place
(Figure 1.8b).* The DNA damage activates various apoptotic factors which lead to cell
apoptosis.®® The DNA binding is a metal-ligand bind and opened up research into thousands

of other coordination and covalent DNA binders.®® This is important because cellular



mechanisms can develop to form resistance to cisplatin action. Many mechanisms have been
identified and once cells have been exposed to cisplatin, they begin to develop. Some main
examples of these are decreases in cellular uptake and increases in efflux to reduce overall
accumulation®’, increases in DNA repair proteins such as topoisomerase Il which can remove

cisplatin from the DNA adducts by double stranded excision to reform undamaged DNA 8

Figure 1.8 — A) Molecular structure of cisplatin. B) Three-dimensional illustration of
a cisplatin-DNA adduct. Platinum shown as a white sphere with the two amine ligands
as blue spheres. Taken from 35.

It is also worth noting that cisplatin does not discriminate between cancerous cells and the
patient’s healthy cells. This causes tissue damage throughout the body and significant side
effects which create a narrow therapeutic window and limit its clinical use. Major side effects
are neurotoxicity, nephrotoxicity, ototoxicity, haemolytic anaemia, cardiotoxicity and severe
nausea.’® It is these side effects and resistance which inspired a generation of Pt(II) drugs
which act in a similar fashion but have varying ligands to reduce toxicity and circumvent drug
resistance. Figure 1.9% shows the structures and names of a range of cisplatin derivatives that
have been developed and subsequently been licensed for use in the clinic. Briefly, carboplatin

has been the most successful of these, gaining worldwide approval. Its replacement of the

10



chloride ligands with one bidentate 1,1-cyclobutanedicarboxylic acid led to significantly
reduced organ toxicity*’, although the mechanism of action and the DNA lesion remains the

same so cisplatin resistant cells are often also carboplatin resistant.*!

Some progress has been
achieved in overcoming resistance with other agents such as oxaliplatin which by replacing
the amines (and thus changing the DNA lesion) has been shown to be effective against some
cisplatin resistant cell lines.*” None of these, however, can specifically target certain cancers,

but are an excellent example of the class of clinical “alkylating agents” with respect to DNA

targeting and binding.
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Figure 1.9 — Cisplatin and its second generation derivatives. Taken from 39.

1.1.3.2 Intercalators

DNA intercalation is the insertion of planar small molecules in-between the spaces separating

the DNA base pairs in the helix.** For this to be possible, the drugs designed are usually

11



polycyclic, aromatic and therefore planar which allows the molecule to stack by m-interactions
with the base pairs (Figure 1.10).* Ionic interactions between the intercalator and the negative
charge on the phosphate backbone are also key to adduct stabilisation. The planar
characteristic means that the base pairs will not be pushed out of plane which would make
binding energetically unfavourable. The intercalation does however, have an effect on the
helix. A gap must be made to make space and so the base pairs in which the drug will
intercalate lengthen by about 3.5A per drug molecule.*® To account for this extra length, the
turn of the helix must relax and therefore the DNA unwinds to some extent. Due to the strain
on the helix, only 1 intercalator can fit per 2 nucleotide groups, this is known as the
neighbouring pair effect. This unwinding is completely dependent on the intercalating
molecule and the overall action of the drug will be based on this also. This is because the
unwinding causes problems with the action of topoisomerases; enzymes responsible for

unwinding the helix before the DNA can undergo transcription.*

i
==

Figure 1.10 — Intercalation of a small molecule (in this case ethidium bromide),
illustrating the gap formed between DNA bases and the lengthening of the phosphate
backbone. Taken from 44.
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It is proposed that as the mode of action of anti-cancer intercalators is to poison the action of
topoisomerases, specifically topoisomerase Il (TOP2), that these drugs can exhibit selectivity
towards cancer cells as TOP2 is active during cell proliferation, which is much more abundant
in tumours than in healthy tissue.*® There is much evidence for the action of the most
successful anti-cancer intercalators to be based on enzyme based damage due to TOP2

48 Anthracycline antitumor antibiotics, specifically doxorubicin and

inactivation.*”
daunorubicin (figure 1.11) are a very important family of drugs discovered that intercalate

into DNA, forming ionic bonds with the phosphate backbone through the protonated amino

group on the sugar and inhibiting TOP2 activity.

H,c7 O H,c7 9
NH3 NH3
HO HO
doxorubicin (adriamycin) daunorubicin (daunomycin)

Figure 1.11 — Chemical structure of doxorubicin (left) and daunorubicin (right).
Difference between the two molecules highlighted by blue hydroxyl group on
doxorubicin. Taken from 34

It is worth pointing out that the activities of these two drugs are quite different, as
daunorubicin is only active against leukaemias whilst doxorubicin has a wide range of anti-
cancer activity due to the addition of one hydroxyl group. It is thought this is due to the
differences of lipophilicity, with doxorubicin with lower lipophilicity able to form

electrostatic interactions more readily in the cellular environment.*” Although it could also be
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due to daunorubicin being less able to access solid tumours and therefore more suitable for

blood cancers. Figure 1.12 illustrates a doxorubicin-DNA adduct.>

Figure 1.12 — Structure of two doxorubicin molecules intercalated into a DNA helix. Taken
from 50.

1.1.3.3 DNA Groove Binders

By exploiting the major and minor grooves in the DNA helix, it is possible to design small
molecules to target these areas for therapeutic effect. The first to be considered are minor
groove binders. These drugs are designed to possess certain key features that make them
suitable for this type of binding. Short chains of heterocyclic or aromatic hydrocarbons with
freedom of rotation are characteristic to allow them to stabilise the DNA structure in the
minor groove through displacement of water from the hydration layer surrounding DNA
through m-interactions.*® Another important feature usually included in design is cationic

groups at the end of the heterocyclic/aromatic chains. These serve to form hydrogen bonds

HzM

NH, DAPI

Figure 1.13 — Left) Chemical structure of DAPI. Right) DNA minor groove binding
of DAPI. Taken from 52.
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directly to the DNA bases as well as to interact electrostatically with the anionic phosphate
backbone. All of these are an important factor in this form of DNA binding.’! They tend to
have a binding preference for AT over GC rich sequences as these provide a smaller minor
groove which offers better binding sites for the molecule.’? Figure 1.13 illustrates the binding
of DAPI (4',6-diamidino-2-phenylindole), a minor groove binder commonly used in

fluorescence microscopy as a stain for DNA.

In the clinic, many minor groove binders have been investigated as this type of binding can
inhibit the activity of polymerases, providing useful biological activity which has been
utilised in anti-parasitic, antibiotic and antiviral applications.’®> One key example is that of
distamycin (figure 1.19), a polyamide antibiotic containing many of the key features
discussed earlier. This minor groove binder also has binding preference at AT rich regions. Its
main action is through inhibiting DNA transcription.”* Many derivatives and combination

treatments from this natural product have found use in anti-cancer therapy, acting as

antineoplastic agents.>> >
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Figure 1.14 — Chemical structure of distamycin. Taken from 56.

The second form of groove binding targets the other groove structure in DNA, the major

groove. This structure is much larger than the minor groove and also has great variety in
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shape and binding sites due to differing base pair sequences. The interactions between the
molecule and DNA are often specific hydrogen bonds directly to the DNA bases.>* Features
characteristic of major groove binders are that firstly they are too bulky to bind to the minor
groove. Molecules employing an alpha helical peptide structure that match the turn of the
DNA are also characteristic. Strong examples of these are protein motifs such as a zinc finger
which can form base pair specific hydrogen bonds to the bases and the cylindrical shape can

fit perfectly into a major groove.’? This type of recognition is often found naturally in the

Figure 1.15 — X-ray crystal structure of a zinc finger — DNA complex, the protein
involved is a transcription protein derived from e.coli bacteria. Protein data bank
number: PDT039. Taken from 57

body in protein mediated biological activity (Figure 1.15). By mimicking some of these
established proteins, some success has been found in designing proteins that can recognise
specific DNA sequences®” ¥, but the complexity and unpredictability of the hydrogen
bonding involved make it very difficult to design novel therapeutic peptides that target these
structures.”®  Success was also found by Hannon et al by synthesising a di-nuclear
supramolecular iron helicate®, roughly the same size as a zinc finger and capable of binding

inside a major groove. This helicate will be discussed in full later on in the chapter.
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By exploiting hydrogen bonding in similar, single stranded pieces of DNA or
oligonucleotides are also able to bind to the major groove through Hoogsteen or reverse
Hoogsteen base pairing on the exposed side of the purine bases. Both protonated cytosine and
guanine can bind a guanine base and both adenine and thymine can bind an adenine through
this fashion (figure 1.16).>? This binding is sequence specific to sections of purine bases and
when bound, forms what is known as triplex DNA — 3 strands of DNA in the helix. This sort
of binding has been found to interfere with gene expression and its sequence specific nature
has attracted some research attention. Notably the drug Fomivirsen is an antiviral
oligonucleotide with the sequence GCG TTT GCT CTT CTT CTT GCG (5°-3’). It blocks

viral action by binding to viral mRNA, halting vital protein expression.®!
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Figure 1.16 — A) Chemical structures of Hoogsteen base pairing in triplex DNA, B)
Reverse Hoogsteen base pairing. Taken from 52
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1.1.3.4 G-Quadruplex Binders

As discussed earlier, G-quadruplexes form in guanine rich areas of the genome which have
been found to have strong biological significance such as the telomeres and gene promotor
regions of key oncogenes. They are also unusual DNA structures with strong characteristic
features whose topologies vary widely. For these reasons, they have been a target of wide
interest in recent years.®” ® They are considered to be druggable due to their role in the
majority of human cancers, whether it be inhibiting the action of telomerase which has a key
role in cell immortalisation and transformation® or in the gene promoter regions of key
oncogenes such as ¢c-MYC, controlling expression of proliferation enzymes.?® Hundreds of
small molecules have been synthesised in recent years which have been shown to interact
¢ 65

with G-quadruplexes with certain characteristic molecule designs becoming apparen

Figure 1.17 shows some examples of proven G-quadruplex binding compounds that have
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Telomestatin TMPyP4

(a) (b)

Figure 1.17 — A) telomestatin, a known G-quadruplex binder and telomerase
inhibitor. B) TMPyP4, a strong quadruplex binder with potent anti-cancer activity.
Taken from 66.
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made it to clinical trials. Both the molecules shown exhibit a large amount of planar aromatic
groups for stacking on top of the upper or lower most G-tetrad in the quadruplex.®® Square
planar complexes with central metal cations such as Pt(Il) or Pd(Il) have also been suggested
as the metal ions help co-ordinate ligands in the square planar fashion required for stacking.®’

The positive central charge can also stabilise the quadruplex by substituting the central cation

Na* or K* usually found inside the quadruplex.®’

1.1.3.5 Cylinder DNA binding

The focus of this thesis will be a metallosupramolecular iron cylinder (FeCy) and its

enantiomers, first designed and synthesised by Hannon et al in 1997 (figure 1.18b).%°

NH»
—0 Ethanol, rt, 10 hrs

/

74

“
s O

N\

Figure 1.18 - A) top: Synthetic scheme of the reaction step to form the cylinder ligand. B) 3D
diagram of the cylinder, each of the three ligands shown in red, blue and green with the two

central iron ions as yellow spheres, bottom figure taken from 60.
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Two other cylinders, containing Ni and Ru (NiCy and RuCy) as centres in place of iron will
also be explored. The iron cylinder is so named due to its cylindrical 3D shape. It is roughly 2
nm in length and 1 nm in width which gives it similar dimensions to that of a zinc finger
protein which is able to bind major grooves in DNA. The FeCy compound is synthesised in a
simple one pot reaction (Figure 1.182)%. Firstly the pyridylimine ligand is formed before
complexation of 3 equivalents of the ligand to 2 equivalents of FeCl, to form the iron cylinder
as a racemic mixture of two enantiomers. These two enantiomers exist due to the inherent
helical structure of the ligands leading to either a left-handed helicate, known as the M
enantiomer, or the right handed helicate, known as the P enantiomer (Figure 1.19a). These
enantiomers were first separated in 2001 using filter paper as a cellulose chiral stationary
phase.® Since then, cellulose powder column protocols have been developed to allow easy
and clear separation of the enantiomers (Figure 1.19b). The cylinder is tetracationic, which
helps in its strong binding to DNA and a variety of counter ions are available to the structure,
most notably CI° which allows the cylinder to be water soluble and so very useful in

biological experiments.

M

L7

w9
3 &3
P

Figure 1.19 — A) Left: Crystal structures of both the M (left) enantiomer and P (right)

enantiomer. Taken from 69. B) Right: Cellulose column showing separation of

enantiomers, eluting M enantiomer first followed by the P.
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The DNA binding activity of the cylinder has been studied in some depth. To begin with, the

cylinder was shown to bind inside the major groove of DNA (Figure 1.20).7°

Figure 1.20 — Structures of confirming cylinder binding inside a DNA major groove

synthetically formed in solution by the oligonucleotide [5-d(GACGGCCGTC)]2.

Resolved by NMR experiments. Figure taken from 70.

The high cationic charge of the cylinder allows binding of the polyanionic DNA and as such
has a number of dramatic effects on the DNA. By binding across about 5 bp in the duplex, the
cylinder causes the DNA to ‘wrap-up’ and coil intramolecularly which has been illustrated by
AFM (Figure 1.21).7° As discussed earlier, major groove binding proteins tend to match the
helical turn of B-DNA and this is also true of the cylinder. As it has two enantiomers,
however, they have been shown to have different binding modes to DNA.”' The M
enantiomer induces much more coiling in DNA than the P. Further experimentation here
showed that while the M enantiomer can be proven to bind to the major groove, P enantiomer
binding was found to be unlikely to be here, and the most likely binding area was bridging 2
phosphate groups in the backbone across the minor groove. This is a less perfect fit and thus

can explain the discrepancy in binding strength and coiling.”!
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Figure 1.21 — AFM images of the linearised plasmid pBR322, 4361 bp, diameter of
475 nm, cleaved with PstI and Sal I enzymes to give two linear fragments of 1401 bp
and 2962 bp. A) linear plasmid fragments alone, B) Low concentration of FeCy with

plasmid, C) Medium concentration of FeCy with plasmid, D) High concentration of

FeCy with plasmid. Taken from ref 70

The iron cylinder has also been shown to bind another DNA structure which is unprecedented
in small molecule DNA recognition. It can recognise, bind and stabilise a DNA three way
junction (3WJ) (figure 1.22).”? 3WJ structures, as discussed earlier, form in DNA strands
during replication, where a topoisomerase unwinds the DNA and polymerase can start to
duplicate the strand. With regards to cancer therapy, 3WJ are an attractive target as cancer

cells proliferate at a much accelerated rate compared to a healthy cell and so will have a

higher proportion of 3W1J and so could offer some form of drug selectivity.

The cylinder has been shown to have a preference for 3WJ structures over B-DNA2. It is also
possible that the cylinder will preferentially bind to other DNA structures, the degree of which

will be explained and discussed further in Chapter 2. Interestingly, the crystal structure of the
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cylinder binding inside the 3WJ in figure 1.22 universally showed the M enantiomer bound
inside the 3W1J despite the fact the DNA was incubated with a racemic mixture.”” This result
is not an exhaustive study of the enantiomer interactions with the 3WJ and cannot conclude
that the P enantiomer does not bind. It does, however, suggest that the M enantiomer does

bind more effectively than the P enantiomer.

Figure 1.22 — A) ‘major groove’ side of the 3WJ with cylinder bound inside the

centre. B) ‘minor groove’ side of the 3WJ with cylinder bound inside. C) Side on view

of the cylinder bound 3WIJ, showing the ligands on the major groove side sticks out

further than the minor groove side. Taken from 72.
The binding of the cylinder also causes distortion, the result of which leads to bases stacking
out of plane and the backbone bending.”? This is important biologically as it is less likely that

enzymes will be able to initiate transcriptions when cylinder and thus gene protein expression

can be altered.
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In this regard, the biological activity of the iron cylinder has been studied in some depth due
to its unique and powerful DNA binding capabilities. Against cancer cells, the cylinder has
been shown to have potent cytotoxicity against numerous cell lines whilst proving not to be

genotoxic or mutagenic in comet assays or the AMES test.%®
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1.2 DNA Nanotechnology

1.2.1 Origins and methods of structural DNA Nanotechnology

The concept of DNA nanotechnology was first publicised by Professor Nadrian Seeman at
New York University in 1982 73, where, taking inspiration from a repeating unit picture in a
local pub, noticed similar interactions could be translated to synthetic sSSDNA. By definition,
DNA nanotechnology is a branch of nanotechnology concerned with the design, study and
application of synthetic structures based on DNA. DNA nanotechnology takes advantage of
the physical and chemical properties of DNA rather than the genetic information it carries.
Specifically Seeman outlined that designed synthetic oligonucleotide strands could self-
assemble into predetermined DNA structures.”’* This was based on maximising well known
Watson-Crick base pairing interactions and minimising symmetry which would lead to linear
duplexes of DNA. Seeman provided proof of this concept when he synthesised a 3D cube
structure starting with specifically designed oligonucleotides.?® Figure 1.23 illustrates the
scheme starting with cyclised ssDNA leading finally to the fully formed 3D cube over a
multi-step synthesis. This initial bottom-up approach, whilst providing proof of concept for

Seeman, proved to be a laborious synthesis which provided just a 1 % yield.

The general synthetic approach for this bottom-up scheme begins with ssDNA. These strands
are designed specifically and synthetically made so they can hybridise to the most favourable
Watson-Crick base pairing and give predictably positioned double stranded DNA. To allow

these oligonucleotides to cyclise with themselves or ligate end to end with other
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Figure 1.23 — Schematic diagram illustrating Prof. Seeman’ first synthesis of the 3D
DNA cube. Taken from 19.

oligonucleotides, they must first be phosphorylated.” This is the process of attaching an ATP
group to the 5° or 3’ end of an oligonucleotide, generally using a kinase enzyme in the
presence of ATP to facilitate the reaction. Once phosphorylated, the strands can be hybridised
together to form duplex DNA strands. In Seeman’s synthetic scheme a process known as
annealing is employed. This simple step involves heating the strands together in
stoichiometric quantities in buffer beyond the DNA melting point at which all hydrogen
bonds are dissociated. Once left to cool, the strands form hydrogen bonds together according
to the most thermodynamically favourable Watson-Crick base pairing and form the pre-
meditated duplex structure desired. Ligase enzymes can then be used to ligate the additional

ATP groups into the formed structure.

Another key DNA nanotechnology method is also known as ‘sticky-ended cohesion’’® which
is a key technique in all genetic microbiology and can be illustrated more clearly in figure
1.24."" Here, two complimentary ssDNA overlaps at the end of two pieces of helical DNA can

be annealed together with great affinity. This is because the sequence specific affinity for each
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is known and will be highly specific as long as any competing species have altered
overlapping sequences that provide less favourable hydrogen bonding. This concept is central
to the majority of DNA nanostructures produced in the last 35 years which rely on sequence

specific and sequential structural motifs.”®

—
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Figure 1.24 — Schematic diagram, illustrating the single stranded overhangs of the

duplex DNA hydrogen bonding together to form a single duplex. Taken from 77.

As discussed early, branched junctions of DNA occur throughout the genomic DNA in the
cell. To create small DNA structures, such as the cube, it is imperative that rigid and stable
junctions can be assembled.” In biology the strands involved in the earlier discussed three
and four way junctions, have symmetry with each other. This allows junction migration which
is key to the biological process as the strands move through the enzymes, which involves
breaking and reforming the hydrogen bonds between each nucleotide as the junction moves
down the duplex.” However, in DNA nanostructures, junction migration is undesirable. To
avoid this, junctions must be designed to minimise symmetry between all single strands
involved in the junction.®’ This is illustrated clearly in figure 1.25, which shows that by

eliminating symmetry in the strands involved in the junction, only 1 stable form of junction is
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synthesised and junction migration is impossible as there is no complimentary nucleotides for
the boxed tetrad of nucleotides in the junction. This method works for junctions with few
arms such as the Holliday junction, but more complicated and imaginative approaches have
been developed to synthesise junctions with higher numbers of arms, as symmetry is difficult

to eliminate here across the junction.®!
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Figure 1.25 - Sequence model for a synthetic 4-way junction. The sequences are of 13
overlapping tetramers. The first two are boxed at the top of the model. The second
boxed tetramer (AGTC) illustrates there is no complimentary tetramer anywhere in the
model to ensure no pairing across the junction. The boxed trimers (ATG) clearly could
compete here but the free energy difference between the desired junction and the

trimer prevents this. Taken from 81.

These basic methods form the basis of designing and synthesising a small DNA
nanostructure. There are more methods and a whole other branch of DNA nanotechnology has

developed known as DNA origami which will be discussed in depth later in the review.
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Before this, various examples of structures originating from these methods and their impacts

will be discussed.
1.2.2 Small 3D DNA structures

By exploiting the design and construction techniques discussed above, numerous research
groups have reported synthesis of a wide variety of small 3D DNA structures. Notable
examples building on from Seeman’s initial cube, include a truncated octahedron®?, reported
by Zhang and Seeman in 1994. The structure, shown in figure 1.26 shows each vertex is
separated by 2 helical DNA turns, this structure was a step up in terms of complexity from the
cube, and like the cube, it was flexible due to all nicks in the duplex being ligated. The
structures were never able to be resolved microscopically and so, gel electrophoresis had to be
relied upon for structure elucidation. It is also worth noting that the synthesis involved many
steps and purifications and thus, took around 2 years to complete start to finish and had a low

yield of less than 1%.8?

Figure 1.26 — Proposed structure of a DNA octahedron. Taken from 82.
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An advance was made on this labour intensive synthetic method by Shih et al in designing a
truncated octahedron out of a 1.7 Kb strand which was designed to be folded into an
octahedron by a simple annealing step.83 The structure was able to be resolved with cryo-
electron microscopy and provided some of the first microscopy images of small 3D DNA
nanostructures. Figure 1.27 shows the microscopy images obtained here, interestingly AFM
images were not reported in this publication and this could be due to the structures inherent
flexibility, which wouldn’t allow the structure to resist the pressures involved in AFM

analysis to provide images that would accurately reflect the overall structure.

Figure 1.27 — A) Raw Cryo-EM images of Octahedron. B) Projections of expected
image. C) Raw images of each expected orientation. Taken from 83.
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1.2.2.1 DNA Tetrahedron

A DNA tetrahedron structure reported in 2004 by Turberfield et al was a revolutionary single
step self-assembled 3D DNA structure, synthesised at a yield of over 95%, depending on
concentration.” This structure attracted a lot of interest and many variants have been
synthesised and the structure very well characterised.®* The tetrahedron is also a major focus

in this thesis and so research surrounding it will be reviewed in some depth.

The revolutionary one-step self-assembly employs four oligonucleotides which are then
annealed together in buffer. On cooling, diastereomeric tetrahedra are formed as the
thermodynamic product in high yield.”™ Figure 1.28 illustrates this step and shows the overall

structure of the first tetrahedron structure synthesised by Turberfield et al.

da Strands

Figure 1.28 — Diagram illustrating the 1 step synthesis of the DNA tetrahedron. Taken
from 75.
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Following on from this discovery, a variety of tetrahedron structures were reported by
Goodman et al.® These involved varying the side lengths to demonstrate the versatility of the
assembly step. Dimers were also reported, by leaving a complimentary sticky-ended overlap
on one edge to allow 2 tetrahedra to hydrogen bond to one another. Figure 1.29 demonstrates

some examples of this family of tetrahedra visually.

Link Outside Link Inside

Figure 1.29 - (A) Tetrahedra with five 20-bp edges and one edge of 10 bp (lane 1), 15
bp (lane 2), 20 bp (lane 3), 25 bp (lane 4), or 30 bp (lane 5). Tetrahedra with four 20-
bp edges, one 10-bp edge, and an opposite edge of 10 bp (lane 6), 15 bp (lane 7), 20
bp (lane 8), 25 bp (lane 9), or 30 bp (lane 10). For both series the tetrahedra in the first
and last lanes are illustrated by 3D models; the edge that is varied is marked with an
arrow. (B) Linking experiments demonstrating stereoselectivity. A linking strand may
join two 5x20/1x30-bp tetrahedra by hybridizing in 10-bp single-stranded gaps in
both long edges.®® Figure taken from 85
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These tetrahedra have a wide scope for functionality and variety. The hollow cavity also
represents a clear opportunity to encapsulate a cargo. Research initially focused on filling this
internal cavity with a protein. The first attempt by Erben et al involved covalently binding a
small recombinant protein inside the tetrahedron.®® The central cavity was estimated to be
able to encapsulate a sphere of a radius of 2.6 nm, equivalent to a folded protein of around 60
kDa. Cytochrome C protein (12.4 kDa) was selected and conjugated to one of the four
construction strands of the tetrahedron through a surface amine at the 5’ end of the
oligonucleotide. The tetrahedron could then be constructed by combining the other three
strands. By controlling the design of the tetrahedron, the position of the protein attachment
can be adjusted as the turn of the duplex rotates about 13° per nucleotide down the turn.%
Figure 1.30 illustrates the structure of the formed tetrahedron and outlines the control over the
pitch and positioning of the attached protein, with each possible base position tested by gel

electrophoresis.
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Figure 1.30 — A) structure of formed tetrahedron with nicks located on the vertices.
B) Model of final product. C) Diagram demonstrating effect of the rotation of the

duplex on protein attachment point and gel electrophoresis experiment. Taken from 86
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This publication only covered the encapsulation of the cargo and didn’t highlight any methods
for subsequently releasing the cargo. As the surface amine attachment is a covalent bond, the
bond would be very difficult to break without denaturing the protein. Various other covalent
strategies for combining DNA with proteins have been reported including bifunctional
crosslinkers®’, click chemistry®® and disulphide bonds®. A reversible, non-covalent
attachment between cargo and DNA structure became the challenge and this challenge began
to be addressed when Goodman et al reported a reversible non-covalent coupling between
proteins and oligonucleotides via a nickel mediated co-ordination bond involving Histidine
tags on the protein and NTA (nitrilotriacetic acid) groups on the oligonucleotide.®® Once the
coupling was initiated, the central Ni cation could be sequestered via use of a chelating agent,

breaking the coupling.

This coupling was then used by Bermudez et al. in 2012 in a tetrahedron-like structure and
enhanced green fluorescent protein (EGFP) was internalised inside a DNA tetrahedron with i-
motif functionalities on the edges.® The reversibility and subsequent release of the
internalised EGFP was achieved through lowering the pH of the buffer to hydrolyse the Ni
co-ordination bonds and form i-motifs in the vertexes which causes the tetrahedron to collapse
in shape, subsequently releasing the protein from the structure. Unfortunately the low pH

required for this denatured much of the protein activity.

Another cargo encapsulation example involving the tetrahedron was reported by Crawford et
al. in 2013.%2 In this publication, catabolite activator protein (CAP), a transcription factor, was
encapsulated inside a DNA tetrahedron. CAP intracellularly regulates up to 100 genes in the
body and so was an interesting target as transcription factors activity can be blocked whilst

inside a DNA cage as it cannot bind cellular DNA.% If an external trigger was found that
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could release the protein whilst inside a cell, this would be a way to elegantly regulate gene

expression.

Encapsulation was achieved by incorporating a 22 bp sequence that matches the 22 bp
recognition site on CAP into a DNA tetrahedron. This would then allow the CAP to recognise

the site on the tetrahedron and bind inside (figure 1.31).

AP consensus
binding sie

Figure 1.31 — Model diagram of the DNA tetrahedron possessing the binding site for
CAP and the subsequent encapsulation of CAP inside the central cavity. Taken from
92.

The subsequent release of the CAP was demonstrated by addition of a nuclease to remove the
DNA (effectively, if unselectively). However, it is reasonable to theorise any deformation of
the binding site by an external factor would result in protein release such as DNA binding of a

small molecule.

The potential of the DNA tetrahedron as a strong candidate for cellular delivery of cargo has
been discussed in depth and further literature reports of biological compatibility will be

discussed further later in this introduction.

1.2.3 DNA Origami
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A large branch of DNA nanotechnology that must be mentioned has become known as DNA
origami. DNA origami was first reported in 2006 by Paul Rothemund at the California
Institute of Technology.®® It involves using a ‘construction strand’ which is an oligonucleotide
of around 7kb. This construction strand is then manipulated with designed smaller ‘staple’
strands. These smaller oligonucleotides bind to the construction strand in a single step process
to form the most energetically favourable formation. By carefully designing the staple strands,
one is able to form controllable shapes of up to 100 nm in diameter.®® This technique allowed

for a wide variety of recognisable shapes and structures to be synthesised and observed by

AFM (figure 1.32).

Figure 1.32 — Wide variety of shapes of folded DNA to form a) a square, b) a
rectangle, ¢) a star, d) a smiley face, ) a pyramid of rectangles, f) a hollow triangle.
All imaged by AFM. Taken from 93.
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This revolutionary work opened up many research opportunities to expand, not only on these
2D arrays, but to form 3D structures out of folded DNA origami.®* The first and one of the
most notable examples was by Gothelf et al. in 2009, synthesising a 3D box which possessed
an openable lid which could be opened selectively on addition of an oligonucleotide or

‘key’(figure 1.33).%

Figure 1.33 — Model illustration of a) the origami construction square sections of
folded DNA, functionalised with FRET pair (yellow star and red circle), b) fully
constructed box with lid closed, allowing FRET to occur between the FRET pair. On
addition of competing oligonucleotides (keys), the box is opened and halts FRET.
Taken from 95.

Rigid enough to be characterised by AFM, cryo-EM and confirming the control of the lid
through FRET experiments, this box certainly had an impact on the research area. The box
has a few advantages over previously reported 3D DNA proposed cargo carriers as it can be

opened by a specific trigger of any ssDNA or ssRNA, which could be tuned to specific
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cellular sequences. It also occurs under native conditions® and unlike low pH conditions seen

earlier®, biological cargo is unlikely to be damaged by the triggered release.

Many groups reported similar boxes of differing size and shape to this original box, including
a very similar box synthesised through closing a single open origami motif.%® Sugiyama et al.
reported triangular, square and octahedral hollow prisms of DNA origami in simple 1 pot
folding of a motif.°” A hollow DNA origami tetrahedron (figure 1.34) was also reported by
Yan et al. in 2009 which attempted to address potential problems with the hollow sides to

Turberfield’s tetrahedron.%®
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Figure 1.34 — A) Model drawing of completed origami tetrahedron. B) 2D drawing of
the unfolded motif constructed. C) 2D drawing illustrating the folding of the
construction strand. D) Model illustrating construction features of the tetrahedron.

Taken from 98.

Yet another approach to using DNA origami to construct 3D structures was reported by Shih

et al.*® Here, the hollow cavity of the structures were replaced by honeycomb rods of DNA
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nanotubes. This pleated helical construction approach was aimed more at nanoscale device

bearing applications rather than a cargo carrier. This was made possible by the much more

rigid and solid structure of the design (figure 1.35).
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Figure 1.35 — TEM images of a variety of synthesised honeycomb DNA origami

structures. Taken from 99.

Overall, DNA origami was shown to be a very versatile method within DNA nanotechnology
to achieve a wide variety of structural targets. With this versatility, and DNA being a
biocompatible substance, it is no surprise it has gained so much interest as a capable cargo
delivery medium to cellular systems. Research resulting from combining DNA

nanotechnology with biological systems will now be reviewed.
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1.3 DNA nanotechnology in Biological Applications

1.3.1 DNA tetrahedron in cellular systems

The DNA tetrahedron was first reported to be able to enter cells by Walsh et al. in 2011
following its discovery in 2004.1% This is particularly interesting as the polyanionic nature of
DNA makes cell membranes impermeable for dsDNA and ssDNA.1%' Here, Turberfield’s
original tetrahedron was fluorescently labelled with a fluorescent tag and incubated with
human embryonic kidney cells (HEK line). The uptake and localisation was observed and
measured with and without transfection agents by confocal microscopy. It was found that
even in the absence of transfection agents, the tetrahedron was readily taken up by the cells. It
was also found through FRET experiments that the tetrahedron remains intact for over 48

hours inside the cells.1

However, the article does not detail the mechanism by which the structure enters the cells.
Instead it speculates on theories consistent with other nanoparticle uptake studies,®
suggesting macropinocytosis, clathrin-mediated endocytosis, and caveolae-mediated
endocytosis as possible entry mechanisms.1 All these suggestions are reasonable; because of
the anionic nature of DNA and cell membranes, an active uptake mechanism seems the most

likely as opposed to passive diffusion (due to electrostatic repulsions.)

It wasn’t until 2014 that studies were reported that could begin to shed light on the most likely
mechanism. Liang et al. reported that the DNA tetrahedron was taken up via caveolae
mediated endocytosis.}** By utilising total internal reflection fluorescence microscopy
(TIRFM) (figure 1.36) and tracking single fluorescently labelled tetrahedra, they were able to

accurately assess the uptake pathway and subsequent intracellular transportation pathways.
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Figure 1.36 — A) confocal images of cy3 labelled tetrahedron uptake from 2-12 hours.
C) TIRFM images a to f showing one tetrahedron (indicated by arrow in frame a) and
its uptake movements over time, highlighted by the blue arrow. D + E) 3D graphical

presentation illustrating tetrahedron movement over time. Taken from 104

The article managed to exclude other uptake pathways by creating conditions that would
make other options impossible and by a process of elimination left only the caveolae
dependent pathway possible. The major step came between attempting to differentiate
between clathrin and caveolae dependent pathways. By treating the HeLa cells with methyl-f-
cyclodextrin (MBCD), which depletes cholesterol and disrupts caveolae and subsequently
caveolae dependent endocytosis, the group were able to observe a decrease of approximately
54%.104 195 Conversely, by treating with sucrose to inhibit the effectiveness of the clathrin
mediated pathway', no change in uptake was observed, allowing the group to conclude the

uptake mechanism reported.
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Also following on from the reported cellular compatibility of the tetrahedron, delivery of the
known chemotherapy drug doxorubicin with and without the DNA tetrahedron was reported
to the breast cancer lines MCF-7 and MCF-7/ADR (doxorubicin resistant) in 2013.27 This
exploited the DNA intercalating abilities of doxorubicin discussed earlier to combine the drug

and the tetrahedron prior to cellular treatment (Figure 1.37).
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Figure 1.37 — Model diagram illustrating the construction of the doxorubicin loaded
tetrahedron via intercalation, followed by cellular treatment with the formed conjugate.
Taken from 107.

Not only was cytotoxic activity reported when the doxorubicin was delivered via the
tetrahedron, most interestingly, it was able to by-pass doxorubicin resistance.’’ It is well
known that after repeated exposure to certain drugs, cancer cells can develop resistance
mechanisms, one of which involves altering membrane proteins which regulate drug uptake to
increase the efflux of the drug.1®® As the DNA tetrahedron has been shown to be taken up by

104

caveolae dependant endocytosis=™*, it will bypass any membrane protein based resistance built

up against certain drugs. It was observed that by delivering doxorubicin via DNA tetrahedron,
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not only was total cellular doxorubicin content increased in doxorubicin resistant cells, but
cell viability was significantly decreased when compared to treating with free doxorubicin. %’
Whilst this wasn’t the first report of using nanoparticles to deliver therapeutics to overcome
drug resistance via altered uptake pathway, for instance, liposomal doxorubicin (marketed as
Doxil) has been used in the clinic for over 25 years!®® 110 it was one of the first instances of

using a DNA nanostructure to overcome this type of resistance against a common therapeutic

agent.

Aside from delivery of classic chemotherapy drugs, the delivery of more novel therapies such
as siRNAs (small interfering RNA) via DNA tetrahedron have been reported.!*111? The vast
amount of options of functionality was neatly demonstrated in this report as a variety of gene
silencing ligands were attached to the tetrahedron to produce promising results in the resulting
cell testing. The conjugate was formed by synthesising a DNA tetrahedron from 6
oligonucleotides to furnish a single stranded overhang to which a SiRNA with the
corresponding overhang could be attached (figure 1.38).1* This method of delivery not only
demonstrated great versatility in gene selection, but also exhibited enhanced lifetimes of the
SiRNA in blood flow in mouse models from 6 mins with free sSiRNA to 24 mins when
delivered by the tetrahedron. This gives a good indication that the DNA tetrahedron can help

protect vulnerable or unstable cargo in cellular environments.

Overall, the DNA tetrahedron has shown great promise as a drug delivery medium, with
successful reports demonstrating great advantages.'*® However, there has not been a reported

example of a triggered cargo release following an external trigger inside cells.
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Figure 1.38 — A) model illustrating construction of the tetrahedron from 6
oligonucleotides and the subsequent self-assembly of the siRNA functionality. B) gel
electrophoresis experiment confirming construction of tetrahedron. C) AFM images of

tetrahedron on a surface. Taken from 111.

1.3.2 Biological Applications of Other Types of DNA Nanostructures

The DNA tetrahedron is not the only DNA structure reported to have applications in cellular
delivery. DNA origami in the form of triangular origami nanotubes has shown to be
compatible with cell systems and was reported to successfully deliver doxorubicin and bypass
drug resistance mechanisms much in the same way as previously discussed.*'* It is not clear
whether the much larger DNA structures reported here are internalised via the same
mechanism as the smaller tetrahedron, but high levels of drug loading due to sheer amount of

DNA bases carrying the drugs such as doxorubicin. It will be interesting to see in years to
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come, with the ever decreasing cost of synthetic DNA, which method will be more cost
effective when treating in vivo. It is also worth noting that these publications do not discuss

whether some of the cytotoxicity of the doxorubicin is diminished when delivered by DNA.

DNA nanotubes are also capable of entering cells and were reported to be able to deliver
integrated CpG-oligonucleotides.!*® CpG-oligonucleotides are short ssDNA containing
sequences of the nucleotide cysteine followed by guanine, separated by a phosphodiester
group. They are active when unmethylated as they are recognised in cellular environments by
receptors which initiate an immune response from the cell.1!® They have been shown to
stimulate immune responses against tumour antigens.'!® However, they are vulnerable to
nucleases and as ssDNA alone, cannot enter cells alone as their polyanionic nature leads to
repulsion from cell membranes. By conjugating them inside DNA nanotube structures (figure
1.39), the CpG oligonucleotides are protected and reported to enter cells in vivo within
minutes. In mouse models, treatment with the conjugate resulted in increased levels of
leukocytes; implicit of an immune response. Nanotubes alone did not result in immune
response and as with other DNA structures, did not show cytotoxicity due to its high

biocompatibility.!®
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Figure 1.39 — Model illustrating the design and structure of the CpG-oligonucleotide
integrated DNA nanotubes. Taken from 115.
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Finally, it is worth noting the most widely studied nanocarrier for targeted drug delivery as a
means of comparison to DNA nanostructures: Liposomes.**’ Liposomes are phospholipid
vesicles, made up of one or more lipid bilayers surrounding an aqueous central space. Their
success can be attributed to a number of key attributes, the first being that they are capable of
encapsulating both hydrophobic and hydrophilic molecules.**® The large aqueous center also
allows encapsulation of large macromolecules such as DNA and proteins.'® This allows easy
compatibility with a wide range of drugs. As phospholipids, they are biocompatible and have
a wide range of physicochemical and biophysical properties that can be manipulated to
control their characteristics in biomedical applications and targeting.'?® Unlike DNA
nanocarriers, some liposomal pharmaceuticals have become clinically approved. The most
successful example of this is PEG conjugated liposomal doxorubicin.'?! Encapsulating in this
way has a number of advantages, the most notable being that it increases the half-life of
doxorubicin in the blood while decreasing the peak levels of free drug in the blood. This
increases accumulation in tumour tissue while decreasing cardiac muscle cell toxicity by

reducing exposure here.1?2

Despite the plethora of research, liposomal delivery modes have had a multitude of issues
surrounding them, leading to dampened success in the clinic. Some of the main reasons for
this are scaling up the manufacture of them is often problematic leading to unreliable product.
Changes in manufacturing processes can also lead to broken down or denatured encapsulated
compound.*? This highlights the importance of pursuing other nanocarriers such as DNA

nanostructures.
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1.4 Overview of Thesis

This thesis aims to explore the effects of metallosupramolecular cylinders binding to different
nucleic acid structures, with a particular focus on the DNA tetrahedron. The interaction
between the cylinder and tetrahedron will be fully explored, examining any interactions for
potential applications, along with possible biological compatibility. This research aims to set
up findings that will plug the gap of externally triggered cargo release using DNA

nanotechnology inside cellular systems.

Chapter 2 will begin to investigate the iron-supramolecular cylinder’s affinity to a variety of
DNA structures. It will then discuss the affinity to the DNA tetrahedron and explore any
effects binding has to this structure. The enantiomers of the iron cylinder will also be explored

and any differing binding behaviours to the tetrahedron investigated.

Chapter 3 will investigate the biological activity of the cylinder-tetrahedron conjugate in
cellular systems through established biological assays and microscopy. The potential effects
of free tetrahedron and free cylinder when compared to conjugate will be investigated and

following from this, the future applications of the complexes will be discussed.

Chapter 4 explores a ruthenium cylinders ability to absorb light and induce DNA cleavage
when bound to DNA. Activity at different wavelengths will be experimented and reported.
Ruthenium cylinder photocleavage will be applied to the DNA tetrahedron with a view to
trigger breaking open the tetrahedron with an external trigger. Finally, initial experiments on
the potential application of the ruthenium cylinder as a photodynamic therapeutic agent in

cells and the possible use of the tetrahedron in this setting are described.
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Chapter 5 investigates the binding of iron, nickel and ruthenium cylinders to a looped region
of HIV RNA, significant to the virus’ growth cycle. The effectiveness of inhibition and the

anti-retro viral activity will also be discussed.
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Chapter 2

Interaction of an Iron supramolecular Cylinder with a DNA

Tetrahedron and a Three Way Junction
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2.1 Introduction

Metallosupramolecular cylinders have shown unprecedented DNA binding to a wide variety
of DNA structures including the major groove' and most notably binding to and stabilising
DNA Y-shaped replication forks or 3-way-junctions (3WJ).2 The binding is such that it causes

bending and supercoiling of DNA (Figure 2.1).%4

@

Figure 2.1 - AFM images illustrating the effect of cylinder induced

supercoiling of DNA. Taken from reference 4

A wide variety of cylinders have exhibited similar behaviour, although none have shown the
binding strength of the “parent” iron cylinder which has been previously synthesised within

the group.® 38

Figure 2.2 — Crystal structures of both the M (left) enantiomer and P (right)

enantiomer. Taken from reference 10



Being a di-nuclear triple helicate, it is inherently chiral and has two enantiomers (M and P)

which can be separated using cellulose as a chiral stationary phase (Figure 2.2).% 1°

As the DNA interactions of the cylinders are influenced by n-stacking interactions, shape and
orientation are key to the cylinders’ behaviour. As such, the two enantiomers exhibit slightly
different characteristics in their binding.!! Most interestingly, in crystallographic experiments
involving a racemic mixture of the cylinder and a synthetic DNA 3WJ, only the M enantiomer
was found to bind inside the 3W1J.'? In the field of DNA nanotechnology, this recognition and
strength of binding would be of great interest as the characteristics can be used to develop
triggered changes in conformational structure, release of cargo or quite simply delivery of the

cylinder itself.

The DNA tetrahedron synthesised by Turberfield is the first rigid 3D DNA nanostructure that
has been synthesised in one, high yield simple step synthesis.!* The structure of this

tetrahedron contains 3WJs at each apex and 17 bp of duplex DNA at the sides (Figure 2.3).

Strands
2 : 4 195°c-5
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: —_
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i B B

A

Figure 2.3 - Schematic diagram illustrating the formation of the

tetrahedron. Taken from reference 13

Therefore, the parent cylinder should not only be able to bind to the structures involved here,
but its binding strength could distort or trigger conformation changes. The tetrahedron is very

rigid with a hollow cavity which could contain a cargo of a radius of up to 2.6 nm.'* Binding
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events of the cylinder to the tetrahedron in the major groove and at the apex 3WJ could cause
structure changes in the tetrahedron itself. Also the conjugate formed would itself be of
biological interest due to the cytotoxicity of the cylinder and the inherent bio-compatibility of

the tetrahedron due to its DNA building blocks and proven cellular uptake.®

This chapter initially investigates the cylinders’ binding affinity to the DNA 3WJ when in
competition with other DNA structures. Investigation then moves on to assess the cylinder —
tetrahedron interaction, building on initial work completed by Siriporn Phongtongpasuk
previously in the Hannon group. This is studied mainly by gel electrophoresis experiments to
observe any possible band shifts which would confirm the presence of a conjugate. Further
characterisation of the nature of this interaction is then attempted by different methods. Part
two of the chapter aims to explore the possible differences between the cylinders two M and P
enantiomers with regard to tetrahedron interaction. Any possible differences could shed more
light on the nature of the overall interaction and whether site specific binding is possible to

ascertain.

2.2 Results and Discussion

2.2.1 Part 1 — Cylinder 3WJ Binding

Competition Gel Electrophoresis Assays

The ability of the iron cylinder to bind inside a DNA 3WJ has been firmly established and
discussed earlier.’® With so many other DNA structures involved inside cells, it is important
to establish the binding preferences and to what extent the iron cylinder will preferentially
bind to a 3WJ over another structure. To study this, a series of polyacrylamide gel

electrophoresis (PAGE) experiments were undertaken.
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PAGE is a widely used and very useful method in biochemistry for tracking and
characterising protein or DNA samples as a function of their electrophoretic mobility.!’
Electrophoretic mobility depends on the bio-molecule’s size, shape and overall negative
charge and refers to the speed of the migration through the gel.'® The experiment is performed
by applying a potential difference across the gel (negative to positive) — effectively pulling the
negatively charged sample through the gel. PAGE can be a native or denaturing experiment,
depending on the conditions. Native refers to examining the samples in their stable (folded)
biological state, for example, duplex DNA as it would be in solution. Denaturing refers to
unfolding and breaking the biomolecule down to constituent parts, for example, down to
single stranded DNA. In these experiments, a synthetic 3WJ was employed under native
conditions. It consists of three 14-mer oligonucleotides containing unpaired bases in the
centre to form the 3WJ (Figure 2.4).!° The small amount of bases in the duplex arms means
that this 3WJ will be stable as a 3WJ below 4°C, but will dissociate into single strands at
higher temperatures.!” This provides a perfect model as at room temperature, no 3WJ is

formed unless it is stabilised by, in this case, the cylinder binding inside.

Figure 2.4 — 3 oligonucleotides that assemble to form a synthetic 3WJ. Taken from reference 16.

By radiolabelling the oligonucleotide S3, the structure can be tracked easily in the gel with

high sensitivity (~500 pM) which won’t be affected by cylinder binding which could prevent
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other visualising stains from binding to the DNA such as ethidium bromide. Figure 2.5 shows
a native PAGE experiment where the 3 oligos are run with and without the iron cylinder at
room temperature, clearly illustrating the band migration shift when the 3WIJ is formed and

when it is not.

_— 3\

ssDNA -‘

Figure 2.5 — Autoradiogram of a 15% non-denaturing PAGE. Lane 1 containing the 3 oligos
required for the 3WJ, unbound as ssDNA. One of which has been radiolabelled for
visualisation. Lane 2 contains the oligos with the iron cylinder at 1:1 ratio, forming the 3WJ,

causing the band shift.

With this positive control in place, a range of DNA structures were mixed with the iron
cylinder and the 3WJ DNA to establish whether cylinder would preferentially bind to the 3WJ
or to the competitor, evidenced by a drop in intensity of the 3WJ band in a gel. The
experimental design was to first mix and incubate 3WJ DNA and cylinder at a ratio of 1
cylinder per 3WJ (1 hour incubation time). Competing DNA structures were then added at a
1:1 ratio (30 min incubation time) and the samples run on a 15% native PAGE to quantify the
proportion of intact 3WJ. The second experimental design was to add 3WJ DNA and
competition DNA together prior to cylinder addition. Thus the cylinder has a choice of which
structure to bind to and is not pre-bound in the 3WJ. Finally, in the third experimental design,
cylinder was incubated with the competitor DNA before 3WJ DNA was added. Here the
experiment probes the ability of 3WJ to pull cylinder away from another DNA structure to

which it is bound. This range of experiments should give a clear view of cylinder-DNA
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structural binding preferences. Figure 2.6 shows the gel electrophoresis results obtained from

these experiments (A, B and C).
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Figure 2.7 — Graphical quantification of gels, showing the % of the 3WJ formed in
each of the experimental conditions. Bottom showing all three graphs compared.

Error bars show standard error of n=2 experiments.
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It is clear that regardless of which DNA structure the cylinder is allowed to bind to initially,
the cylinder overwhelmingly prefers to bind and thus stabilise the 3WJ. This was anticipated
in gel A where the cylinder had already assembled and bound to the 3WJ and does not shift
binding once competitor DNA was added. It was surprising however, that when the cylinder
was bound to competitor DNA initially, in gel C; the cylinder still preferentially brought the 3
oligos together to form the 3WJ. This shows that the binding constant is higher for the 3WJ
than any of the other structures. The bottom graph of Figure 2.7 shows that the earlier the
competitor DNA is added (from gel A-C), allows it to compete more, but only slightly in most
cases. The ssDNA was the strongest competitor - in gel C only 53% of 3WJ was present.
Whilst it is known that the cylinder can bind sSDNA, the reason for this competition is more
likely from the ssSDNA pairing with the unpaired oligos so that the DNA for the 3WJ is no
longer available for the cylinder; rather than the cylinder binding directly to that 55-mer oligo.
Further testing would be required to confirm this as a second band attributed to the
radiolabelled strand binding to the ssDNA was not observed. This would be consistent with

one (or both) of the other 2 strands binding to the ssDNA, but not the radiolabelled strand.

Also, surprisingly, it was expected that the DNA tetrahedron would be able to compete well
with the 3WJ for cylinder, considering that the structure itself contains four 3WJ-like
structures. The angled nature of the junctions involved in the tetrahedron seems to be able to
cause enough distortion to affect cylinder binding adversely. This in turn meant that little or
no competition with the 3WJ was observed and it could be suggested that tetrahedron binding
is at least 10 times weaker than 3WJ binding. The interaction with this interesting structure

will still be studied in depth later in the chapter.

From these experiments, it can be seen that the cylinder has considerable binding preference

for the 3WJ over a variety of other structures at a 1:1 ratio. Physiologically however, 3WJs
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are heavily outnumbered by duplex DNA base pairs. To begin to test this, an initial
experiment was carried out to test the competition between the 3WJ and large excesses of
plasmid DNA for the cylinder. The experiment was very similar to the previous competition
gels, but the competition would be against the plasmid PuC19, up to a ratio of 5000 base pairs

per 3W1J. Figure 2.8 shows the results of this experiment.

- PuCl9 +
—4
- ——

+ve
1 2 3 4 5 B
90
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£ 40
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0 . . . . .
0 10 100 1000 5000

Number of plasmid BP's per 3W)J

Figure 2.8 — Top: 15% PAGE showing the effect of increasing concentration of PuC19 plasmid on
cylinder-3W1J binding. Lane 1 containing all 3 strands for the 3WJ. Lane 2 containing iron cylinder
3WIJ at 1:1 ratio (0.4uM), lanes 3-6 containing lane 2 components with plasmid concentrations of
0.0015uM, 0.015uM, 0.15uM and 0.75pM respectively. Bottom: Bar Chart showing the
percentage of 3WJ intact when compared to the single stranded band from the gel, each bar
corresponding to lanes 2-6. Error bars show the standard error of the mean where n=2 (n = number

of repeats).
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This initial experiment was designed in the same way as experiment A, where the cylinder
and 3WJ DNA were incubated together for 1 hour at RT, followed by addition of the plasmid
DNA and an incubation of 30 minutes at RT. The experiment shows that by 5000 bp to 1
3WJ, the proportion of 3WJ present is decreased by approximately 18% compared to the
control. This result again confirms that the cylinder has a higher affinity to the 3WJ than
duplex DNA. However, it must be noted that the plasmid was in a supercoiled state. With
further experimentation, it would be interesting to use linear plasmid DNA that would provide
large excesses of duplex DNA in a relaxed state as supercoiled DNA may be less accessible

for cylinder binding.
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2.2.2 Part 2a — Cylinder — DNA tetrahedron interaction

2.2.2.1 Tetrahedron Synthesis and Characterisation

The method used for the synthesis of the tetrahedron was replicated from a previous
publication from Turberfield.!® Briefly, 4 synthetic strands of the correct sequences (see
experimental) of DNA were purchased (Eurofins Operon) which had been HPLC purified.
These strands were then annealed in TM buffer (10 mM Tris, 5 mM MgCl, pH 8.0) by
heating to 95°C for 5 minutes and cooling on ice for 10 minutes. The tetrahedron was then
purified by passing through a 30K MWCO filter (Pierce) which retained the fully formed
tetrahedron, whilst any unincorporated single strands which are smaller than 30k MW in size,
were collected in the filtrate and disposed of. The purified tetrahedron could then be diluted to
the desired concentration. No further purification was performed and the tetrahedron was

stored in TM buffer unless otherwise stated.
2.2.2.2 Polyacrylamide Gel Electrophoresis (PAGE)

The tetrahedron was characterised by a number of methods. The first was gel electrophoresis,

using native PAGE to examine and confirm the construction of the DNA tetrahedron.

Figure 2.9 shows a native PAGE experiment illustrating the construction of the DNA
tetrahedron. Lane 1 contains just 1 strand alone, lane 2 contains 2 of the strands, lane 3 with 3
strands and lane 4, the fully annealed tetrahedron. Each of the migrations were in agreement
with previously reported strand migrations.!> The absence of any secondary bands
demonstrates the effectiveness of the synthesis; other bands in each lane would suggest
secondary structures being formed. The approximate yield of the completed tetrahedron is

estimated to be >95% by gel electrophoresis studies.®
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Figure 2.9 — Autoradiogram showing the construction of the DNA tetrahedron on 10% native
PAGE. Lane 4: strand 1 only. Lane 3: strands 1 and 2. Lane 2: strands 1, 2 and 3 and finally lane

1 containing all 4 construction strands to form the full tetrahedron. (Appendix fig.1)

2.2.2.3 Dynamic Light Scattering (DLS)

Another method of characterisation used was dynamic light scattering (DLS also known as
Photon Correlation Spectroscopy or Quasi-Elastic Light Scattering). This is a useful technique
that can determine the size of particles in a solution down to around 1 nm. Most commonly, it
is used to size materials such as nanoparticles, polymers, colliods or proteins. Briefly, a laser
is shone through a sample-containing solution at a known angle. The subsequently scattered
light as it passes through the sample is then collected by a photon detector. The degree of

scattering leads to a final calculation of the size of the particle in solution.

DLS is not as commonly used in the field of DNA nanotechnology as most structures in the
field do not have a uniform radius and are often not solid throughout, leading to complications
in collecting a uniform scattering index. However, it was found that structures like the
tetrahedron could provide sizing data which has allowed some experiments to be performed
and some published data produced.?’ The tetrahedron was diluted to 100 nM and scanned on

the DLS, giving a hydrodynamic diameter of 13 nm (Figure 2.10). This is larger than previous
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DLS experiments on the tetrahedron (9.08 nm).2! It is also slightly larger than the expected
diameter of the tetrahedron, just over 6 nm. The DLS calculations assume that the sample is
spherical, which exaggerates the size slightly due to the tetrahedral shape, along with some
small instrumental margins of error lead to a figure slightly larger than expected. A hydration
layer is also present which contributes to the extra size calculated. Despite these slight
inaccuracies, DLS provides useful information as not only does it show particles of the correct
region of size, it also shows that only one product is present in solution and no large aggregate

or secondary structures are left after synthesis and purification.
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Figure 2.10 - DLS data of the DNA tetrahedron — showing one species in solution

illustrated by the single peak.

2.2.2.4 Atomic Force Microscopy (AFM)

All AFM experiments were completed in the labs of Prof. Shao Fengwei by Dr Wang Liying

from the institute of chemical biology, Nanyang Technological University.
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Whilst the gel electrophoresis and DLS results give a good idea of the size and amount of
base pairs involved, they don’t give a full characterisation that the tetrahedron has been
formed and it cannot be said with certainty that a tetrahedron is the shape of the structure
formed here. Atomic force microscopy (AFM) is the only current method that provides both
full structural and mechanical information at high resolution of nanoscale materials.?? Briefly,
AFM works by moving a very fine tip (approximately 2 nm) over a surface. The tip is
attached to a sensitive cantilever to which a laser can record any deflections corresponding to
any analyte the tip has been dragged over. This builds up a surface topography that can be
plotted and imaged computationally.?> AFM is a powerful tool in analysing biological
samples, such as DNA, as it can be performed in an aqueous environment as opposed to
drying the sample. Drying a DNA sample can lead to deformations in DNA structure, leading

to inaccuracies when establishing structure.

The tetrahedron synthesised here was analysed in collaboration with Dr Wang Liying and
Prof. Shao Fengwei at the Nanyang Technological University in Singapore by AFM. Figure
2.11 shows the 3D image created of the sample. The figure shows remarkably clear 3D
tetrahedra, all in the size range that was expected. This very positive result fully confirms and
characterises the synthesised tetrahedron here. The size calculation, show also in Figure 2.11,
of 19.2 + 1.5 nm is larger than modelling suggests and the DLS result. However, this was not
unexpected as AFM measurements also detect the hydration layer surrounding the DNA,
along with the added width of the AFM tip of 2 nm leading to a slightly larger value than
other methods of measurement. This size figure is included for means of comparison for later

on in the chapter.
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Figure 2.11 — AFM image of the DNA tetrahedron (top), size distribution of tetrahedra (middle).
Height profiles of four separate tetrahedra (bottom) Figures produced by Dr Wang Liyang,

Nanyang Technological University, Singapore.
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2.2.3 Interaction between the cylinder and the Tetrahedron

2.2.3.1 Polyacrylamide Gel electrophoresis

Now the structure of the tetrahedron has been characterised, the interaction between the iron
cylinder and the tetrahedron can be studied. The first experiment used was again gel
electrophoresis, employed in a similar way to that used to characterise the tetrahedron.
Different samples of DNA tetrahedron were incubated with increasing concentrations of iron
cylinder at ratios of 0:1, 2:1, 4:1, 6:1, 8:1, 10:1, 0:1 (cylinder to tetrahedron). Figure 2.12
shows the gel image produced. It is shown here that with increasing cylinder concentration,
the migration of the DNA tetrahedron is increased, though the effect is small. This is
interesting as one would expect the migration to be slowed down with the conjugate
becoming bulkier and some of the negative charge of the DNA balanced by the positively

charged cylinder. The opposite of the expected trend occurs and this suggests that the cylinder

[FeaLs]**

1 2 3 4 5 6 7

Figure 2.12 — Autoradiogram of a 10% non-denaturing PAGE experiment. Lanes 1 and 7
containing DNA tetrahedron alone as reference (0.5 uM), Lanes 2-6 contain increasing amounts of
iron cylinder with the DNA tetrahedron with ratios at 2:1, 4:1, 6:1, 8:1 and 10:1 relating to cylinder
concentrations of 1, 2, 3, 4 and 5 uM respectively. Gel was run in 1 x TB buffer (89 mM Tris, 89

mM Boric acid, pH 8.3) at room temperature for 3 hours at 10v/cm.
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is binding to the DNA and causing it to compress, becoming a smaller sized structure,
speeding the migration through the gel. It could be that the two mentioned effects compete
with each other, but the size compression has the overriding effect on the electrophoretic

mobility of the tetrahedron.

It is important to prove the cylinder is still intact and bound to the DNA throughout the entire
experiment. This was done by running a non-radiolabelled sample of DNA and the band
containing the conjugate at a ratio of 5:1 (cylinder: tetrahedron) was excised from the main
gel. The conjugate was then liberated from the band using the ‘crush and soak’ method (see
experimental). The resulting solution was then observed using UV-Vis spectroscopy to find
the characteristic absorbance at 573 nm attributed to the MLCT band of the iron cylinder
(Figure 2.13). This information shows that at least some of the cylinder remains intact, does

not break down and that the cylinder is bound to the tetrahedron and migrates with it through

the gel
1.0
0.8
)]
06
g
@
L
—
o]
w
< 04 -
0.2 A T
S
00 T T T T T T
200 300 400 500 600 700 800 900

Figure 2.13 — UV Vis spectrum of the excised band showing peak at 573 nm,

confirming the presence of the iron cylinder in the band.
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2.2.3.2 Dynamic Light Scattering (DLS)

As the first experiment suggested the cylinder compressed the DNA tetrahedron, DLS was
used to further explore this hypothesis. As previously discussed, DLS can provide valuable

information about a particle in solution and therefore should be able to track any size changes.

Samples of DNA tetrahedron were prepared at 100 nM and iron cylinder solution titrated in
to achieve the ratios of DNA tetrahedron to Cylinder of 1:0, 1:2, 1:4, 1:6 and 1:8. At each
ratio the sample was scanned on the DLS to find an estimate of the diameter in solution.
Figure 2.14 shows a line graph of the results obtained. It is shown that as increasing amounts
of cylinder are added, the hydrodynamic diameter decreases (overlay of size distribution
shown in Figure 2.23). This result backs up the previous theory that the cylinder’s binding
forces compression of the DNA into a smaller size. The decrease is by approximately 30% by

8 equivalents of tetrahedron and higher equivalents. DLS remains a useful tool here as it

14
13
12

11

Size (d.nm)

10

0 2 4 6 8
Equivalent of Cylinder to Tetrahedron

=@==R

Figure 2.14 — DLS size by number data of the DNA tetrahedron (100nm) as increasing
amounts of cylinder is added by ratios of 0, 2,4,6,8 to 1 tetrahedron, relating to
concentrations of 0, 200, 400, 600 and 800 nM of cylinder respectively. Error bars show
the standard error of the mean size (n=3).
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shows the size decreasing comparatively to the tetrahedron alone. This shows that binding of

the cylinder to the tetrahedron has a compressing effect on the structure.

2.2.3.3 Atomic Force Microscopy

All AFM experiments were completed in the labs of Prof. Shao Fengwei by Dr Wang Liying

from the institute of chemical biology, Nanyang Technological University.

By employing AFM again, it was hoped that the cylinder-tetrahedron size reduction effect
would be able to be visualised. Cylinder and tetrahedron were incubated together at a ratio of
4 to 1 before being imaged by AFM. Figure 2.15 shows the image produced by this
experiment. The once sharp edges of the tetrahedron are now much less clear and more
rounded, suggesting the DNA is been compressed here, possibly by the cylinder binding into
the 3WJ and flattening the emerging edges, although AFM cannot reveal where exactly the
cylinder is bound. The tetrahedra has also become less defined than before, suggesting the
structure as a whole has lost some rigidity and is not fully resisting the AFM tip now, leading
to a less sharp reading of the structure. Figure 2.15 shows also the diameter of the resulting
conjugate from 19 nm to 12 nm — a decrease of 37% which is a dramatic decrease. When
compared with the previous DLS measurement at 4:1, the decrease is just 18%. It is not clear
what causes this disparity but the most likely source of difference is instrumental. Overall, it
can be concluded that the iron cylinder binds to the DNA tetrahedron and on doing so, causes
a deformation in the structure, dramatically reducing its rigidity, size and thus the volume of

the central cavity.
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Figure 2.15 — AFM image of the DNA tetrahedron with cylinder bound (1:4) (top), size
distribution of tetrahedra-cylinder conjugate (middle). Side size profile of 4 separate tetrahedra

(bottom). Figures produced by Dr Wang Liyang, Nanyang Technological University, Singapore.
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2.2.3.4 Stabilisation Effect

In solution alone, the cylinder breaks down over time by the ligands becoming liberated from
the iron metal. As the cylinder has a unique MLCT absorption band at 573 nm (e = 16900)"!
UV-Vis spectroscopy can be used to monitor the concentration of intact cylinder over time to
ascertain the rate of degradation. It would be interesting to see whether, when bound to the
tetrahedron, the cylinder would experience enhanced stability in solution. In this regard, two
solutions in TM buffer containing identical concentrations of cylinder, one free in solution
and the other bound to the DNA tetrahedron were prepared. These solutions were then

monitored over time by UV spectroscopy, observing the absorbance at 573 nm. Figure 2.16
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Figure 2.16 — UV-Vis data illustrating the breakdown of the iron cylinder at room
temperature (top) and at 70°C (bottom). Green representing when the cylinder is bound to

the tetrahedron and blue representing the free cylinder.
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shows the concentration of the two solutions when kept at room temperature and another
experiment at 70°C. When bound to the tetrahedron, at room temperature, no degradation is
observed at all over 12 days. In fact a very small increase in absorption (<1%) was observed
which was attributed to small amounts of water evaporating even though the cuvette had a lid.
Free cylinder, however, almost completely degrades in the same time period. At an elevated
temperature of 70°C, the free cylinder is fully degraded within 40 minutes, whereas the
conjugate has only slight degradation over the same period. The DNA binding helps protect
the iron-nitrogen coordination from hydration when in solution. This is particularly useful in
biological applications as the cytotoxic cylinder would remain intact for longer at
temperatures of 37.5°C in vivo, increasing the half-life inside the body and thus increasing

potential bio-availability, creating an overall more effective therapeutic.
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2.2.4 Part 2a — Assessing different characteristics of Cylinder Enantiomers

2.2.4.1 Separating and characterising the Cylinder Enantiomers

The cylinder is a triple helicate, and therefore is inherently chiral. As discussed earlier, it has
two enantiomers in a racemic mixture. These enantiomers are known as M and P, to denote
the right and the left handed chiral twists enantiomers. These enantiomers can be separated
using column chromatography with cellulose as the stationary phase. Figure 2.17 shows the
enantiomers visually separated as two fractions on the column, with the M enantiomer eluting

before the P.

Figure 2.17 — Cellulose column showing iron cylinder enantiomer separation. The M

enantiomer is eluted first, followed by the P. Eluted with 0.2M NaCl solution.

It is interesting to separate the enantiomers and observe their behaviour as previous reports
have suggested that each have differing DNA binding properties. The M enantiomer was

reported to have a stronger binding constant with the major groove in DNA than the P and
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only the M enantiomer was observed inside 3-way-junction DNA in crystallographic
experiments.'! However, gel studies performed previously in the group show that both the M
and P enantiomers can stabilise the DNA 3WJ. This suggests that M enantiomer potentially
has a more favourable spatial fit inside 3WJ and major groove DNA than the P enantiomer

and therefore could have differing binding strengths to the DNA tetrahedron.
2.2.4.2 Circular Dichroism (CD)

One of the experiments used to test the enantiomer separation and purity of the products was
by circular dichroism (CD). Circular dichroism is exhibited as the effect of chiral molecules
have on passing circularly polarised light, specifically the differential absorption of left and
right handed polarised light.?* In a racemic mixture of the cylinder, the CD signals of each
enantiomer cancel each other out as they are present in equal concentrations. Once separated
the enantiomers CD signal can be observed. Pure enantiomers would give exactly the same
intensity of CD signal mirrored to each other when overlaid, provided the concentrations of
the enantiomers and path length are the same. By scanning exact concentrations of each
enantiomer, the resulting absorption spectra should mirror one another in shape and intensity.
Figure 2.18 shows close to enantiopure samples of each enantiomer were achieved with each
enantiomer mirroring the CD peaks in each of the spectra. Here, the M enantiomer is seen to
have a slightly more intense CD peaks than the P. This is explained simply by the eluting
order of the enantiomers from the cellulose column. The M enantiomer is eluted first, but the
slow moving smearing nature of the eluting band causes some enantiomer to drag behind into
the P enantiomer band. Much effort was put into improving enantio-purity by increasing the
amount of stationary phase and decreasing sample load to enhance band resolution. To obtain
P enantiomer of purity comparable to M enantiomer, it was necessary to run the enantiomer

through multiple cellulose columns to remove as much M enantiomer as possible.
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During this process, it became apparent that in solution at room temperature, purified

enantiomers could re-racemise to form its opposite enantiomer at a slow rate. This was

minimised by freeze drying and de-salting the fractions quickly. Through this it was possible

to obtain highly pure enantiomers.
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Figure 2.18 — CD data of the M and P enantiomers, illustrating the mirrored nature

of the CD signals. Samples were of 15 uM cylinder with a 1 cm path length.
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2.2.4.3 Chiral Shift Reagent - A-TrisPhat

To fully ascertain whether pure enantiomers where obtained by this method, the chiral shift
reagent A-TrisPhat tetrabutylammonium salt ([ Tetrabutylammonium] [A-tris(tetrachloro-1,2-
benzenediolato)phosphate(V)]) was used (Figure 2.19). This chiral anion is configurationally
stable in solution and can be isolated as either isomer. It has also been shown to be able to
form diastereomeric ion pairs with chiral metal-ligand complexes which then exhibit different

chemical shifts in 'TH NMR spectroscopy.?’

Cl
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Figure 2.19 - A-TrisPhat tetrabutylammonium salt structure, taken from Sigma Aldrich

product web page.

By adding A-TrisPhat to samples of racemic cylinder and also to sample of the M and P
enantiomers, it was found that the anionic counter ion interacts each of the enantiomers
differently. Figure 2.20 shows the 'H NMR data of the racemic iron cylinder alone. On
addition of the chiral anion, 'H environments CH,, Him and Spy split into two more sets of

peaks.
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Figure 2.20 — H! NMR data of racemic iron cylinder with assignments (top) and racemic
cylinder with a 1:1 molar equivalent of A-TrisPhat (bottom) illustrating the peak splitting of

Him, 5py and CH> as the chiral anion interacts with each of the enantiomers differently.
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This is due to the anion interacting and binding to each of the cylinder enantiomers
differently. This causes the proton environments to change and shifts the signals. The cylinder
environments the TrisPhat is interacting with is the central bridging section of the ligand
(CHy) and the metal coordination site. Previous work in the group performed by Dr Lucia
Cardo has concluded that the up field shift of the new peaks on CH> is the anion binding to

the M enantiomer and the down field shifts of the new peaks at Him and 5py is binding to the
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Figure 2.21 — H' NMR data M enantiomer of the iron cylinder (top) and P enantiomer of the
iron cylinder (bottom) both with a 1:1 molar equivalent of A-TrisPhat illustrating the leak of

peak splitting.
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P enantiomer. This was done by spiking an enantiomer sample with a known amount of the
other enantiomer and quantifying the new environment to confirm which enantiomer was

responsible for each of the new peaks.

Using this model, A-TrisPhat was added to each of the separated enantiomers at a 1:1 molar
ratio to look for the presence of any of the opposite enantiomer, which would be evidenced by
new peak splitting in small amounts. Figure 2.21 shows the *H NMR data of this experiment.
From this, no peak splitting was observed in the areas of interest. With this information, the
cylinder enantiomers could be considered to have an acceptable level of enantiomeric purity

(<95%) which could be used for further experimentation.

2.2.5 Part 2b - Differences in the enantiomer effects on the Tetrahedron.

2.2.5.1 Polyacrylamide Gel electrophoresis

As previously highlighted, the M enantiomer has been shown to have a higher binding affinity
to the major groove in linear DNA and was the only enantiomer found to bind inside the 3-
way-junction in crystallographic experiments, even when racemic cylinder was used. To see
the effect the different enantiomers might have on the DNA tetrahedron, a similar gel
electrophoresis experiment was performed as before. This time the DNA was incubated with
the same concentrations of each enantiomer and the effect of each compound analysed. This
experiment backed up previous investigation that the M enantiomer binds more strongly.
Figure 2.22 shows that the lanes containing the M enantiomer have a slightly greater effect of
speeding migration through the gel than the P enantiomer. This suggests that the stronger the

binding of the cylinder, the stronger the deformation of the rigid tetrahedron structure into a
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smaller, faster migrating conjugate. Another explanation could be that both enantiomers bind
equally well, but the binding of the M enantiomer has a bigger structural effect than the P

enantiomer.

-~ Sessee

Figure 2.22 — Autoradiogram of a 10% non-denaturing PAGE experiment. Lane 1 and 6
consisting of DNA tetrahedron only (1uM), lane 2 and 3 containing tetrahedron with P
enantiomer and tetrahedron at ratios of 5:1 and 10:1 respectively, with cylinder
corresponding cylinder concentration of 5uM and 10uM respectively. Lanes 4 and 5
containing tetrahedron with P enantiomer and tetrahedron at ratios of 5:1 and 10:1
respectively, with cylinder corresponding cylinder concentrations of 5uM and 10uM

respectively.

2.2.5.2 DLS

The earlier DLS experiment in which racemic cylinder was titrated into tetrahedron was now
repeated with each of the enantiomers. This was done to attempt to quantify the earlier gel
electrophoresis result in the expectation that the M enantiomer would decrease the overall size
of the DNA tetrahedron more effectively than the P enantiomer. Figure 2.23 shows the DLS
data obtained from this experiment, with the previous racemic experiment data overlaid for

comparison. From the scatter graph, it can be seen that the expected trend is very neatly
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illustrated, with the M enantiomer having the most effect on the tetrahedron, with the P
enantiomer having the least. In comparison, the racemic cylinder sits between two. The

difference is very subtle as previously shown by the gel electrophoresis.
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Figure 2.23 — Top) DLS size data of the DNA tetrahedron (100 nM) as increasing amounts of
different enantiomers of iron cylinder are added to create ratios of 0,2,4,6,8 to 1 tetrahedron,
relating to concentrations of 0, 200, 400, 600, 800 nM of cylinder respectively. R = racemic
mixture of cylinder enantiomers. M = M enantiomer. P = P enantiomer. Error bars show the
standard error were n=3. Bottom) Overlays of an experiment of separate titrations showing the
decrease in size.
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It is worth noting the range in the distribution of the size is wide, and this is probably due to
the none-spherical and none solid structure of the tetrahedron causing a range of scattering.
From the overlays, however, it is clear the entire range can be seen to shift to the left on

increasing cylinder, showing an overall decrease in size.

2.3 Conclusions

Overall, in the initial parts of this chapter, it was shown that the iron cylinder has very high
affinity to a synthetic DNA 3WJ and prefers to stabilise this structure over a wide range of
other common DNA structures. From this, in part 2a, the cylinder was shown to also bind to a
DNA tetrahedron. Further investigation into this binding led to the discovery of a very
interesting interaction between the two; that cylinder binding lead to deformation and
structural compression of the tetrahedron. This interaction was characterised through various
techniques and a similar result obtained through each technique. In part 2b the cylinder
enantiomers were separated and characterised successfully, following on from previous group
work showing that the M and P enantiomers may behave differently with regards to DNA
binding. In this respect, both enantiomers were shown to cause compression on interaction
with the tetrahedron, with the M enantiomer shown to be more slightly more effective that the

P enantiomer.

The interaction discovered here is a novel one between a small molecule and DNA
nanostructure. As DNA nanostructures with hollow central cavities have been widely
championed as cargo vessels for drugs, an interaction which would potentially see an
internalised cargo pushed out on addition of cylinder is very exciting. The conjugate formed
between the iron cylinder and the tetrahedron also has great biological potential which will be

studied further in the following chapter.
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2.4 Experimental

Materials

All Chemicals were purchased from Sigma Aldrich unless otherwise stated. Pre-mixed
Acrylamide / Bisacrylamide Stabilized Solution for gel electrophoresis was purchased from
National Diagnostics. ATP-32 was sourced from Perkin Elmer. All oligonucleotides were
purchased reverse phase HPLC purified from Eurofins. T4 Polynucleotide kinase was

purchased from New England Biolabs.

Synthesis of Parent Ligand (L: C2sH20N4)

4,4’Methylenedianiline (1.99g, 0.01 mol) was dissolved in ethanol (10 ml). To this solution,
pyridine-2-carboaldehyde (1.90 ml, 0.02 mol) was added. The solution was then left to stir
overnight. The yellow precipitate formed was then collected by vacuum filtration. The crude
product was then purified by re-crystallisation from ethanol (3.50 g, 93% vyield). The product

is a pale yellow solid.

Ph, CH,

Ph