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Abstract

Deoxyribonucleic acid (DNA) is the most important component of life and has many uses beyond

the realm of natural biology. Synthetic oligonucleotide chemistry has allowed for the

development of novel DNA based biotherapeutic and biosensing platforms that aim to overcome

challenges faced within these fields. The versatility of synthetic DNA in the control and detection

of biomolecules was investigated in this thesis using three topics:

1.

The synthetic modification of the backbone of a thrombin binding aptamer (TBA).
Thrombin is an important enzyme involved in the process of blood clotting and TBA
competitively binds to thrombin at the same site as fibrinogen, disrupting the process
of blood clotting. The TBA folds into a G-quadruplex formation and this structure is
disrupted upon intramolecular photo-induced dimerisation of the two anthracene
modifications. As a result, a switchable system was developed that allowed the
reversible photo-control of thrombin activity using anthracene photochromism.

The synthetic modification, with one anthracene monomer, of the backbone of an
oligonucleotide that probed for a Thymine (T) to Adenine (A) point variation in the
BRAF gene, a known mutation in certain cancers. Genomic samples were amplified and
successfully probed for the T or A point variant using fluorescence spectroscopy. The
probe generated a linear dependence fluorescence plot, using synthetic DNA targets,
to allow for the quantification of the allelic ratio of T to A within a sample of genomic
DNA.

The bioconjugation of oligonucleotide probes to the M13-bacteriophage was utilised to
design an assay, based on linear dichroism spectroscopy, for two potato virus strains.
The assay was able to detect double stranded DNA targets at 0.03 nM, a level
competitive with other detections methods that do not require amplification, and was

further developed to detect two viral strains at once.
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Chapter 1 - Introduction



1.1 Introduction

This chapter serves as an introduction to three specific applications of synthetic
deoxyribonucleic acid (DNA); therapeutics, genomic point variation detection, and viral DNA
detection. As this thesis covers three diverse projects, where the common theme is the use of
modified DNA oligonucleotides, this review will cover:

e A basic background on DNA

¢ DNA modifications, specifically anthracene modification of oligonucleotides

e The different uses of synthetic DNA, specifically DNA aptamers and DNA-based detection

systems.



1.2 Structure and applications of synthetic DNA

1.2.1 DNA structure

Within living cells our hereditary information is stored in chromosomes that primarily consist of DNA,
a macromolecular polymer. However, to understand how this information is stored it is important to
explore the building blocks of DNA. A DNA polymer consists of long repeating units of nucleotides,
with nucleotides made up of a deoxyribose sugar, an organic base and a phosphate group. The
deoxyribose sugar contains hydroxyl groups that are able to undergo condensation reactions with
the bases and the phosphates to build a nucleic acid monomer. The backbone of DNA is comprised
of these deoxyribose sugars covalently linked by phosphate groups (Figure 1.1). Each deoxyribose
sugar molecule has a nitrogen-containing base attached, of which there are four different types.
The nucleobases are the purines, adenine (A) and guanine (G), and the pyrimidines, cytosine (C)
and thymine (T) (Figure 1.2). Ribonucleic acid (RNA) is similar to DNA, but utilises a ribose sugar

instead and replaces T nucleobases with uracil (U).!

171 9 9 o Dase

Phosphate/Deoxyribose \

Sugar Backbone

3!

Figure 1.1 A basic view of a dinucleotide consisting of a deoxyribose sugar, a nitrogenous base and a phosphate group
covalently bonded to another nucleotide by a phosphodiester bond.



HO__ HO__

H
OH H

Adenosine Guanosine

NH,

HU\\

Cytidine Thymidine Uridine

Figure 1.2 The four different nucleosides found in DNA: A) Adenosine, B) Guanosine, C) Cytidine, D) Thymidine and in
RNA E) Uridine.

The directionality of DNA comes from the 5’- and 3'- ends of a single DNA strand, where
the 5’- end contains a free phosphate group attached to the 5’- carbon whereas the 3'- end contains
a free hydroxyl group from the 3'- sugar in the final base. Two single strands of DNA (ssDNA) are
linked by base pairing between the bases to form an anti-parallel double-helical structure, with an
A base pairing with a T base via two hydrogen bonds (H-bonds) and a G pairing with a C bases via
three H-bonds (Figure 1.3). The order of these nucleobases within DNA encodes the hereditary
information mentioned earlier and in living cells, this code is read and translated into amino acids,

which then form peptides and proteins.

H .
Thymine / Cytosine

Adenine : H
Guanine

Figure 1.3 The A and T base pair held together by two H-bonds (left) and the G and C base pair held together by three H-
bonds (right). The H-bonds are shown in red.



The double helical nature of DNA was first hypothesised by Watson and Crick in 1953.2 This
led to the discovery of three main types of DNA secondary structure; A-DNA, B-DNA and Z-DNA
forms (Figure 1.4). B-DNA is the most common form of DNA found in biology and has a right-
handed helical structure. The B-form has distances of 0.34 nm between each base pair, a
contributing factor to the folding of the strands. The DNA structure is often described of as a
“ladder”, however, the glycosidic bonds that hold the deoxyribose sugar and the bases are not at
fixed 90° angles like the rungs on a ladder resulting in asymmetric grooves when the strand folds
into a helix thus creating the major and minor grooves seen within a DNA double-helix. The A-form
of DNA is also a right-handed double helix but with a shorter distance (reduced to 0.26 nm) between
nucleotides, resulting in a more compact helix. The Z-form of DNA forms a left-handed helix and

normally occurs when there are repeats of purines and pyrimidines present (preferentially

poly(G:C)).3

Figure 1.4 The three main structures of duplexed DNA helices; the right handed A-DNA helix (left), the right handed B-DNA
helix (middle) and the left handed Z-DNA helix (right).

Research into the structure of DNA and individual nucleotides has been strengthened by the
development of automated synthesis of short single strands of DNA (known as oligonucleotides)
from which the fields of DNA nanotechnology,* synthetic biology,> medicine® and forensics’ have
greatly benefited. The next section will discuss the role of both single stranded DNA (ssDNA) and
double stranded DNA (dsDNA) as a scaffold in nanotechnology, and the many uses they have outside

of the cellular environment.



1.3 Aptamers

The ability of short ssDNA to form complex 3D structures has led to the development of new
molecular recognition elements, known as aptamers.?>* DNA or RNA aptamers are short
oligonucleotides that can bind proteins, small molecules and other cellular targets (Figure 1.5).
DNA and RNA normally form duplexes by hybridisation to complementary sequences. However,
through the formation of other secondary structures, interactions with different targets can be
engineered. This is done using a technique called the Systematic Evolution of Ligands by Exponential

Enrichment (SELEX) which selects sequences with high specificity and high affinity for the desired

target.®
o TSR
e
Folding of Aptamer:target
oligonucleotides Aptamer binding
ssDNA/ssRNA

Figure 1.5 Aptamer ssDNA/ssRNA strands self-complement and fold into 3D structures which then bind to the desired the
target molecule.



1.3.1 Systematic Evolution of Ligands by Exponential Enrichment (SELEX)

The SELEX procedure involves the construction of an RNA or DNA library consisting of nucleotide
strands that contain two constant regions flanking a randomised region (Figure 1.6).° The
randomised regions of the strands are the areas of interest for target binding and can be of a
variable length and the constant regions are the sites where primers will bind for subsequent
amplification steps (Step 1, Figure 1.6). The library is then incubated with the target molecule

(Step 2, Figure 1.6) and any non-binding strands are washed away (Step 3, Figure 1.6).°

Initial library — S

Step 1:
Pool generation
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Target addition

Final step:
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Figure 1.6 One cycle of SELEX involving; step 1: pool generation, step 2: target addition, step 3. wash and removal of
unbound  sequences, step 4. elution of bound sequences, step 5: amplification of bound sequences and step 6:
regeneration and evaluation of sequences specific to the target ligand.

The resulting nucleotide sequences that are specific to the target of interest are eluted
(Step 4, Figure 1.6) and amplified (Step 5, Figure 1.6) using polymerase chain reaction (PCR)
(Section 1.6.2).1° Reverse transcriptase PCR is used for the generation of RNA aptamers.!! After

the PCR process, a pool of aptamer sequences with some binding affinity to the target molecule is



generated. The strands are then used in the next round of the SELEX cycle. Subsequent pools are
treated under increasingly rigorous conditions such as changed buffer conditions, reaction volumes,
and incubation times, to produce aptamers sequences with higher binding affinities to the target
molecule.!?

Cell-SELEX is used when the target is a whole cell rather than a biomolecule and the target
for the aptamer will likely be a protein on the surface of the cell. The process of cell-SELEX requires
specialist equipment as a cell cannot easily be immobilised onto a surface. The “counter selection”
process that will rid the pool of aptamers that have non-selectively bound to the surface of the cell,
or those aptamers that are bound to areas that are also found in many other cells. This adds another
layer of complication to SELEX. However, the power of successful aptamer generation to a cell is

greater than that for simple biomolecular targets.3-14



1.4 Synthetic DNA modification

Often, the standard four nucleobases are not enough to gain full access to the potential that
oligonucleotides hold. For example, the detection of biomolecules is aided by using oligonucleotides
tagged with fluorophores and the modification of aptamers can add extra functionality. In this
section different modifications of DNA will be discussed, in particular, a base replacement by an
anthracene phosphoramidite, will be considered in detail.

The modification of the backbone of an oligonucleotide strand is one of the easiest
modifications that can be done during, or post, synthesis. A phosphorothioate modification,
discovered by Eckstein in 1966, is an example of one such backbone modification (Figure 1.7).
The modification exchanges an oxygen group for a sulphur group in the phosphate backbone but
conserves the negative charge. The modification has been used in order to improve the stability of

oligonucleotide therapeutics as the strands become less likely to be recognised by nucleases in the

e KOW

body.1®
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Phosphate backbone in Phosphorothioate DNA
natural DNA modification

Figure 1.7 The phosphorothioate backbone modification to protect the DNA strand from nuclease degradation.

Conjugate linker groups, such as thiol modifications, are readily available as
phosphoramidites and can be end strand modifications that are incorporated onto the 5'- or 3'- end
of an oligonucleotide during synthesis. These modifications allow the conjugation of the strands to
nanoparticles and other biomolecules.!”

Many other chemical modifications of oligonucleotides exist but for the purpose of this thesis

the focus will be on partial backbone replacement of DNA with non-nucleosidic groups. This involves
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the replacement of the sugar unit within DNA with a chemical linker. An example of this is the
replacement of the sugar-phosphate backbone within DNA using M-(2-aminoethyl)glycine creating
a peptide nucleic acid (PNA) (Figure 1.8). These PNA strands are able to hybridise both DNA and

RNA in a similar manner to the hybridisation of DNA-DNA or DNA-RNA.!8

HN N XN

PNA DNA

Figure 1.8 The structure of a single strand of PNA with the standard A, T, C, G nitrogenous bases (left) versus the structure
of DNA (right).
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The deoxyribose sugar within a nucleotide can be replaced with chemical modifications while
maintaining the phosphate groups thus allowing the formation of phosphodiester linkages between
the modified bases and the canonical bases during chemical synthesis of oligonucleotides. This is
the case when the modifications involve alkyl based acyclic linkers that mimic the ribose of a
nucleotide. An amino acid group linked to a diethanolamine backbone was synthesised by Saito et
al., for the introduction of two pyrene molecules to an oligonucleotide strand (Figure 1.9A).%° The
amino acid linker group enabled the stereochemical control of the modifications within the
oligonucleotide. Bashkin et a/, utilised serinol to attach terpyridine sites (Figure 1.9B), that

coordinate metals, to RNA. This allowed for the study of copper dependent RNA cleavage.?®

Figure 1.9 A) The two pyrene modifications that were linked to an L-amino acid with a phosphate group in order to be
tethered to oligonucleotides and B) The serinol linker attached to a terpyridine modification also synthesised with a phosphate

group.
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1.4.1 Anthracene

Anthracene, commonly used due to its photochromic properties, is a conjugated, cyclic organic
compound made of 3 benzene rings fused together.?-?> The aromatic properties of the molecule
give rise to its characteristic absorption (300-400 nm) and fluorescence (400-500 nm) spectra.?
Anthracene has been utilised in this project as both a photochemical moiety incorporated into
oligonucleotide aptamers (Chapter 3) and a fluorescent tag in an oligonucleotide probe (Chapter
4).

Anthracene is a chemical with many uses and has the ability to; fluoresce, form excimers,
intercalate, and dimerise. Anthracene crystals have long been known to be efficient organic
scintillators for the detection of radiation and have the ability to distinguish between neutrons and
gamma rays. Ionising radiation energy can be absorbed by anthracene crystals which will fluoresce
as the system relaxes back down to the ground state becoming the basis of photomultiplier
scintillation counters.?*2> The anthracene ring is capable of undergoing a Diels-Alder reaction with
a singlet oxygen dienophile to form endoperoxides.?¢?” When the system is exposed to UV irradiation
the endoperoxide reverts back to anthracene and a singlet oxygen species. Recently, these reactions
have been used to release singlet oxygen species into tumour cells to cause cell apoptosis for
photodynamic cancer therapy.?®

The ability of anthracene to intercalate into DNA has been harnessed for anticancer therapy.
The intercalation events can be monitored by the photophysical changes to the anthracene once it
is bound to the DNA, using both UV-visible and fluorescence spectroscopy.? Anthracyclines are a
class of anthracene drugs that have previously been used in cancer therapy. They intercalate and
inhibit both DNA and RNA synthesis and in turn prevent the replication of the cancer cells.3%-3!

Anthracene can also be covalently linked to nucleotides as a reporter molecule to introduce
specificity and increased duplex stability for fluorescence sensing applications. Anthracene has
previously been attached to the 2'- position of the deoxyribose sugar resulting in an increase in the
stability of dsDNA duplexes formed as the anthracene intercalates into the duplex.3? The sensing
properties of anthracene will be discussed in detail in Chapter 4.

Anthracene photochromism is an important physical property that has been effectively explored

within supramolecular systems (Chapter 3). Briefly, anthracene photodimerisation has been used
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to control biological events and to create higher order DNA nanostructures. Anthracene ligated onto
the 5’- or 3'- ends of single strands of DNA have been used by Ihara and co-workers to make DNA-
anthracene conjugates. The anthracene molecules were only able to efficiently form dimerised
photoadducts when the oligonucleotide strands they were conjugated to were fully complementary
(Figure 1.10). The study demonstrated the ability of photodimerisation of DNA-anthracene
conjugates to discriminate between base differences within segments of oligonucleotides. 33

Finally, anthracene monomers can be incorporated into the backbone of oligonucleotides as
base mimics using solid phase oligonucleotide synthesis by covalently attaching the anthracene to
a non-nucleosidic scaffold.3* The Tucker group has previously used a serinol linker to introduce
anthracene modifications into DNA.3* However, the serinol linker resulted in stereoisomeric mixtures
being incorporated into the strands.3> A threoninol linker is now used to generate oligonucleotides
with anthracene modifications where the stereochemistry can be chosen as the linker is available as
both the L(RR) or the D(SS) form allowing the production of two diastereomeric phosphoramidites
(Figure 1.11). This threoninol modification becomes the basis for both the photochemical and
fluorescence studies of anthracene within DNA for binding and detection in this project. The specific
anthracene uses in this thesis will be discussed in detail in Chapter 3 (photochemical properties)

and Chapter 4 (fluorescence properties).
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Figure 1.10 Research by Ihara et al., demonstrating the detection of base changes in ssDNA using DNA probes conjugated
to anthracene modifications at either the 5 or 3*- ends of the strands. If the strands had fully complementary base sequences
then photodimerisation of the anthracenes using UV light was possible and if a base variation was present then
photodimerisation of the anthracenes was not possible.”

5 DNA

3 DNA

L-threoninol (R,R) linker

5' DNA

D-threoninol (S,S) linker

Figure 1.11 3) D-threoninol (S,S) and b) L-threoninol (R,R) linkers incorporated as a base into the middle of an

oligonucleotide strand.

14



1.5 Applications of synthetic DNA

A number of key aspects make synthetic oligonucleotides attractive for varying roles. For example,
it is possible that aptamers could substitute for antibodies as the production of antibodies is
expensive®3® and slow compared to the synthesis of an aptamer using the DNA synthesis
phosphoramidite method (Chapter 2). In addition, DNA can be easily modified and functionalised
using a DNA synthesiser and this provides a means to improve functionality, stability and binding of
the strands to their targets.3*%% DNA has been used in a range of applications including analytical
research, medicine, nanotechnology and the diagnosis of disease, some of which will be explored

next.*
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1.5.1 DNA in self-assembly and nanotechnology

The field of DNA nanotechnology aims to harness the specificity displayed by the chemical properties
of DNA to create materials that are highly ordered. The Watson-Crick base pairing brings specificity
to the system and the ability to chemically synthesise oligonucleotides has meant the information
encoded by DNA can be used to design and programme libraries of short ssDNA that can assemble
into specific arrangements, thus allowing for the precise location of each component within a system
to be controlled. Seeman et al. applied a branched DNA junction, referred to as the Holliday junction

(

Figure 1.12) seen naturally during DNA replication, to create larger oriented two-dimensional (2D)*

and subsequently three-dimensional (3D) DNA structures using synthetic DNA.*

Strand 1 Strand 2

i

Strand 4 Strand 3

Figure 1.12 The design of a Holliday junction by Seeman et al. using synthetic oligonucleotide strands. In this example,
four oligonucleotide strands are designed to have complementary base pairing to one other leading to the formation of the
Holliday junction, a branched junction commonly seen during DNA replication.

16



An example of the uses of these DNA scaffolds can be seen in the research by Kiehl et al.
furthered to create a 2D DNA scaffold based on gold nanoparticles.** The nanoparticles were
functionalised with an oligonucleotide that was complementary to one motif on a three component
DNA scaffold, and this generated a gold-based nanoscale circuit that could be used for
nanoelectronics (Figure 1.13). Stulz ef al have worked on modified deoxyuridine containing
porphyrin rings to create nanometre scale DNA-porphyrin arrays.*> Eleven tetraphenyl porphyrins
were covalently attached in a row sitting in the major grove of a double stranded helix. These

structures were also evaluated for their ability to act as electron wires.*®

Figure 1.13 a) the three component DNA array that leaves one motif (the green or blue) to bind to a gold nanoparticle and
b) the motifs seen in green and blue binding to an oligonucleotide functionalised onto a gold nanoparticle forming a 2D array
that can function as a semiconductor.**

17



1.5.1.1 DNA origami

The field of DNA origami was introduced by Rothemund in 2006 to simplify the design and creation
of higher order DNA assemblies.*” The creation of large scale DNA structures requires the use of
many oligonucleotide strands that rely on multiple binding reactions to assemble correctly. However,
DNA origami involves the use of readily available ssDNA, (e.g. the viral M13 bacteriophage genome),
and short staple oligonucleotide strands to create a desired nanostructure. The viral DNA acting as
a scaffold increases the efficiency of the folding and results in the assembly forming more
entropically favourable. The M13 bacteriophage DNA sequence, and the design of required origami,
is entered into a computer programme, and the programme calculates the length, sequence and
number of oligonucleotide staple strands required to create the larger DNA origami structure

(Figure 1.14).%

SRS
it

multistranded approach

b/z/_; \/\‘

A

scaffolded-based DNA-origami approach

Figure 1.14 The idea behind Rothemund’s DNA origami approach a) the multistranded approach using a number of short
staple strands to create a higher order structure. The more complicated the design of the 2D or 3D structure the higher the
number of staple strands required to create the structure. b) the scaffolded-based DNA-origami approach which will
require a smaller number of staple strands, when compared to the multistrand approach, the more complicated the
structure becomes.*¢
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One earlier application of DNA origami involved the formation of liquid crystal DNA structures
that allowed the structural determination of membrane proteins using nuclear magnetic resonance
(NMR). William Shih et al. created helical nanotubes using DNA that formed liquid crystals that
increased the stability of membrane proteins when present with the detergents normally used to
solubilise membrane proteins. This increased stabilisation allowed a more accurate determination of
the backbone residual dipolar couplings of the proteins using NMR.*? Since, DNA origami has been
used for many applications, for example; the study of biochemical process,® the creation of
molecular motors,°! the generation of thermally stable materials,”> metal based nanostructures,®3

and drug delivery.>*
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1.5.2 DNA-based drug delivery

For a drug delivery method to be successful it must be; non-toxic to the host, able to transverse
across cell membranes, show specificity to the target cell, and it must provide protection to the drug
molecule against degradation. Self-assembled DNA nanostructures are promising drug delivery
platforms as they are capable of fulfilling many of these requirements while being compatible with
cellular environments and biodegradable. As mentioned earlier, DNA can be programmed to self-
assemble into a tetrahedron, by complementary base pairing of four or more oligonucleotide
strands.>® These structures are rigid and stable and can provide a means to deliver drugs into cells
and the structures can be loaded with drug molecules using intercalation or DNA bioconjugation. ¢
For example, Kim et al. created a DNA tetrahedron made of four oligonucleotides, one of which
contained a Cyanine 5 (Cy5) dye for visualisation purposes. The tetrahedron was then loaded with
doxorubicin, a DNA intercalating drug used to treat cancer (Figure 1.15). Breast cancer cells often
become resistant to doxorubicin and these findings demonstrated that DNA tetrahedron structures
linked to doxorubicin were able to be internalised by these resistant cells.” Since then, researchers
have established that DNA nanostructures are biocompatible,®® resist enzymatic degradation, and

increase the likelihood of drug delivery and retention by a cell.>-60
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Figure 1.15 Four oligonucleotides, one linked to a Cyanine 5 (Cy5) dye forming a self-assembled tetrahedron that is
Intercalated with doxorubicin (DOX). The DOX loaded tetrahedron is internalised by multidrug resistant (MDR) cells causing
cell death.”
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As described above, aptamers generated using cell-SELEX can be selected to bind to
receptors and proteins found on the biological membranes of cells. These aptamers can be
internalised by the target cell or transport particular drugs to these cells. An example of this has
been carried out by Min et a/%' using two aptamers generated against prostate-specific membrane
antigen (PMSA). An aptamer was generated for PMSA(+) cancerous cells. The aptamer was
complexed with an anticancer leukaemia drug, doxorubicin, and introduced into the cells
successfully. Figure 1.16 demonstrates research by Zhang et al.,? to create a Poly-Aptamer-Drug
system that was more effective than its single aptamer counterpart in causing cell apoptosis by
successfully delivering doxorubicin to cells. The aptamer drug scaffold had a 40 fold greater binding

affinity for the cancerous cells than the aptamer alone.

Aptamer drug scaffold
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Figure 1.16 The use of a poly-aptamer to deliver drugs to cells. The particular aptamer-drug scaffold is based oligonucleotide
strand that contains aptamer domains and drug loading domains. The aptamer is generated against receptors on the cell
surface that are able to be internalised and from here the substituents are broken down and the drug is released to either
have its effect in the cytoplasm or the nucleus.%

21



1.5.3 DNA-based therapy

The use of synthetic oligonucleotides in drug development is actively becoming a platform for
disease therapy, some examples of such are antisense oligonucleotides (ASOs). To introduce ASOs,
the process of transcription needs to be understood. Converting the genome into its resulting
phenotypic proteins begins by transcription whereby DNA is converted into messenger RNA (mRNA).
This mRNA is utilised as the information to produce the proteins in a cell by a process called

translation (Figure 1.17).%3

Transcription Translation
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DNA
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Figure 1.17 The process of transcription and translation leading to the production of a protein.

An mRNA strand must be single stranded for the translation process and the most common
function of ASOs is to bind to mMRNA to inactivate this process.® In 1978, the first ASO was described
by Stephenson and Zamecnik. The ASO inhibited Rous sarcoma virus replication in chick embryo
fibroblasts (CEF) by blocking the viral replication pathway.®> Many ASOs have been developed since
this discovery, for the treatment of diseases such as Duchenne muscular dystrophy® and familial
hypercholesterolemia.®” The aptamer therapeutics field is expanding and currently of great interest
as an aptamer will bind to their target with high specificity and this allows the production of
therapeutics that are able to discriminate between proteins that are evolutionarily related and
contain domains that are structurally similar.%8%° Vascular endothelial growth factor (VEGF) is
implicated in vision related diseases and the aptamer Pegpleranib, in combination with an anti-VEGF
antibody, has improved vision in patients compared to those administered with the antibody alone.”®
NU172, an aptamer against thrombin, the protein involved in the formation of a blood clot, is in

clinical trials as a potential anticoagulant.”*
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1.6 DNA based detection systems

Since the advent of DNA sequencing a large number of sequences are now available for the use in
DNA based detection methods. A DNA probe is a short single stranded DNA that has a
complementary sequence to a target sequence of interest. These sequences may be those of a point
variant, mutation, or sequences that are molecular markers of disease and infection.”>”3 The probes
can contain labels that are visualised using appropriate analysis techniques. A particular focus will
be on the detection of molecular marker base changes, known as point variants, within DNA-based

detection systems (Chapter 4).

1.6.1 Aptamer-based sensors

The folding properties of aptamers, and their binding selectivity, make them attractive for the
development of diagnostics. Research has shown that aptamer-based sensors can be developed
using electrochemical or fluorescence-based methods in order to translate an aptamer:target
complex into a signal that can be measured. Electrochemical sensors are available that are able to
detect molecules such as adenosine triphosphate (ATP),”#7> and thrombin.”® Electrochemical sensors
are cost effective, rapid, sensitive and require simple instrumentation. Certain fluorescence-based
detection methods that are discussed in this section are applicable to aptamer sensors. For example,
the concept of molecular beacons can be applied to aptamers as the structural change in an aptamer
upon target binding can be detected using forster resonance energy transfer (FRET).””-78 An enzyme-
linked immunosorbent assay (ELISA), the immunological detection technique that uses antibodies
for the detection of biomolecules, can also be modified to be an aptamer-linked immaobilised sorbent

assay (ALISA).”?
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1.6.2 Polymerase Chain Reaction

Probe technology is highly specific to the disease or pathogen being identified but requires high
concentrations of target and therefore some sort of amplification technique for the DNA of interest.&
PCR is a specialised DNA amplification technique that uses DNA probe technology to overcome the
problem of needing large quantities of DNA for the detection of target DNA.8! The standard PCR

reaction is designed to amplify, detect or clone a known nucleic acid sequence.82-83
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Figure 1.18 The method of PCR depicted with example temperatures that can be used at each stage of the process.

A cycle of PCR (Figure 1.18) contains 3 steps and this cycle is usually repeated between up to
40 times until optimum amplification of target is thought to be reached. The reaction components
consist of?:

e Template DNA from host organism

e DNA polymerase for the elongation of the new DNA strands

e Primers that are essentially short DNA probes that will bind to the forward or reverse side

of the template DNA sequence. These are used to initiate the PCR reaction.

e Free nucleotides that are used by the DNA polymerase to create the new strand of DNA.
The first step involves heating, to 95°C, the double stranded DNA causing denaturation and
separation of the two strands. The second step will see the temperature decreased to 45-75°C to

allow the primers to anneal to the template DNA strand. In the third and final step, the DNA
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polymerase extends the forward primer using the free nucleotides until the reverse primer is reached
and this step occurs at approximately 72°C.8

There are many alternative PCR assays all serving specific functions, for example,
quantitative PCR (Q-PCR)® and reverse transcriptase PCR. Q-PCR is used to provide real-time
information on the amount of dsDNA produced in a PCR cycle and relies on a dsDNA binding dye
that only fluoresces upon binding of a DNA duplex. The fluorescence emission intensity of the
reaction is proportional to the amount of PCR product formed. TagMan probes (Section 1.6.8) are
based on Q-PCR technology.

Reverse transcriptase PCR is useful when the target contains a genome that is made of
RNA, which is common for viral targets, and therefore conventional PCR techniques need to be
modified for the amplification of regions within RNA. In a similar reaction that occurs in a cell, the
RNA is converted to a complementary DNA strand (cDNA) in a step prior to conventional PCR that

is then used to amplify the cDNA.8
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1.6.3 Denaturing high performance liquid chromatography (DHPLC)

DHPLC is a traditional approach for the detection of point variants in genes. High performance liquid
chromatography (HPLC) is a column based separation technique used for the purification or analysis
of oligonucleotides in research and industry®” and DHPLC is based on ion pair reversed-phase HPLC
(RP-HPLC) (Chapter 2). The reaction starts with a PCR reaction that amplifies the DNA with the
point variant, and some wild-type (WT) DNA in separate tubes, and post-amplification the products
from the two tubes are mixed together. The resulting solution is heated to denature the DNA and is
cooled to allow the dsDNA to re-anneal and the mixture will contain some homoduplexes and some
heteroduplexes®® (Figure 1.19). The detection of any point variants within the PCR products is
done by passing the samples through a reversed-phase high purity liquid chromatography (RP-
HPLC) column and when a heteroduplex is present the sample will be retained on the RP-HPLC
column to a greater extent than the homoduplex samples.89-9 The chromatogram produced will show
an elution profile that is different for the homozygous sequence compared to that of the strands
with the point variant.

A) Homoduplexes B) Heteroduplexes
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Figure 1.19 The homoduplexes and heteroduplexes formed after the mixing and heat annealing of PCR amplification
products from mutant and WT DNA. Next is an example of their respective HPLC elution profiles.
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1.6.4 Denaturing gradient gel electrophoresis

Denaturing gradient gel electrophoresis (DGGE) was first developed by Lerman et a/.%?%? and is also
an analytical technique used in the detection of point variants within DNA. Similarly to DHPLC, DGGE
is used to separate PCR products but using gel electrophoresis rather than RP-HPLC.*? Standard gel
electrophoresis (Chapter 2) uses polyacrylamide gels to separate DNA, which is negatively charged,
using an electric field. The DNA will move towards a positive electrode through a mesh that is
created by the polymerisation of the polyacrylamide. The speed of movement through the gel is
dependent on the size of the DNA strands.

The amplified DNA from a PCR reaction is run on a gel using a chemical denaturant at one
concentration resulting in the melting temperature of the DNA to be lower as the DNA duplexes are
less stable. A temperature gradient is then applied to the gel and the DNA strands will denature to
varying extents. As the DNA is under an electric field and a thermal gradient, the strands will reach
a branching state. In other words, the DNA has not fully denatured, but the strands are partially
double stranded and partially single stranded.®® This branching will disrupt the movement of the
DNA through the gel (Figure 1.20). Similar to the DHPLC technique, a mixture of SNP DNA and
wild-type DNA will create mismatched heteroduplexes and some homoduplexes. The heteroduplexes
will reach the branching point much faster, and at lower temperatures than the homoduplexes, as
the DNA duplex is already destabilised due to the mismatch. This allows the gel separation of

sequences with only one base difference.
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Figure 1.20 A diagrammatic represenation of DGGE to show the denaturation gradient (above), from 0 to 100%, of the
samples which is perpendicular to the direction of the gel electrophoresis (below). The denaturant gradient allows for the
strands to reach a branching point similar to that in DHPLC and then the strands are separated using gel electrophoresis. At
low denaturant concentration (left) the DNA fragment remains double stranded, but as the concentration increases (moving
right) the DNA fragment begins to denature, creating a branched molecule. At very high concentrations of denaturant, the

DNA fragment can completely melt, creating two single strands.

1.6.5 Dynamic allele-specific hybridisation

Dynamic allele-specific hybridisation (DASH) relies on the heating and monitoring of a DNA duplex
as it denatures. The target strand is initially amplified using PCR and one primer will contain a biotin
modification. The strand amplified using this primer will be bound to the well on a plate using
streptavidin and if the correct sequence is present it will form a duplex with the target gene.
A dsDNA intercalating dye will be added to the plate and the intensity of emission of the dye will be
relative to the proportion of duplex present.®* When the correct buffer conditions are present, but
there is a point variant present, the melting temperature (7x) (Chapter 2) of the strand will
decrease considerably. The dye fluorescence will then be monitored as the duplex is denatured. If
the fluorescence decreases rapidly then the strand has a lower 7»than expected and it is not forming
a duplex as well as it should be. The technique requires precise standardisation of the reaction

conditions to ensure the varying denaturation temperatures, and therefore the point variations, can

be detected.®*
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1.6.6 Molecular beacons

A molecular beacon is a single stranded oligonucleotide probe that forms a hairpin structure. These
probes use the phenomenon of FRET, whereby the energy from an absorbed photon is transferred
by a donor to an acceptor chromophore resulting in a fluorescence quenching effect on the donor
and an increase in emission of the acceptor.®> The beacons are approximately 15 to 20 nucleobases
long and the loop part of the hairpin acts as the probe (Figure 1.21). The 5- and 3'- ends of the
probe, also known as the stems, are where the strands are modified with a fluorophore and a
quencher. When the probe is not bound to a target the loop structure keeps the fluorescence
guenched as the fluorophore and quencher are in close proximity.’® When the strand binds its
complementary target the hairpin structure will undergo a conformational change and the
fluorophore will begin to fluoresce again (Figure 1.21). If more than one sequence of DNA is to be
detected, each molecular beacon can be labelled with a different fluorophore that produces a

different fluorescent colour. This means the molecular beacons can be used in multiplex assays.®”

Target
Probe
region
Molecular
Beacon

Quenched @ @ - Quencher

fluorophore dye

Hybridised Probe
and Target

Probe region ;
Unquenched . e Quencher
fluorophore . ® dye

Figure 1.21 The concept of a molecular beacon assay whereby any fluorescence from the fluorophore on the probe is
quenched while the target is not present as the fluorophore remains in close proximity to the quencher dye. The probe
becomes fluorescent upon hybridisation with the target strand as the fluorophore and the quencher dye are now further
apart.
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Molecular beacons have also been employed for point variation detection.®® The detection
system utilises different fluorophores in order to give read-outs of different colours.?” The hairpin
motif of molecular beacons increases the specificity of the probes to their targets. This allows the
detection of targets with only one nucleobase difference. The molecular beacon with the fluorophore

completely complementary to the target will give a characteristic fluorescent colour.*®

1.6.7 DNA Microarrays

Microarray technology is a field of bioinformatics that has allowed the detection of nucleotide
samples to become a more high-throughput process.®® A microarray is a biochip that contains DNA
attached to a solid surface. This can allow large sets of data to be generated on a high number of
genetic samples allowing scientists to research genetic variation in a much less labour-intensive
manor.'® This information can be useful for evolutionary studies or the diagnosis of disease. Each
spot of DNA will be contain a small amount, normally picomoles, of a specific oligonucleotide probe.
The complementary target binding and forming a duplex with the probe will be quantifiable by the
use of labels, such as fluorophores, present on the targets. The main purpose of microarray
technology is to probe the expression of many genes all at once. However, the technology reverses
the process of normal probing techniques. In a normal diagnostic assay an unknown mixture is
probed by a pre-labelled probe and one target is focused upon. In contrast, a microarray chip is
coated with probes in specific known positions. If the target solution, tagged with a fluorophore,
contains a sequence that is complementary to the probe on the surface of the chip DNA hybridisation
will occur and the target will now be bound to the probe (Figure 1.22). The targets that have not
hybridised to the probes are washed away before the chip is imaged to quantify for any successfully

formed probe:target duplexes.%*
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Figure 1.22 The principle behind microarray technology where uniabelled probes are spotted onto a DNA microarray surface.
Samples that are linked to different dyes (e.g. Cyanine 3 (Cy3) and Cy5) are hybridised to the probes and the microarray is
read by a fluorescence scanner. If the target is present then there will be a fluorescence read-out of either; one colour
corresponding to the target gene being present in only one sample or a mixture of colours indicating both samples contain

Array technology for the detection of point variants uses the same approach as DNA
microarrays however both the WT and mutant variant of the disease being detected must be probed
for.102104 For routine point variant analysis microarrays have replaced more laborious processes,

such as DHPLC discussed above, for analysis as the method is a high-throughput alternative,10>-106
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1.6.8 TagMan™ probe

TagMan probes were first introduced in 1991 by Gelfand et a/.?%” for their 5’ nuclease activity and

further established for allelic discrimination by Lee et a/.1% The principle behind the TagMan probes

also relies on FRET, in a similar manner to molecular beacons, and the fluorescence intensity

increase demonstrates a variation in the distance between a fluorophore and a quencher. Q-PCR is

utilised for the monitoring of the fluorescence increase while a PCR reaction is occurring to amplify

a target. The specific sequence of events that occur during the traditional TagMan detection assay

are as follows (Figure 1.23):

1)

2)

3)

A fluorophore is attached to the 5'- end of an oligonucleotide probe that has been designed
for the detection of the target of interest and a corresponding quencher is attached to the
3’- end. The probes are not extendable by the Taq polymerase as they lack a free hydroxyl

group.

During a PCR reaction a DNA polymerase is required for the amplification of the nascent
strand. The DNA polymerase used in a TagMan reaction is the Tag polymerase which has
5" —> 3’ exonuclease activity. While the Taq polymerase is extending the primer, it will come

across the probe with the quencher and fluorophore.

The Taq polymerase will cleave the nucleotides on the probe base by base in order for the
extension of the strand to occur resulting in the being released and the fluorescence
emission is monitored. Every time a cycle of PCR occurs, and the right target is present, the
fluorescence will increase proportionally to the product. If the probe is not bound, then

there will be no increase in fluorescence.
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Figure 1.23 The process of a TagMan sensing reaction. The probe binds its complementary target strand and as the process
of PCR takes place the probe gets digested and fluorescence is seen.

For point variation detection there are two probes present with two different fluorophores.
Each is complementary to a different point variant sequence. The probes will only bind if they are
completely complementary to the target sequence. Using Q-PCR it can be seen which fluorophore
is fluorescing and therefore which point variant is present. The probe must be completely
complementary to the bases in the target otherwise the melting temperature of the resulting duplex
will be lower, and this will result in less efficient binding preventing the exonuclease activity of the
polymerase.l% As the technique is based on PCR, each point variant reaction requires optimisation
and therefore it is difficult to probe more than a few point variants at a time.'!° However, researchers

have developed assays where the reaction has detected up to seven point variations at once.!!!
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1.6.9 The benefits of DNA based diagnostics

The unique merits that oligonucleotides hold against their immunological counterparts are that they
have high thermal stability, they are cheap to produce, and have many applications due to their
high specificity for their targets. The production of monoclonal antibodies is costly and requires
highly specialised techniques such as mammalian cell culture.3® The production process requires the
use of antibodies to test the performance of the antibodies that have been generated leading to an
expensive production cycle. Oligonucleotides are easily synthesised in great quantities and can be
modified without the risk of structural changes that could lead to low affinity binding to target. DNA
detection systems have also become less painstaking than some of the traditional processes
discussed in this chapter due to the development of bioinformatics and more automated processes
that can handle large amounts of data. Oligonucleotide aptamers can also bind to a diverse range
of systems, for example ions and small molecules ligands, which cannot be recognised by antibodies.
For this reason, oligonucleotides are promising competitors to antibodies for the use in medical and
other biological applications.

Although the use of DNA comes with many advantages there are some limitations that must
be taken into consideration. An oligonucleotide drug will have a much larger mass than its small
molecule counterparts and therefore it may be more difficult to deliver the oligonucleotide
therapeutic into cells. As discussed earlier in the introduction, DNA carries a charge and therefore
will not cross a cell membrane barrier, again making it difficult to deliver the DNA into cells.> 112
When using DNA as a diagnostic the sequence of the target molecule must be known beforehand
and this means unknown diseases and targets cannot be detected. During DNA and RNA
amplification events it is possible to get false positive results as the reactions are highly sensitive

and are highly prone to contamination events.!13
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1.7 Thesis aims

1.

Biotherapeutics is a field that is ever expanding, and as diseases become resistant to readily
available drugs, and other diseases remain incurable, there will always be a market for
novel biotherapeutic research. The ability to cost-effectively synthesise oligonucleotide
aptamers to many different targets and introduce synthetic modifications using solid-phase
DNA synthesis into aptamers has meant many researchers are exploring the use of these
as therapeutics. The first part experimental chapter of this thesis will explore a novel
modification introduced into an aptamer for the control of a key blood clotting protein
known as thrombin (Chapter 3).

The developed world requires sensing platforms, that are increasingly more sensitive and
rapid, that enable new ways to detect and tackle disease in a patient specific manner and
developing countries require sensing platforms that allow for the rapid detection of
biomolecules in a cheap and portable manner. The broadening of biological detection
methods from the traditional immunoassay based designs to being more DNA oriented is
becoming the future of biological sensing and this thesis will explore two different methods
to explore; a) the detection of point variants using a method that allows for the
determination of the ratio of one base to another (Chapter 4) and b) the detection of a
potato virus using a novel linear dichroism (LD) and M13 bacteriophage based detection
system (Chapter 5).

Before delving into the research conducted in these PhD projects Chapter 2 will outline
the key instrumentation and techniques that are required to undertake the research in
Chapters 3, 4, and 5. Chapter 6 will cover the methods used within this thesis to

experimentally develop and test the aims of this thesis.
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2.1 Oligonucleotide Synthesis

The first chemical synthesis of a dinucleotide was performed in 1955 by Michelson and Todd.! This led
to the development of the phosphoramidite method?3 for the automated synthesis of oligonucleotides
up to 100 nucleotides long. This automated approach allows for the incorporation of modified bases,
providing these modifications can undergo phosphitylation, into oligonucleotide strands. Standard solid
support oligonucleotide synthesis occurs in the opposite fashion to DNA biosynthesis whereby the cycle
occurs in a 3’- to 5" direction. The stepwise procedure in phosphoramidite approach (Scheme 2.1) of

oligonucleotide synthesis will be discussed next.
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2.1.1 Detritylation

The first nucleoside is attached with a succinate linker, on the 3'- end, to a column containing a control
pore glass (CPG) resin and this nucleoside has a 4,4'-dimethoxytrityl (DMT) protecting group. This
protecting group stops the nucleosides from polymerising while being bound to the solid support resin.
The DMT must be removed by a detritylation step (Scheme 2.2), using trichloroacetic acid (TCA) in

dichloromethane (DCM), in order for oligonucleotide synthesis to be possible.*
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Scheme 2.2 The detritylation of the 5-OH group achieved using trichloroacetic acid (TCA).
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2.1.2 Activation and Coupling

The incoming phosphoramidite base is added, along with an activator, to the column. The
phosphoramidite is added in excess to allow the reaction to go to completion. The activator protonates
the diisopropylamino group on the base to convert it into a good leaving group. The phosphoramidite
reacts with the free 5'- hydroxyl group on the resin bound nucleoside and a new phosphorus-oxygen

bond form. This results in a phosphite triester and a free diisopropylamino group. (Scheme 2.3).*
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Scheme 2.3 The activation of the phosphoramidite and subsequent coupling to the next nucleoside phosphoramidite base.
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2.1.3 Capping

As coupling reactions are not always at a yield of 100%, the reaction can leave unreacted 5-hydroxyl
groups from the sugar on the nucleoside functionalised onto the solid support resin. To avoid any
incoming phosphoramidite reacting with the CPG bound base, a capping step is introduced. This step
avoids unwanted base deletions within the synthesis cycle. The capping step involves blocking the free

5’-hydroxyl groups by an acetylation reaction (Scheme 2.4).*

Scheme 2.4 Acetylation of unreacted 5*-hydroxyl groups on the CPG resin bound base.
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2.1.4 Oxidation

The phosphate triester (P(III)) formed in the coupling reaction is unstable to acidic conditions that are
present in the following steps of DNA synthesis. Therefore, the P(III) is converted to a more stable P(V)
by an oxidation reaction using iodine while also being exposed to pyridine and water. The

phosphotriester is now protected with a 2-cyanoethyl functional group (Scheme 2.5) ensuring no
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Scheme 2.5 The oxidation step to convert the phosphitetriester into a phosphotriester group.
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2.1.5 Detitrylation

Another DMT protecting group is present at the 5’- end of the growing oligonucleotide strand and must
be removed in order for the synthesis cycle to continue. The deprotection step is carried out using
trichloroacetic acid (TCA) and can be used to monitor the stepwise yield, i.e. the coupling efficiency, of
the synthesis as the free DMT carbocation produced as a result of this reaction absorbs light at 495
nm.*

These steps are then repeated, as seen in Scheme 2.1 The solid-phase oligonucleotide

synthesis cycle. until the required oligonucleotide strand of a specified length has been synthesised.

2.1.6 Cleavage of oligonucleotide from CPG resin and deprotection

After the correct length of oligonucleotide has been synthesised it is cleaved from the CPG solid support.
A common linker used for attaching the nucleotide to the solid support is a succinyl linker that holds the
3’- end of the strand to the resin and is cleaved with concentrated ammonium hydroxide (Scheme
2.6).% However, other linkers, such as the UnyLinker™ have also been developed.®

The oligonucleotide, which is now in concentrated ammonium hydroxide, is heated to 60 °C for
the removal of any protecting groups on the adenine, guanine or cytosine bases. Finally, the ammonium

hydroxide is evaporated, leaving the newly synthesised oligonucleotide.*
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Scheme 2.6 The cleavage of the succinyl linker from the CPG solid support resin leaving.
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2.2 High performance liquid chromatography

High performance liquid chromatography (HPLC) is a purification and analytical technique based on
column chromatography, and uses both a solid-phase and mobile-phase in order to separate molecules.®
The compounds are separated by their relative polarity by sending the compound in a liquid mobile-
phase (e.g. hexane) through a column with a solid-phase (e.g. silica). If the molecule that is flowing
through the column has higher polarity, it will interact with the polar solid-phase more than if the
molecule has lower, or no, polarity. The molecules with lower polarity will be interacting with the mobile-
phase and will come through the column first. While the molecules flow through the columns the
absorbance or fluorescence of the samples can be monitored to distinguish which peak is to be collected.
This monitoring also allows for the determination of how pure the collected fractions are.
Reversed-phase HPLC (RP-HPLC) differs from conventional HPLC in that the silica used in the
solid-phase is covered with long-chain aliphatic hydrocarbons.” These convert the stationary solid-phase
from polar to non-polar and the mobile-phase utilised in becomes polar (e.g. water). The polar mobile-
phase then enables the separation of the products as any non-polar compounds will be attracted to the
hydrocarbons on the silica via van der Waals’ forces. The more hydrophilic polar molecules will remain
in the mobile-phase and will be eluted first. RP-HPLC is commonly used to separate oligonucleotides

and peptides.8

2.2.1 Ion-pair RP-HPLC

Ion pair RP-HPLC, established by Schill and Eksborg in 1973,° is used when an improved separation of
polar compounds is required, as is often the case with oligonucleotides. As discussed above, ionic
compounds are not retained well by a standard RP-HPLC column. The ion pair allows improved retention
of the polar compounds by adding another layer of resolution to the separation and purification process.
The ionic pair reagent will have a hydrophilic head and a hydrophobic tail. The head will interact with
the solid-phase and the tail will interact with the mobile-phase. The polar samples will form an “ionic-

pair” with the ion pair reagent and the polar sample will exchange with the counter ion of the buffer
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that has been retained by the solid-phase, thus resulting in greater retention of the sample. The work
in this thesis relied on the purification of oligonucleotides using ion pair RP-HPLC. The mobile phase
used for the purification of these strands was the ion-pair reagent TEAA, in water, at pH 7.1° The
separation used a gradient of TEAA buffer against different levels of the non-polar solvent acetonitrile.

The gradients used in this research can be seen in Chapter 6.

2.3 Size Exclusion Chromatography

Size exclusion chromatography (SEC) is another biomolecular separation technique that allows for the
separation of biomolecules from other smaller molecules present within a sample.!! Similarly to HPLC,
the column contains a solid-phase matrix consisting of porous beads such as the dextran polysaccharide,
Sephadex!? and the pore sizes of these columns will vary from 20 — 300 um. The mobile phase will
create a partition while moving through the solid-phase where the larger molecules present within the
sample will end up outside the pores and will end up flowing straight through the column. This is known
as the void volume (). The elution volume (V%), is the total volume of mobile-phase required for the
separation process. When smaller molecules are present they will enter the pores of the beads and
elute in later fractions from the column. The elution volume of the smaller fractions between Vyand V:

is denoted as V.13
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2.4 Mass Spectrometry

Mass spectrometry (MS) is an analytical technique that measures the mass-to-charge ratio of samples
for the identification and quantification of molecules. For the samples to be analysed they require either
a positive or negative charge and these ionised analytes are created using an ion source and are
accelerated towards a magnetic field. The magnetic field deflects the charged analytes to different
degrees depending on their mass/charge ratio, thus creating an ion beam by which a sample can be
detected and identified. A mass spectrometer can be used to study the size of molecules or it can be
useful for the identification of impurities within a sample.

The main method used in order to ionise the samples within this thesis was negative mode
electrospray ionisation (ESI). ESI uses a fine needle that has an electric field in order to ionise and
simultaneously inject the sample into the mass spectrometer. ESI mass spectrometry and HPLC are

often combined in analytical to create automated systems for the analysis of molecules.
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The electromagnetic spectrum can be used to give quantitative information about molecules within a

system by using the ability of matter to absorb and/or emit photons of light. During photo-excitation a

molecule can absorb a single photon of light resulting in an electron being pushed from an initial ground

state electron density to a higher energy state (Figure 2.1).!* The Jablonski diagram shows the

different absorbance and relaxation process that can occur when a molecule absorbs a photon of light.

For the purpose of the work in this thesis the focus in this chapter will mainly be on absorption and

fluorescence. Two other relaxation processes, seen in Figure 2.1, are intersystem crossing and decay

via phosphorescence. A reference describing these phenomenon is included here for the reader.'
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Figure 2.1 A Jablonksi diagram that demonstrates the energy transfer process involved in the varying absorption and emission

processes that an occur upon absorbance of a photon of light.”>

57



Chapter 2 - Techniques

2.5.1 Ultraviolet visible spectroscopy

Ultraviolet visible spectroscopy (UV-vis) is an absorption-based technique that is often used to
determine the quantity of molecules present within a sample. The measurement is based on how much
light at any given wavelength between 170-800 nm is absorbed by a molecule. When any molecule
absorbs a photon of light, at a certain wavelength, the energy of the molecule will increase by the

following equation (Equation 2.1):

AE = hv = hc/A

Equation 2.1 The equation for the energy of a given molecule after absorbing a specific wavelength of light; where AE is the
change in energy, h is Planck’s constant, v is the frequency of light, c is the speed of the light and A is the wavelength of the
light that is being absorbed.

The transmittance, which is the variable monitored by spectrophotometers, is the difference of
light that is incident on the molecule versus the light that is transmitted by the molecule and this is
described by Equation 2.2. Where Ipis the light which is incident upon the molecule and I'is the light

that is transmitted, and therefore reaching the spectrophotometer detector.

Equation 2.2 The transmittance equation relating the monitoring of the light incident on the molecules versus the light that is

transmitted by the molecules.

If there is some light being absorbed by the sample the light being transmitted will be lower in
intensity than that of the incident light. The transmittance is lowest when a solution is absorbing more
light of particular wavelengths. Therefore, a useful calculation is the amount of light that is being
absorbed by the sample. The wavelength of light that is most strongly absorbed by the sample is known
as lambda max (Amax). The calculation of an absorbance is defined by the log of the transmittance

(Equation 2.3).
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I
=)

Equation 2.3 The absorbance can be defined by the light transmittance equation.

Where A is the consequent calculated absorbance that is displayed as an absorbance curve.
The Beer-Lambert law is an equation that can then be used to relate the absorption of a substance to

its extinction coefficient, the pathlength of the sample and the concentration (Equation 2.4).

A= ¢lc

Equation 2.4 The Beer-Lambert law.”*

Within the equation, 4 relates to the absorbance of the sample, the extinction coefficient is represented
by the g, /is the path length and cis the concentration of the substance of interest within the sample.
The concentration is measured in mol dm= and the pathlength is measure in cm. The extinction
coefficient is a value that accounts for how strongly a molecule is absorbing light at a certain wavelength.

The resulting units for the extinction coefficient are mol* dm3cm.
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2.5.1.1 UV-vis transmission assays

The transmittance of UV-vis light, at a given wavelength, can give important information about the
interactions between biomolecules. The percentage of UV-vis light transmitted through a molecule is a
measure of the turbidity of a sample and can give information about the formation of complexes such
as a blood clot involving thrombin and fibrinogen. As the sample becomes more turbid, less UV-vis light
is transmitted and absorbed resulting in more light being scattered. The blood clotting interaction assay
used in Chapter 3¢ functions by measuring the magnitude of scattered UV-vis light, at 450 nm, versus
the light that is absorbed and transmitted through a sample containing thrombin and fibrinogen.'’-18 As
the two interact and fibrinogen is converted to fibrin, a thick clot forms and the amount of light

transmitted through the sample decreases over time.
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2.5.1.2 UV-vis thermal denaturation studies

The H-bonding causing the formation of the double stranded duplex structure of deoxyribonucleic acid
(DNA) (Chapter 1) can be dissociated by a method known as denaturation by varying the pH conditions
or temperature of the DNA solution. The temperature at which half the DNA in a solution has denatured
is known as the melting temperature (7).°> When the temperature of the sample is increased the
duplex strand will begin to separate. The 7 is dependent on the buffer the DNA is present in and also
the base sequence of the two strands and gives an indication of the stability of a double stranded
duplex. Complementary strands will display higher 7, temperatures as will strands high in G:C base
pairs as they will contain three H-bonds as opposed to the A:T base pair that is held together with two
H-bonds.?® The thermal denaturation process is monitored using UV-vis spectroscopy as ssDNA strands

will absorb more strongly at 260 nm than dsDNA duplexes (Figure 2.2).

1.0 5

Absorbance

Temperature/ °C

Figure 2.2 An example of a thermal melting curve of dsDNA monitored using UV-vis spectroscopy. As the temperature is
Iincreased the absorbance of the DNA at 260 nm increases as the duplexes are beginning to denature. The blue line represents
the thermal melting curve and the dashed lines show the first derivative that gives the calculated Trm value.
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2.5.2 Fluorescence Spectroscopy

Fluorescence is a fundamental luminescence process occurring with molecules that are rigid and often
conjugated in structure. The process involves a photon of light being absorbed by a fluorophore and
the fluorophore going to a higher electronic state, e.g. Si1 or Sz (Figure 2.1). The molecule will then
relax, in a rapid process known as internal conversion, from a higher vibrational state to the lowest
vibrational state in Si. The molecule will then relax back down to the ground state (So). During this
relaxation process a detectable photon of light can be released and this is known as fluorescence.
Another luminescence phenomenon, phosphorescence, occurs when molecules in S1 go through a spin
conversion, called intersystem crossing, to the triplet state (T1i). The emission that results from the
relaxation of a molecule from T: to So is known as phosphorescence.

During fluorescence, the wavelength of the photon that is emitted will have a higher
wavelength, i.e. lower energy, than the photon that has been absorbed. A reason for this is due to the
energy lost during internal conversion down to the lowest vibrational level of S: before fluorescence
occurs. This difference in wavelength between the fluorescence and absorption is called the Stokes
shift.?! Kasha’s rule states that a molecule will give the same fluorescence emission spectrum
irrespective of the excitation wavelength used?? and the reason behind this phenomenon is similar to
that of the Stokes shift. As all fluorescence is occurring from the lowest vibrational level of S the
fluorescence becomes independent of the wavelength of excitation. The fluorescence intensity of a
molecule is commonly measured using a spectrofluorometer and the fluorescence emission spectrum is
a depiction of the wavelength distribution of emission at one wavelength.

The quantum yield of a fluorophore is defined as ratio of photons that are emitted compared
to the number of photons that have been absorbed by the molecule. If a fluorophore has a large

quantum yield it will give the brightest fluorescence emission.!®
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2.5.2.1 Sangar DNA sequencing

Sangar DNA sequencing is the process of determining the nucleotide sequence of an isolated region of
a DNA strand and utilises fluorescence spectroscopy. The sequencing begins by transferring a DNA
sample to a multi-well plate where the sequencing reaction will take place. A reaction mix is added to
the well containing; free nucleotides, a DNA polymerase, DNA primers for the region of interest, and
fluorescently modified terminator bases. Similarly to PCR, the sample is heated to allow the denaturation
of the DNA duplex. Next, the sample is cooled to allow the annealing of the primers to the ssDNA. The
DNA polymerase binds to the primer:DNA duplex region and begins to elongate the strand using the
unlabelled nucleotides in the reaction mix. The elongation continues until a terminator base is added
and this cycle is repeated enough to produce DNA fragments of all possible lengths to give a full read-
out of the DNA sequence. The newly synthesised fragments are separated by length using capillary
electrophoresis and the shorter DNA fragments will move through the capillary faster than the longer
strands. The fluorescence emission from the terminator base will be monitored, giving a different
fluorescence colour for each different terminator base. The DNA sequencer will then monitor the
fluorescence of these bases giving the sequence of the DNA strand.?® The process of DNA sequencing
has revolutionised our knowledge on genomic DNA and how disease is detected and in light of newer

techniques it is becoming a more cose-efficient process.?+2>
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2.6 Linear Dichroism Spectroscopy

Linear Dichroism (LD) is another spectroscopic technique that utilises the absorbance of linearly
polarised light by a species to provide information about its orientation against a predefined orientation
axis.?® Molecules that can be aligned against a linear axis will absorb linearly polarised light to different
degrees dependent upon whether the absorbing chromophores are oriented parallel to the polarised
light beam, or, whether the chromophores are perpendicular to that of the linearly polarised light
beam.?’-28

The difference of absorption of parallel polarized light (A;)) and perpendicular polarized light
(AL) compared to the predefined orientation direction is calculated to give LD spectra using a

spectrophotometer using the following equation (Equation 2.5):

LD =A"—AJ_

Equation 2.5 The LD equation established by Norden et al., that relates parallel absorbed linearly polarised light versus
perpendicular absorbed linearly polarised light to the resulting LD signal.?*>°

If a molecule cannot be aligned against the predefined orientation axis, i.e. the degree of
alignment (S) is 0, the sample will not give rise to an LD signal. However, if the chromophores within
an oriented sample are aligned more parallel to the predefined orientation axis the sample will give a
positive LD signal and a negative signal will be generated when the chromophores align more
perpendicular to the orientation axis. When the degree of alignment is equal to 1 the sample has perfect
orientation with the orientation axis and will give a very strong LD signal. As a result, the absorbance
given in the LD spectra will change depending on the degree of alignment between the polarised light

and the transition dipole moment of the chromophores on the sample.?”
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2.6.1 Alignment of samples for the use of LD

Linear dichroism can be used for molecules that can be orientated artificially along a linear plane.?”
Samples require a method of artificial orientation against the predefined orientation axis that enables
the full potential of LD to be utilised. The alignment of samples that are not intrinsically aligned can be
achieved through varying techniques. The three main techniques are squeezed gel, stretch film or shear
flow alignment.?”

Although there are many methods of orienting the sample, the method focused on within this
project is Couette shear flow orientation (Figure 2.4) which uses the viscous drag resulting from a

solution flowing between thin walls of a Couette cell to orient long structures (Figure 2.3).
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Figure 2.4 A Couette flow cell used to align samples for shear flow linear dichroism.
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Figure 2.3 A diagram depicting the process of Couette flow alignment of a system for detection by linear dichroism.
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2.7 Circular Dichroism Spectroscopy

The electromagnetic spectroscopic method for studying chiral molecules is known as circular dichroism
(CD). Biomolecules are often chiral and fold into secondary and tertiary structures. These highly
organised structures, in combination with the chirality of each subunit within the biomolecule, will give
a defined CD signal.?”: 30

The definition of CD is the difference between the absorption of circularly polarised, right-
handed (4;) or left-handed (4;) light by a molecule.?” The equation for CD can be seen below (Equation

2.6).

Equation 2.6 The equation that allows for the measurement of a CD signal.

CD signals can be monitored when a biomolecule is absorbing one direction of circular polarised
light more than the other direction in a similar manner to linearly polarised light in LD spectroscopy.
The resulting spectra can have both a positive and a negative signal. The positive signal is as a result
of the molecule absorbing 4 more than A-and the negative signal is due to a greater absorbance of A-
light.?”

DNA is a chiral molecule that folds into a helix in a very specific manner dependent upon the
sugar-phosphate backbone and the stacking of the base-pairs. The three different morphological
structures of DNA were discussed in the introduction (Chapter 1) and all three of these arrangements,
B, Z and A, will give different CD signals.3! The right-handed double stranded DNA helix of B-DNA will
give a maximum at ~275 nm and a minimum at ~245 nm. The more compact A-DNA right-handed helix
gives a maximum at ~270 nm and a minimum at ~230 nm. Lastly, Z-DNA, a left-handed helical structure
will give a small minimum at 290 nm, a broad minimum between 220 and 260 nm and a maximum at

~280 nm.27, 3233
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In this project CD was used to study the structure of a modified G-quadruplex aptamer (Chapter
3). Although CD cannot provide atomic information about chiral structures it can allow the discrimination
between the different structures and any topological arrangements, giving an indication of any structural
changes when any chemical modifications are introduced into an aptamer.3* When a G-quadruplex takes
on a parallel orientation the absorbance maximum can be seen to be approximately 260 nm and the
minimum is seen at ca. 240 nm. For an anti-parallel G-quadruplex the maximum will be seen at ca. 290

nm and the minimum at ca. 260 nm (Figure 2.5).3*

—— Parallel
—— Antiparallel
——— Hybrid

Ellipticity (mdeg)
o

220 240 260 280 300 320
Wavelength (nm)

Circular Dichroism Spectra

Figure 2.5 The typical circular dichroism spectra expected after the absorbance of circularly polarised light from a sample of G-
quadruplex DNA.%*
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2.8 Gel Electrophoresis

Electrophoretic separation of molecules in gels is dependent upon their mass/size, shape and charge. A
gel polymer is set using either acrylamide or agarose and an electric field is applied to the gel once it
has been loaded with sample.3® The gel is placed in an electrophoresis chamber where an electrical field
will pull any samples that contain a negative charge towards an electrode with a positive charge (Figure
2.6).%” Molecules which carry a high charge or are lesser in mass will move faster through the gel and
conversely the molecules which carry a smaller charge and are larger in size will move slower through
the gel, thus separating the components in a mixture. This technique will separate negatively charged

molecules, like oligonucleotides that are negatively charged as a result of the phosphate backbone.
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Figure 2.6 A typical gel electrophoresis set-up where negatively charged samples will move through the gel towards a positive
éelectrode.
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Several of the techniques discussed in the introduction involved the use of gel electrophoresis and the

specific gel electrophoresis techniques utilised in this thesis are discussed in this section:

2.8.1 Agarose gel electrophoresis

Agarose gel electrophoresis is the conventional gel separation method used with larger biomolecules,
such as genomic DNA fragments between 0.5 — 25 kb long, as the pore size of an agarose gel is larger
than the pore size of an acrylamide gel.3® The size of the agarose gel pores will depend on the agarose
concentration used and the migration of the molecules will depend on the running buffer and/or voltage
used to run the gel. The samples are run with a dye that will allow for visualisation of the bands once
the gel has been stopped, a traditional DNA dye being ethidium bromide. 38 Ethidium bromide
intercalates with DNA fragments and can be visualised using UV-vis gel illuminators and bands will be
seen where there has been separation of the sample.

In Chapter 4 agarose gel electrophoresis was used as a diagnostic tool to analyse fragments
of DNA amplified from polymerase chain reactions (PCR) in order to determine the success of the PCR

reaction.

2.8.2 Polyacrylamide Gel Electrophoresis (PAGE)

Smaller DNA fragments, such as short oligonucleotides, synthesised using solid-phase DNA synthesis
are commonly visualised using acrylamide rather than agarose gels. The resulting pore sizes of the
acrylamide matrix is smaller and sufficient for shorter strands of DNA than that of the larger mesh
created when agarose is polymerised.3® Similarly to an agarose gel the pore size of the acrylamide can
be modified by changing the concentration of acrylamide used or by changing the amount of crosslink
agents, (Tetramethylethylenediamine (TEMED) or ammonium persulphate (APS)), used.

There are two main categories of polyacrylamide gels that are used to separate DNA fragments;
native polyacrylamide gels and denaturing polyacrylamide gels.3” Native gels will contain no denaturing

agents allowing for the separation of double stranded DNA (dsDNA) without disrupting the helical
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structure held together by the hydrogen bonds discussed in the introduction (Chapter 1). A denaturing
gel will introduce a denaturant such as urea or fomamide in order to disrupt the double stranded helical
structure. A native gel allows the study of DNA in its native helical structure and denaturing gels allow
for the study of single stranded DNA (ssDNA). The main technique used within this thesis was native
PAGE as the research focused on short single stranded oligonucleotides.

Native polyacrylamide gels are undertaken using buffers that have high conductance, such as
tris-borate-EDTA (TBE) buffer,*® in order to reduce the likelihood of a gel from overheating if run for a
long period of time, reducing the chance of any DNA secondary structure denaturation.

Similarly to agarose gels, the separated bands on a polyacrylamide gel will be visualised at the
end of a gel run. Within this thesis the Diamond™ Nucleic Acid Dye was used as it is known for its low
toxicity to the user, rapid staining time, and has high DNA sensitivity. The dye is excited at 495 nm, a
longer wavelength than DNA, which will also mean that the DNA strands will not be damaged by the

UV light typically used for visualisation.

2.8.3 Electrophoretic Mobility Shift Assay

An electrophoretic mobility shift assay (EMSA) is a native polyacrylamide gel separation technique that
is commonly used to study the interactions between DNA and proteins.*! Different mixtures of
DNA:protein will be used throughout the gel by adding the same concentration of DNA in all the samples
while adding increasing concentrations of the protein of interest. The DNA:protein complex will move
through the gel slower than the unbound DNA, which will migrate to the bottom of the gel while the
complex will stay near the top of the gel. Gels can be stained for DNA in a similar manner to that in
Section 2.9.2. The protein will be stained using a protein stain, such as coomassie brilliant blue, after
the DNA has been visualised. Coomassie dyes*? work by binding to either the basic amino acid residues
or the hydrophobic amino acid residues in proteins that are present within the sample allowing the
proteins to be visualised. The visualisation can be done by eye but a picture can be taken using a normal

camera to record the bands and compare them to the corresponding DNA stain image.
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3.1 Introduction

Biomolecules offer exquisite molecular recognition properties that can be exploited for therapeutic and
diagnostic applications. For example, the use of antibodies has revolutionised diagnostics through the
Enzyme Linked Immunosorbent Assay (ELISA) and other related technologies. The same molecules are
now also central to drug discovery, with approximately 70 monoclonal antibody products expected to
be on the global pharmaceutical market by 2020.* However, almost all of the current examples provide
recognition processes that are difficult to control. For example, once the interaction between a
biomolecule and an antibody has occurred, it can be difficult to reverse the interaction under
physiological conditions. The ability to control biomolecules and their binding properties are particularly
important in research for therapeutic purposes.?3

As discussed in Chapter 1, short single stranded DNA (ssDNA) aptamers are able to bind to
many different biomolecular targets including; DNA, proteins, cells, and small molecules.>> A powerful
way to control bimolecular binding events is by incorporating photoreactive functional groups, such as
anthracene, into DNA. The incorporation of two anthracene groups into the architectural framework of
a DNA strand provides a means for controlling DNA binding through anthracene photodimerisation. This
photodimerisation process is central to this chapter whereby we demonstrate a novel system in which
anthracene groups are incorporated into an aptamer to switch on and off a biomolecular recognition

event that controls an enzymatic output.
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3.2 Anthracene photochemistry

The uses of anthracene are reviewed in the introduction (Chapter 1) of this thesis and further
information can be found in a recent review by Damme and Prez.® This chapter will focus on the
photochemical properties demonstrated by two molecules of anthracene.

A phenomenon discovered by Fritzsche in 1867, two molecules of anthracene are capable of
photodimerisation upon irradiation with Ultra-Violet (UV) light at 365 nm (£ 5nm).”® They undergo a
4n+4r pericyclic cycloaddition reaction whereby one anthracene is in its photochemically excited state
and the other is in its ground state. As a result, two new covalent bonds are formed resulting in two
anthracene molecules becoming one photodimer. The reaction is reversible when the photodimer is
exposed to heat or UV-vis light of a shorter wavelength. The dimerisation reaction can also be reversed
by mechanical stress and thus anthracene has also been used as a mechanophore.®

Supramolecular chemistry has benefited from the photochemical properties of anthracene as
the reversible photodimerisation of two anthracenes can result in significant structural changes in a
system. In recent work by Hizal et al., photoinduced polymerisation reactions using anthracene modified
polymers have been employed to generate larger biopolymer assemblies.'® Onal and co-workers found
that telechelic (2-anthryl)-1-phenylethe-capped polyisobutylene polymer samples reversibly quadrupled
in size when irradiated with light at 365 nm.!!

Other photochemical uses of anthrcene can be seen in research by the Beyeler group. They
reported the synthesis of rhenium complexes that contained two anthracene groups to demonstrate a
novel molecular switch (Figure 3.1). The anthracene units were linked to 2,2'-bipyridine, and in their
open form, they acted as quenchers of the luminescence from metals complexed to the bipyridine
centre. However, when the anthracenes were irradiated with visible light, intramolecular
photodimerisation caused the loss of the quenching properties due to the disrupted nature of the

extended anthracene r system.!?
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Figure 3.1 Rhenium complexed bipyridine linked to two anthracene monomers. The forward reaction shows the anthracene
dimerisation reaction after exposure to visible light allowing the metals to luminesce and the reverse occurs with exposure of the
system to UV light.”?

The control of sodium ion transport across a phospholipid bilayer has been described using a
calix[4]arene ester modified with two anthracene groups. The calix[4]arene ester was found to bind
and carry Na* across a membrane when the anthracenes were in their monomeric form. However, upon
photodimerisation the process was inactivated. '3

More recently within the Tucker group, anthracene photodimerisation was used to create a
light controlled peptide-DNA binding system by the introduction of an anthracene group into two DNA-
binding peptides derived from a transcription factor. The photodimerisation of the two anthracenes was
only possible when the correct DNA target was present, with improved DNA binding affinity seen after

the anthracene had formed a photodimer.'*
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3.3 The control of DNA duplex formation

Similar approaches can be applied to oligonucleotides modified with anthracene for gaining photocontrol
over DNA duplex formation.'®> The carbon 9 (C9) functionalisation of an anthracene with a D-Threoninol
linker (discussed in Chapter 1) group has previously allowed its incorporation into oligonucleotides
using phosphoramidite chemistry.!6-1” Functionalisation at this position leads to a pair of products upon
photodimerisation: a head-to-tail or head-to-head dimer (Figure 3.2) with the former being more

stable for steric reasons.8
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Figure 3.2 The photodimerization of two anthracene monomers functionalised at the C9 position in presence of UV-vis light.
The resulting products are two products; head-to-tail and head-to-head dimers.

The Tucker group demonstrated the functionalisation of an oligonucleotide with two anthracene
groups did not disrupt hybridisation to its target strand (Scheme 3.1) with the resulting duplex still

able to form the common B-DNA structure discussed in Chapter 1.%°

1) | ] | [ || | | | | ] | Single stranded DNA (ssDNA)

Complementary
strand

BEEFSEEEErEe
2) A\n| BN ‘A‘”l ] Double stranded DNA (dsDNA)

Scheme 3.1 1) The incorporation of two anthracene monomers (represented by the red An) as base replacements into a single
strand of DNA and 2) the successful formation of a dsDNA duplex of the anthracene modiified single strand with its complementary
strand.
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However, once the two anthracene groups within the oligonucleotide had undergone
photodimerisation the strand was no longer able to form a duplex due to the lack of conformational
flexibility (Scheme 3.2). The photodimerisation was found to be reversible by heating the sample to

80 °C, which allowed duplex formation to occur again.'®

Scheme 3.2 The photodimerisation of the two anthracene (An) groups changing the structure of the oligonucleotide enough to
prevent duplex formation. A 365 nm bandpass filter was used in order to protect the DNA from UV-vis damage.

The work in this chapter builds upon this previous study with the aim to establish whether or
not anthracene photodimerisation is able to modulate the binding behaviour of ssDNA aptamers towards

biomolecules such as proteins.?°
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3.4 Thrombin

The haemostasis process is an essential part of blood clotting. When injury to a blood vessel occurs
there are many cofactors, proteins and enzymes involved that must be activated in order for thrombosis

to take place. Human a-thrombin, an enzyme from the family of serine proteases, is a vital protein

involved in the process of blood coagulation at the site of blood vessel injury. As well as being involved
in the formation of a blood clot, thrombin is also involved in other processes during the haemostasis
and is able to bind and have an effect on many substrates. This study focuses on a-thrombin as the
two other forms of the protein, B-thrombin and y-thrombin, are less active.?! Thrombin naturally exists
as the precursor pro-thrombin and is proteolysed when the coagulation cascade is triggered.??
Thrombin has two anion binding exosites, one of which (exosite I) binds fibrinogen.
Exosite II is known to be the heparin, an anticoagulant, binding site.?* During the formation of
a blood clot thrombin causes the production of fibrin from fibrinogen, and is incorporated into
the forming clot.?? This conversion involves the proteolytic cleavage of the N-terminal peptides
of fibrinogen forming fibrin. These fibrin monomers form cross-links and their aggregation forms
the fibres seen in a blood clot. Thrombin is also involved in the activation of itself through
cofactors such as XI, VIII and V (Figure 3.3) and stimulates the aggregation of platelets by
cleaving membrane bound protease receptors.?+2> The first crystal structure of the protein was
solved in 1989 by Bode et a/. in a complex with D-Phe-Pro-Arg-chloromethylketon (PPACK).%¢
Further research has resulted in crystal structures where the specific active sites and other anionic

binding sites have been studied (Figure 3.4).
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Figure 3.3 A diagrammatic representation of the coagulation cascade. Upon stimulation of the cascade varying coagulation
factors (FVIL, FVIIa, IX, IXa, X, and Xa) cause the formation of thrombin (Ila) from prothrombin (II) which in turn causes the
formation of fibrin from fibrinogen. Direct thrombin inhibitors such as the thrombin binding aptamer (discussed in the next
section) can block this process.

Exosite II

Exosite I

Active site

Figure 3.4 The crystal structure of a—human thrombin (grey). The two exosites, exosite I (red) and exosite II (green) are circled
in blue. The active site in this solid surface image is bound to PPACK, an inhibitor of thrombin. The active site contains a serine
protease.”
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3.4.1 The thrombin binding aptamer

One aptamer with particularly interesting biological activity is the aptamer that targets a-thrombin,
the thrombin binding aptamer (TBA).2% 27 The aptamer was first discovered by Bock et &/. in an
attempt to develop inhibitors of thrombin.?” TBA is a 15 base long oligonucleotide (Figure 3.5B) that
has a G-quadruplex (G4) tertiary structure that is formed by oligonucleotides with high guanine (G)
base content. The G4 structure assembles when four G residues, in close proximity, form a G-quartet
structure by Hoogsteen base pairing (Figure 3.5A).28 A G4 can arrange into three main conformations;
parallel, antiparallel and a hybrid of the two.?*-3° The glycosidic bonds between the deoxyribose sugar
and the G residues in the parallel conformations are in the antorientation. In the antf-orientation the
sugar ring and therefore any hydrogen bonding occurs away from the sugar ring and the glycosidic
bonds in the sin-orientation are in the opposite direction. The antiparallel G4 structures contain both
the sin- and the ant+conformations.?®

The regulation of many biological pathways, in both eukaryotes and microorganisms, depend
upon these G4 structures and can be found in extended poly-G sequences of telomeres that form
tetrameric G4 structures. These telomeres ensure that the chromosome does not unravel.3! Aptamers
with a G4 structure have been found to bind to targets that are able to inhibit pathways such as signal
transduction and transcription in cells. The G4 structure is able to structurally respond to external
stimuli, for example ions, making it a good signal transducer. For example, G4 oligonucleotides have
been selected by Tweardy et a/. as inhibitors of the signal transducer and activator of transcription 3
(Stat3) that is known for contributing to head and neck cancer.3?2 The TBA folds into an anti-parallel
G4 structure?® (Figure 3.5B) in the presence of K* ions, as shown by the crystal structure of the
aptamer solved by Krauss et al. (Figure 3.6).%% 3*37 The potassium cation is oriented equidistant
between the two planes of the two G-tetrads.?® TBA binds to thrombin at exosite I, the fibrinogen
binding site, via the two TT loops present at the top of the aptamer.3® The formation of a complex
between TBA and thrombin competitively inhibits the binding of fibrinogen to thrombin, thereby

inhibiting the process of blood coagulation.?”: 3°
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Figure 3.5 A) The Hoogsten base hydrogen bond pairing of four guanine residues forming a G-quartet in the presence of a
monovalent cation, such as K*, causing the folding of TBA, and B) Two G-quartets come together to form the anti-parallel
G4 structure of the TBA.

Figure 3.6 The crystal structure of TBA, in the presence of a potatssium ion coordinated in the centre of the TBA structure,
bound to thrombin at exosite I as determined by Krauss et al.>”
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3.4.2 Control of TBA binding

The presence of an aptamer that blocks thrombin and hence blood clotting has implications for
a number of thrombotic disorders.*® Traditional anti-coagulants, (e.g. Heparin or Warfarin), which
prevent the formation of unwanted blood clots can often result in side effects.*’ For example,
reduction in clotting capability means that wound healing is severely compromised at injury sites
away from the site where anticoagulation is required. If a patient undergoing anticoagulation
therapy should require an invasive surgical procedure the potential for significant bleeding has
to be considered and one solution to this issue would be to remove the anticoagulation therapy.
Unfortunately, for current therapies this relies on cessation of the medication, while relying on
the clearance systems of the body to reduce the systemic concentration of the anticoagulant. A
more effective solution to this issue would be to have an anticoagulant therapy that could be

applied in a specific area and deactivated locally within the body.
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Due to the importance of thrombin in blood clotting, gaining control of TBA has been of interest
in recent research. For example, Clever et a/. introduced chiral pyridine ligands to the TBA that are able
to coordinate to a Cu™ ion. The ligand modified TBA, without the Cu™ ion being present, was not able
form the G4 structure and thrombin inhibition was not possible. However, the square planar metal
coordination with Cul, in the presence of a Na*/K* cations, led to increased stabilisation of the modified
G4 structure, allowing it to bind and inhibit thrombin. Therefore, the ability of the modified TBA to slow

down the proteolysis of fibrinogen was found to be inefficient in the absence of copper (Figure 3.7).%
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Figure 3.7 A time dependent clotting study carried out by Clever et al., demonstrating that a modified thrombin binding aptamer
(tha-20-L4) slows down blood clotting in the presence of Cu” ions. The red line represents the clotting time in the presence of
CU”, whereas the blue line represents the clotting time in the absence of Cu”. The black line is the clotting reaction with
unmodified TBA and the grey line is the reaction without any DNA present.#

Recently Mo et al. demonstrated the control of thrombin activity using the photochemical
properties of an azobenzene modified TBA. Azobenzene is capable of trans-cis isomerism upon
irradiation of UV light and the modification of the TGT loop of TBA with 4,4’-bis(hydroxymethyl)
azobenzene resulted in the photoregulation of thrombin and therefore the ability of the thrombin to

bind fibrinogen.*?
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3.5 Project Aims

It was hypothesised that a DNA aptamer modified with anthracene could be used for photo-control
over its binding to a target protein. For this purpose, two anthracene units, attached to a D-threoninol
linker, were to be incorporated into the TBA sequence using automated DNA synthesis. This chapter
demonstrates how the antithrombotic activity of TBA can be controlled using anthracene
photochromism.

The original aims can be separated into three key milestones:

1) The design and synthesis of a modified thrombin binding aptamer containing two anthracene
units.

2) To study the structural properties of the modified aptamer and in particular its ability to bind
thrombin in its open and closed (photodimerised) forms.

3) If the binding studies were positive, to carry out thrombin:fibrinogen clotting assays to

determine whether the formation of a blood clot could be photocontrolled.
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3.6 Results and Discussion

3.6.1 Modified aptamer design

Two important considerations in the successful design of the photo-switchable aptamer were
the position of the two anthracene groups in the TBA sequence (Figure 3.8A) and which bases they
would replace. In particular, the guanines partaking in G4 formation had to be retained as this motif
gives the required tertiary structure for strong thrombin binding. Furthermore, it was reasoned that
replacing two thymines (T) in both top TT loops would adversely affect thrombin binding in its un-
photodimerised form as this face binds to the protein. Therefore, one anthracene moiety was introduced
into one top loop, with the other replacing a thymine in the bottom TGT loop, giving the sequence of
M3 (Figure 3.8B). It was anticipated that this strand would retain the ability to bind thrombin but with
its two anthracene groups in close enough proximity (separated by two bases) to undergo
intramolecular photodimerisation. In addition to M3, M4 (Figure 3.8C) containing only one anthracene
in the bottom TGT loop was to be synthesised as a control to examine whether the observed effects

could result from other entities in the system.

O

TBA: X=T, Y=T
5’ —GGTTGGTGXGGYTGG-3"’ M3: X = An, Y = An

M4: X=An,Y=T

Figure 3.8 Diagrammatic representations of A) TBA G4 structure held together by hydrogen bonds at the guanine
residues which are indicated in red and the potential modification locations indicated in blue and B) The anthracene
modification introduced into the aptamer with a D-threoninol linker (denoted as An). M3 contained a An modification at
both position Y and X and M4 contained an An modiification only in position X.
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3.6.1.1 Aptamer purification and characterisation

The anthracene phosphoramidite was synthesised as per the Tucker group protocol and
characterised by another member of the group.** Each oligonucleotide strand with the anthracene
modifications was purified using reverse phase high performance liquid chromatography (RP-HPLC) and
characterised by negative mode electrospray ionisation (ESI) mass spectrometry (the data can be seen
in Table 3.1). RP-HPLC and mass spectrometry results can be seen in Appendix Section 7.1.1 and

Section 7.1.2.

Table 3.1 The aptamer and control sequences used within this research including a non-specific (NS) control. The X represents
an anthracene modification. The NS control was chosen as previous work within the group had determined that it did not bind
to thrombin.

Name Sequence (5’ > 3’) Expected mass Observed mass RP-HPLC purity (%)
Native-TBA GGT TGG TGT GGT TGG 4726 4726 97
M3 GGT TGG TGX GGX TGG 5057.7 5060 97
M4 GGT TGG TGX GGT TGG 4891.9 4894 100
NS Control TGA AAA TGG AAC CTC GCC AAATGT CA 7972 7971 100

3.6.2 Photoirradiation studies

As discussed in the introductory chapter, the anthracene units give a characteristic absorption spectrum
of three bands between 350-400 nm. Upon photodimerisation of two anthracene molecules, the
conjugated structure of the anthracene begins to disappear, which results in a decrease in its
characteristic absorption spectrum. This process allows for the monitoring of the photodimerisation
reaction by ultraviolet visible (UV-vis) spectroscopy. To determine whether M3 could undergo
photodimerisation samples of M3, at 2 uM in TBA buffer (20 mM Tris-HCI, 1 mM MgCl2, 120 mM NaCl,
10 mM KCl, 2 mM CaClz, pH 7.4), were subjected to UV-vis irradiation (using a 365 nm bandpass filter
to protect the nucleotides), over a period of 4 hours. Over this time, the characteristic anthracene
absorbance band centred at ca. 370 nm decreased by 73%, indicating successful photodimer formation
(Figure 3.9). In contrast, the corresponding spectrum of sequence M4, containing only one anthracene
unit, did not change significantly over the same period of time (Figure 3.10). This confirmed that the

light-induced reaction was an intramolecular process. The isolation of the photodimerised M3 from the
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un-photodimerised M3 was attempted using RP-HPLC but this was not possible due to the two having

the same retention time (Appendix, Section 7.1.4).
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Figure 3.9 Overlaid absorbance spectra over four hours, 340 nm — 410 nm region of the M3 aptamer at a concentration of 2
UM aptamer in TBA buffer, at room temperature (RT).
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Figure 3.10 Overlaid absorbance spectra over four hours, 340 nm — 410 nm region of the M4 aptamer at a concentration of 2
UM aptamer in TBA buffer, at room temperature (RT).



3.6.3 Characterisation of the strands

The function of the unmodified TBA is inherently linked to the maintenance of a 3D structure
stabilised by a number of non-covalent interactions. Even minor perturbations of this structure can lead
to a reduction, or even a complete loss of binding activity. In this study it was hoped that the
substitution of the two undimerised anthracenes into the TBA sequence would produce a minimal
disturbance of the structure and hence the function of the TBA. By contrast, it was hoped that the
photodimerisation of the two anthracene residues would perturb the M3 structure enough to affect
binding to thrombin. In the following sections, the binding properties of the modified TBA to thrombin

are explored.

3.6.3.1 DNA:protein binding studies

A common method used to determine whether an aptamer is binding to a protein is an
electromobility shift assay (EMSA) (Chapter 2).%> The successful formation of a complex between the
modified TBA and thrombin should reduce its rate of migration down the gel and as the concentration
of thrombin increases across the gel there should be a titration effect whereby an increase in
concentration of native TBA should be seen at the top of the gel. The results in Figure 3.11 shows
that as you increase the concentration of thrombin from 0 to 2.5 uM the binding of native-TBA increases,
demonstrated by the appearance of DNA bands at the equivalent point as the thrombin on the gels.
The un-photodimerised aptamer (Figure 3.12) demonstrated thrombin binding according to that of
native-TBA, which shows that the open form of M3 is still is still able to bind thrombin. However, the
open form of M3 bound less strongly to thrombin than native TBA until the thrombin concentration was
at 2.5 pM, where a similar binding intensity is seen. Conversely, a photodimerised sample of M3 did
not show any significant bandshift on the EMSA in the presence of thrombin (Figure 3.13). This
provides the evidence that the photodimerised M3 strand is unable to bind thrombin under these
conditions. The process of photodimerisation of the two spatially separated anthracene units must result
in sufficient distortion to the G4 structure that binding to the thrombin active site is disrupted.

In contrast, EMSA studies of a sample of M4 (Figure 3.14), irradiated under the same

conditions as those used for M3, also demonstrated similar thrombin binding characteristics to those of
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native TBA, as expected. However, M4 does not bind as strongly to thrombin as native TBA but showed
improved binding between 1-2 pM concentrations of thrombin than the open form of M3. The results
indicated that the anthracene photodimerisation of M3 is intramolecular in nature. The concentrations
of aptamer and protein used in these gel studies are presented in Table 3.2. The protein stain of the
gels all demonstrate extra bands and this is because the thrombin sample (Helena, UK) comes as
prothrombin. The bands seen in the gel are likely to be due to the different states of thrombin once it
has been reconstituted and cleaved to become the active thrombin.*¢ This also made determining the
binding affinities of the modified aptamers difficult and although calculating the Kq values using the

EMSA studies was attempted it was deemed unsuccessful and a more qualitative approach was adopted.

Table 3.2 The concentrations of components in the EMSA in Figures 10-13.

Well Thrombin (pM) Aptamer (pM) BSA control (pM)
a 0 1.0 0
b 0.2 1.0 0
c 0.5 1.0 0
d 1 1.0 0
e 1.5 1.0 0
f 2 1.0 0
g 2.5 1.0 0
h 0 1.0 1
i 1 NS Control (1.0) 0
j Blank Blank Blank
A) Native TBA - DNA stain B) Native TBA - protein stain
Thrombin K
and — Protein

aptamer
complex

Thrombin

— ]

Figure 3.11 EMSA results of the native TBA with thrombin. Gel A shows the DNA stain prior to staining for protein and Gel B
shows the same gel under a protein stain. Contents of the gels can be seen in Table 3.2. All aptamers were in TBA bufter
(defined earfier).
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A) DNA stain — B) Protein stain
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Figure 3.12 EMSA results of the un-photodimerised M3 with thrombin. Gel A shows the DNA stain prior to staining for protein
and Gel B shows the same gel under a protein stain. Contents of the gels can be seen in Table 3.2. All aptamers were in TBA
buffer.

A) DNA stain B) Protein stain
Photodimerised M3 Photodimerised M3
Thrombin
and aptamer — i .
complex — Protein
Modified_ - ey g W T S e
aptamer
f
Thrombin Thrombin
S ee——— ] ]

Figure 3.13 EMSA results of the photodimerised M3 with thrombin. Gel A shows the DNA stain prior to staining for protein and
Gel B shows the same gel under a protein stain. Contents of the gels can be seen in Table 3.2. All aptamers were in TBA buffer.

A) DNA stain: B) Protein stain
Photoirradiated M4 Photoirradiated M4
Thrombin .
and aptamer — — Protein

complex

Control

aptamer

Thrombin Thrombin
— ] e ——

Figure 3.14 EMSA results of the photoirradiated M4 with thrombin. Gel A shows the DNA stain prior to staining for protein and
Gel B shows the same gel under a protein stain. Contents of the gels can be seen in Table 3.2. All aptamers were in TBA buffer.
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3.6.3.2 Circular dichroism studies

Circular dichroism (CD) spectra* were recorded to assess the extent to which the G4 tertiary structure
of TBA was affected by anthracene modification and photodimer formation. Although it gave a much
weaker spectrum than that of the unmodified TBA or control M4 strand, M3 showed characteristic CD
signals of a G4 structure, with positive peaks at 295 nm and 245 nm and a negative peak at 265 nm
(Figure 3.15)."® The photodimerised sample of M3 gave an even weaker signal, with the peaks at 245
nm and 265 nm shifted to slightly higher wavelengths. Notwithstanding the presence of un-
photodimerised M3 in the sample, as the photodimerisation reactions only gave 73% conversion, this
data indicates that the photoadduct also possesses a tertiary (i.e. folded G4-type) structure, albeit

slightly altered from its open form.

45-

— Native TBA

— M3

=+ Photodimerised M3
-- M4

CD [mdeg]

\\
300
Wavelength (nm)

-154

Figure 3.15 CD results of the native TBA, the un-photodimerised M3 aptamer, the photodimerised M3 aptamer, and the M4
aptamer. All CD studies were carried out at 2 uM in TBA buffer, at RT.
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3.6.3.3 Thermal melting studies

The melting temperature (7m) of an oligonucleotide gives information about its binding
properties as well as its secondary and tertiary structures (detailed in Chapter 2).#>~° In order to probe
the intramolecular folding properties of these strands further, 7 values were determined using variable
temperature CD (VT-CD). In each case, the data (Figure 3.16) showed a single co-operative unfolding
transition. The 7 value of 49 °C for TBA, which was similar to the literature value,! was higher than
that of M3 (41 °C) but lower than that of M4 (56 °C). This indicates that while the presence of one
anthracene in the lower TGT loop is stabilising, an additional anthracene in the top loop is significantly
destabilising (Figure 3.15). However, while the photoirradiated sample of M4 gave no significant
change in 7, value (54 °C), the sample of M3 rose to 51 °C after photoirradiation, indicating a significant
enhancement in thermal stability. This can be explained by the unfolding of the tertiary structure being

hampered by the presence of the intramolecular covalent crosslinks provided by the anthracene

photodimer.
1.50
- Native TBA
1.251 = M3
-+ Photodimerised M3
,g., 1.004 o
E 0.75- -+ Photoirradiated M4
)
(@]
E 0.50+
©
£ 0.257
o
=
0.00 y r . .
20 30 40 50 60 90
-0.25- Temperature (°C)
-0.50-

Figure 3.16 Normalised CD melting curves at 292 nm using an aptamer concentration of 2 UM in TBA buffer.
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3.6.4 Clotting studies

The third aim of this project was to use the M3 aptamer as a photo-switchable inhibitor of
blood coagulation. To achieve this, first the open form of the aptamer had to bind to the thrombin and
inhibit its ability to cleave fibrinogen into fibrin (Figure 3.17). This research utilised the Clauss assay>?
which works by the addition of thrombin and fibrinogen, with the formation of a turbid clot then

observed by monitoring the percentage decrease in UV-vis transmission, at a fixed wavelength.

Thrombin ﬂ Q Thrombin ﬂ

Binding No Binding
Fibrinogen ﬂ Fibrinogen ﬂ
No Catalysis & No Clotting Catalysis & Clotting

Figure 3.17 Diagrammatic representation of anthracene photochromism in aptamer M3, forming a head-to-tail isomer. Distortion
of one top TT loop, depicted in bold, prevents binding to thrombin, triggering catalysis and fibrin clot formation.
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3.6.4.1 Native-TBA clotting studies

First of all, the assay was undertaken in the presence and absence of the unmodified aptamer,
native-TBA, to check that the assay was working effectively. The data showed that the presence of TBA
reduced the interaction between thrombin and fibrinogen, and therefore clot formation by an average
of 96% (£0.8) (Figure 3.18), when the decrease in UV-vis transmission of the thrombin and fibrinogen
alone is taken as 100% clot formation. This observation was expected and as consistent with TBA
binding to the exosite where fibrinogen would normally bind, which prevents fibrinogen:thrombin

complex formation.

Thrombin + +

Fibrinogen + +

Native-TBA n

0.0

-2.57

-7.51
-10.01

.
]

-15.0

Decrease in % UV transmission after 40 minutes

Figure 3.18 The results from the Clauss assay for native TBA. The graph shows the difference in % UV-vis transmission at 450
nm (40 minutes after addition of thrombin to fibrinogen). All Clauss assay experimentation involved a 1:1 ratio of thrombin to
aptamer in TBA buffer (1 uM) in a 1.9 dilution of fibrinogen to Owren’s buffer. Each test was done in triplicate and the error bars
represent one standard deviation.
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3.6.4.2 M3 clotting studies

A similar experiment carried out with the open form of M3 showed that this modified version
of TBA displays thrombin inhibition activity that is very similar to the unmodified TBA, with clot formation
by inhibited by an average of 93% (£0.9) when compared to the native-TBA strand. This correlates
with the EMSA data, which indicitated that binding occurs between thrombin and un-photodimerised
M3. This gives further evidence tha the addition of anthracene groups to the TBA backbone has a
negligible effect on its anti-thrombotic activity. The next step was to investigate whether the
photodimerisation of the two anthracenes in M3 would reduce thrombin inhibitory activity. Data in
Figure 3.19 shows that a solution of photodimerised M3 was indeed much less effective at preventing

clotting, with a reduction in signal intensity that approached the amount found in the absence of

aptamer.
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Figure 3.19 The results from the Clauss assay for the M3. The graph shows the difference in % UV-vis transmission at 450 nm
(40 minutes after addition of thrombin to fibrinogen). All Clauss assay experimentation involved a 1:1 ratio of thrombin to aptamer
in TBA buffer (1 uM) and a 1:9 dilution of fibrinogen to Owren’s buffer. Each test was done in triplicate and the error bars
represent one standard deviation.
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3.6.4.3 Clotting studies with M4

The assay was then repeated in the presence of the control strand M4. This modified aptamer
also demonstrated similar thrombin inhibition activity to that of native TBA and un-photodimerised M3
(Figure 3.20). As the formation of a clot was inhibited it was concluded that the M4 strand could still
bind to the thrombin (at 90% (£2.1) inhibition for M4 and 93% (+0.219) for the photoirradiated M4
inhibitory activity). Importantly, the irradiated sample also showed the same behaviour, supporting the

gel studies which indicated the same binding profile after photo-irradiation.

Thrombin + + + +
Fibrinogen + + + +
Native-TBA +

M4 +
Photoirradiated M4 +

.
ol T

-15.0

Decrease in % UV transmission after 40 minutes

Figure 3.20 The results from the Clauss assay for the M4. The graph shows the difference in % UV-vis transmission at 450 nm
(40 minutes after addition of thrombin to fibrinogen). All Clauss assay experimentation involved a 1.1 ratio of thrombin to aptamer
in TBA buffer (1 uM) and a 1:9 dilution of fibrinogen to Owren’s buffer. Each test was done in triplicate and the error bars
represent one standard deviation.
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3.6.5 Heat reversion studies

To determine whether the photo-triggered effect observed with the M3 aptamer was reversible,
the photodimerised sample was heated to 80 °C. After this time, the solution was allowed to cool in
order to allow the aptamer secondary structure to reform. The characteristic anthracene bands

reappeared on the UV-vis spectrum to give a 60% return after 12 hours of heating (Figure 3.21).

— 0 mins
002001 60 mins

— 120 mins
0.01754 :

— 180 mins
0.01504 — 240 mins

= 720 mins
0.0125 heat revert

0.01004

Absorbance

0.00754

0.0050+

0.0025

0.0000: T T T T T T
350 360 370 380 390 400
Wavelength (nm)

Figure 3.21 UV-vis absorbance monitoring result of the heat reverted M3 aptamer that had been photoirradiated for 360 minutes
and subsequent reversion of the anthracene signal after 12 hour (720 minute) heat exposure at 80 °C. All aptamer samples were

in TBA buffer, at RT.

CD signal studies on the photodimerised, un-photodimerised and the heat reverted M3 strands
(Figure 3.22) showed that heat reverted strand more closely resembled the original M3, albeit with

some additional signals indicating some possible degradation of the aptamer.
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Figure 3.22 CD results of the native TBA, the un-photodimerised M3, the photodimerised M3, the M3 after 12 hours of heat
reversion. All CD studies were carried out at 2 uM in TBA buffer, at RT.

The heat reverted aptamer was also analysed on an EMSA gel (Figure 3.23) which demonstrated that

thrombin binding was again occurring. The concentrations of aptamer and protein used in these gel

studies seen in Figure 3.23 are presented in Table 3.3.
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Table 3.3 The concentration of components in the each well of the EMSA in Figure 3.20.

Well Thrombin (uM) Aptamer (pM)
a 0 1.0
b 0.2 1.0
c 0.5 1.0
d 1 1.0
e 1.5 1.0
f 2 1.0
g 2.5 1.0
A) DNA stain: heat revert B) Protein stain: heat revert
Thrombin
and aptamer _
complex .
— Protein
Heat revert _
aptamer

Thrombin . Thrombin

éé

Figure 3.23 EMSA results of the heat reverted M3 with thrombin. EMSA results of the un-photodimerised M3 with thrombin. Gel
A shows the DNA stain prior to staining for protein and Gel B shows the same gel under a protein stain. Contents of the gels can
be seen in Table 3.3. All aptamers were in TBA buffer.
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Finally the heat reverted sample was tested for thrombin inhibitory activity and much of the
inhibitory activity of M3 could be restored, with the level of clotting product lowered to 21% (£2.7)
(Figure 3.24), when the decrease in UV-vis transmission of the thrombin and fibrinogen alone is taken
as 100% clot formation.. This data therefore consolidates the evidence that the heat reverted sample

has regained some of its TBA-like properties in terms of structure and binding profile.

Thrombin + + + + +

Fibrinogen + + + + +

Native-TBA +

M3 +
Photodimerised M3- TBA +
Heat reverted M3 +
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-2.5 ==

-10.01 —I'
-12.51 l

-15.0

Decrease in % UV transmission after 40 minutes

Figure 3.24 The results from the Clauss assay for the heat reverted M3. The graph shows the difference in % UV-vis transmission
at 450 nm (40 minutes after addition of thrombin to fibrinogen). All Clauss assay experimentation involved a 1.1 ratio of thrombin
to aptamer in TBA buffer (1 uM) and a 1:9 dilution of fibrinogen to Owren’s buffer. Each test was done in triplicate and the error
bars represent one standard deviation.
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3.7 Conclusions

In conclusion, this work has demonstrated that a TBA modified with a photochromic anthracene system
enables photo-control of thrombin-based clotting activity. This is brought about by intramolecular
structural changes by anthracene photodimerisation that prevents its binding of thrombin and enables
it to catalyse fibrinogen formation. While being relevant to the development of smart anticoagulation
therapies, such an approach also has the potential to be applied more widely to other photocontrollable

pharmacological processes.
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3.8 Future Work

Due to the amount of sample, it was not possible to undertake a fuller study whereby the M3 sample
undergoes more than one photodimerisation and heat reversion cycle. Future work would involve
carrying out several light and heat reversion cycles to establish the fatigue properties of the system.

Although it was briefly attempted, photodimerisation studies could not be carried out in the
presence of thrombin to assess whether photodimerisation could cause release of the bound aptamer.
This was because the absorbance band of the protein masked the anthracene signals.

Future work could involve the modification of this or other aptamers with anthracene
photochromic groups in order to establish whether in-situ, and reversible, light-triggered release of

biological molecules would be possible.
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4.1 Introduction

Research on the human genome has resulted in many advances in the way scientists understand,
diagnose and treat disease, and the development of oligonucleotide-based diagnostics has
revolutionised the way disease and infection are detected (Chapter 1). The term “molecular marker”
encompasses fragments of the genome that can be studied to identify certain characteristics about a
particular individual. One key molecular marker can be a base at a single locus within the genome: a
change at such a base is considered to be a single nucleotide polymorphism (SNP) if the frequency of
the least recurrent allele is 1% or greater.! Point variants can be inherited or be a result of somatic
mutations that leads to two different base types within genomes. Any mutations that have occurred as
a result of external stimuli, but can now be passed on during cell division, are known as somatic
mutations. The base changes/mutations can be purine-purine (adenine (A) <-> guanine (G)) or
pyrimidine-pyrimidine (cytosine (C) <-> thymine (T)) transitions and they are called a transversion
when the change is from a purine to a pyrimidine or a pyrimidine to a purine (A <-> C,A<->T, G <-
> C, G <-> T).2 Despite the definition given above, there is an ongoing debate about the definition of
SNPs.3 For this reason, all the base changes in this introduction will be referred to as point variations
rather than mutations or SNPs, but whatever they are named, the methods to detect them are the
same.

A point variation within an individual’s chromosomes can either be homozygous or heterozygous
for the base. If an individual is homozygous only one type of base pair will be present at this position.

However, if it is heterozygous, then two different base-pairs will be present (Figure 4.1).
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Figure 4.1 A diagrammatic representation of homozygous vs heterozygous point variation sites in pairs of chromosomes. The
individual will either have one base pair variant on both chromosomes (homozygous) or they will have two base pair variants,
one on each chromosome, making them heterozygous.

For example, the BRAF mutation, focused on within this chapter, is as a result of a point
variation from a T to an A base. This somatic mutation, implicated in certain cancers, is homozygous
for the wild-type (WT) (i.e. T-A, T-A) and heterozygous for the cancerous form (T-A, A-T). However,
the heterogeneity of a single stranded DNA (ssDNA) sample from a patient with cancer originally from
a BRAF mutation (Figure 4.1) might not be a simple 50% A and 50% T mix. The ratio is dependent
upon the somatic mixture that occurs as a tumour develops. In other words, the ratio of T:A in the DNA
of the local cell population will change as more WT DNA is converted to mutant DNA and as a result
certain areas within the tumour will contain the A mutation and some areas will not.*

Point variations across the genome can result in amino acid changes in proteins that result in
differences between patients in the efficacy and/or the toxicity of medicines. There is therefore a need
for personalised medicine and treatment plans that aim to elucidate the differences in these effects
based upon the genetic information from a patient.> Heterozygous point variations in the genome can

be difficult to quantify and diagnose correctly and this can lead to diagnostic complexity. In the case of
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BRAF, mutations can result in an increase in sensitivity of patients to inhibitor medication.® Therefore
knowing the specific genetic ratio of the mutation can allow for a treatment plan that can lead to
improved survival rates.

As detailed in the introductory Chapter 1, there are several commercial assays available that
are used to identify point variants within a gene. The diagnostic assays currently available are useful
for the detection of heterozygous alleles from the corresponding homozygous alleles (i.e. giving a binary
heterozygous or homozygous answer). However, what these assays lack is the ability to quantify alleles
that contain an unequal ratio of the nucleobases. Within the Tucker Group, anthracene containing
oligonucleotide probes for genes containing a point variation that codes for prostate cancer have
previously been designed.”® In this chapter a similar probe was designed in order to detect the Ato T
point variation within the BRAF gene and given the issues with the commercial assays outlined above,
the probe was also tested to assess whether a linear correlation could in the signal read-out could be

obtained, as a measure of the heterozygous nature of the sample.
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4.2 Cancer

Cancer is the second leading cause of mortality in the world and encompasses more than 277 cancerous
diseases.® Statistics published in 2017 stated that in the United States, over 1.5 million new cancer
cases and around 600,000 cancer related deaths occurred in 2017.2° The disease occurs as a result of
the uncontrollable proliferation of cells within the body, referred to as malignancy. The cause of this
pathogenicity of an individual’s own cells is often as a result of mutations in the genome that cause
cancer cells to proliferate uncontrollably, become immortal, undergo angiogenesis, apoptosis, and finally
the most lethal of cancer traits, metastasise to other parts of the body. These traits of a cancer cell are
known as the hallmarks of cancer and define the difference between a normal cell and a malignant
cancer cell.!

Cancer causing mechanisms are of a genomic nature and therefore any phenotypic changes in
cells are commonly as a result of; mutation, insertion, deletion and genetic recombination of bases in
DNA sequences.!? Point variations where this has occurred then become molecular markers that can

help indicate cancer formation and development.

4.2.1 BRAF gene

The Raf gene is responsible for the production of an enzyme, which is also referred to as Raf. It is a
serine/threonine-protein kinase that phosphorylates signalling molecules that cause cell proliferation,
survival and differentiation. For the activation of the WT form of the protein a phosphorylation event is
required from another serine/threonine-protein kinase known as Ras (Figure 4.2). This is triggered
when cell proliferation and growth is required from a growth factor outside the cell.’® This signalling
pathway involving Ras/Raf/Mek and Erk is mutated in around 30% of cancers and the Raf gene is

mutated to B-raf (BRAF) in 7% of cancers.
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Figure 4.2 A figure representing the signalling difference in the a) wild type form and b) mutated form of the RAF protein.

In the mutated form of the protein, the signal is innately in the ‘on’ form and therefore causes
phosphorylation of the signalling molecules within the pathway, leading to cell transformation and
uncontrollable cell growth without external signals. The Raf to BRAF mutation involves a base
substitution in exon 1799 from a T to an A base causing a change in the amino acid position of the
protein from a valine (Val) to a glutamic acid (E).!* The kinase domain of the Raf protein has two lobes
that are separated by a catalytic area. When the protein is in its inactive conformation, the Glycine (Gly)
595 to Val600 area is close to the Gly463 to Val470 area. The hydrophobic interactions between these
two areas result in the catalytic area being unable to be accessed by other proteins. When the activation
area of the kinase is phosphorylated the hydrophobic segment becomes destabilised and the catalytic
area becomes accessible. The BRAF mutation causes the replacement of the Val600 to Glutamic acid
(E). Glutamic acid has a bulkier, negatively charged side chain, at pH 7, compared to the smaller
hydrophobic side chain of the valine residue.!* The hydrophobic interactions causing the catalytic pocket

to remain closed are now disrupted, resulting in the protein being consistently in the active form. This

116



Chapter 4 — Anthracene based BRAF gene detection

gene mutation can be responsible for cancers that include malignant melanoma (MM) and colorectal
cancer.*

Malignant melanoma (MM) is a type of skin cancer that occurs due to the uncontrollable growth
(malignancy) of melanocytes. Melanocytes are the cells, predominantly found on the skin, that are
responsible for pigmentation.'> MM, although only accounting for 1% of skin cancer?, is the most lethal
type of skin cancer and has an extremely high rate of mortality when compared with other cancers and
commonly results in metastasised tumours.'* 17 Colorectal cancer (CRC), commonly known as bowel
cancer, occurs when the epithelial cells from the colon region of large intestine become malignant. CRC
is the third most common type of cancer in the world and is also a prominent cause of cancer related
death.t®

The risk of CRC and MM can be environmental, genetic or a complicated combination of both.'’
Although there are many therapies available for the treatment of these cancers!®, early detection of
these cancers is important to ensure the treatment required is minimal and the chance of acquiring a

secondary tumour is reduced, ultimately resulting in a better chance of survival.
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4.2.2 Anthracene as a fluorophore

The modification of oligonucleotides using polycyclic aromatic hydrocarbons as nucleobase
replacements has been described by Ren et al., using naphthalene, phenanthrene and pyrene with the
view of creating biophysical probes.?® The synthesis of modified bases that do not significantly disrupt
the hybridisation of probes to their target has resulted in the advent of base discriminating probes
(BDPs). BDPs contain fluorescent base replacements that can aid in identifying the bases opposite or
adjacent, either in the 5~ or the 3'- direction, to them.?! The fluorescence emission changes upon the
hybridisation to the probes are monitored in order to determine what base is present.

An example of base adjacent sensing has been demonstrated by Seitz et a/.,%? using Peptide
Nucleic Acids (PNAs) that contained a thiazole orange fluorophore. The thiazole orange acted as a
nucleobase replacement sensor for point variants. Upon binding of the modified PNA strand to the target
strand the thiazole orange modification (Figure 4.3A) intercalated with DNA and subsequently gave a
high fluorescence signal. The tag showed increased fluorescence when the base adjacent was
complementary, as the modification took on a more fixed coplanar organisation. When a mismatch was
adjacent to the tag the fluorescence signal decreased compared to the fully matched duplex.

In the previous chapter (Chapter 3) the research focused on anthracene being utilised as a
photochemical moiety that can undergo photodimerisation upon irradiation with UV light. This chapter
focuses on the photophysical properties of anthracene. Conjugated molecules often fluoresce and
anthracene, being a fully conjugated polyaromatic compound fluorescing in the wavelength region of
390-550 nm, is a perfect example of this. The fluorescence properties of anthracene have been used in
sensing applications within chemistry??, medicinal biology” and materials science.?*

The Brown group had previously synthesised a thymidine base with anthracene based,
anthracenylethynyl (AeT) (Figure 4.3B) and anthracenylbuta-1,2-diynyl (AeeT) (Figure 4.3C),
modifications and incorporated these into oligonucleotides. The anthracene maodifications were
synthesised to have a linker group at the carbon 9 position using either one (AeT) or two (AeeT) ethynyl
linker groups. An increase in fluorescence emission was seen when the target strands had complete
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complementarity and a decrease in fluorescence emission was seen when the base opposite to the

modified thymine was a guanine.?

%u/\/N\/“HI

Thiazole orange-PNA monomer 10-anthracenylethynyl dT (AeT) 10-(buta-1,3-diynyl)anthracenyl dT (AeeT)

Figure 4.3 A) The thiazole orange-PNA monomer by Seitz et al.,?> B) The AeT monomer and C) The AeeT monomer, both
reported by Brown et al.?>
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4.2.3 Previous work

Oligonucleotides modified with anthracene have been developed within the Tucker group for
similar fluorescence sensing systems based on DNA hybridisation. This sensing technology can identify
different bases opposite the tag in target DNA.® 2627 The anthracene fluorescence signal, normally
monitored at 426 nm, either decreases or increases upon duplex formation depending on the identity
of the base opposite it (Scheme 4.1). Differences in emission can be explained by the extent to which

the anthracene can insert itself into the duplex.
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Scheme 4.1 A schematic describing the base opposite sensing. The anthracene oligonucleotide probe binds complementary
strands with a different base opposite the tag (here shown as T and A).
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4.2.3.1 Linker length and stereochemistry

The anthracene tag contains a threoninol unit (Figure 4.4), which functions as a linker group allowing
the tag to be incorporated into the backbone of DNA as a phosphoramidite. The modification does not

significantly disrupt the formation of the DNA duplex.?®
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Figure 4.4 The comparison of the natural DNA nucleotide (A) and the Tucker group anthracene nucleotide base mimic (B); in
red is the threoninol unit that where the stereochemistry can be controlled between the L or D form, in green is the carbon linker
chain where the carbon length (represented by n) and the anthracene can be seen in blue.

The alkyl linker length between the peptide bond and the ether can be varied and be anything in
length from 1 (n = 1) to 7 (n = 7) carbons long (apart from n=2). The reason for the n=2 linker length
not working are currently not known. In addition, the stereochemistry of the threoninol linker (L or D
isomers) can be changed and this, along with the linker length affects how the probe interacts with the
targets, which consequently affects the sensing signal. The work within this chapter is based on base-

opposite detection, which generally works well with longer linker lengths.?®
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4.2.3.2 Previous work

Previously within the Tucker group the optimum linker length and stereoisomer for the base
opposite sensor had been established”® and as a result the n = 5 carbon linker length with the
stereochemistry L (denoted 5L) anthracene was chosen for the so-called BRAF probe. Initial studies
within the Tucker Group determined that 15 base length (15-mer) synthetic targets of the BRAF gene
containing either the T or A point variation opposite the tag could be detected using this probe. Its
sequence is the following where the X represents the 5L anthracene as the 7" “base” in the 15-mer
sequence:

5 - AGA TTT CXC TCT AGC - 3'

The target sequences, based on the SNP within the BRAF gene, are displayed in (Figure 4.5).

° DNA5’-AGC TGA GTC GCG ACT-3' Wild Type c
= Target SNP sequences ;
¢ DNA 5’-AGC TGA GAC GCG ACT-3’ Mutant ¢

3

Figure 4.5 The complementary target sequences to the BRAF probe.

When the base opposite to the anthracene was T, the fluorescence decreased, relative to the
probe alone, whereas it increased when the base was an A. Importantly, the data also showed a linear
dependence on the emission as a function of allelic ratio using these 15-mer targets in combination with

this BRAF probe (Figure 4.6).
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This sensing technique was also able to provide fluorescence read-outs at temperatures up to
the melting temperature of the duplex. This BDP approach works since the technique relies on
monitoring differences in intensity of the fluorescence signal upon probe binding rather than the extent
to which the probe binds to the target at a particular temperature. This eliminates the need for
identifying certain temperature windows in which one target is bound and the other is not, as is the

case for commercial assays such as TagMan®.30
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Figure 4.6 Previous work within the group demonstrating the linear correlation plot gained from the fluorescence emission at
426 nm of the 5L BRAF probe with the 15-mer BRAF targets. All studlies were carried out using 1 uM of the BRAF probe and 1 uM
of the 15-mer target (the 15-mer strands were added in varying ratios of T/A). The samples were in 10 mM sodium phosphate
buffer, 100 mM NaCl at pH 7. All studies were carried out at room temperature (RT). The Aex = 350 nm, room temperature (RT),
Aem = 426 nm, room temperature.’!
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4.3 Project Aims

The aim of this work was to examine an oligonucleotide probe with an anthracene madification for
targeting the cancer-causing T to A point variation within the BRAF gene and to begin to assess its
viability for use in a clinical setting.

The primary aim of this project involved undertaking similar fluorescence emission studies to
those done previously but with longer, 173 nucleobases long (173-mer), synthetic targets. These would
be similar to the lengths of target seen after the amplification of genomic patient DNA using the
polymerase chain reaction (PCR). PCR is required to generate enough target sample to achieve a strong
enough sensing signal (Chapter 1). If the longer targets did hamper probe binding and emission
enhancement, then probes longer than the normal 15-mer length would have to be synthesised for use
with any amplified PCR products. Following this, the next step would be the production of a linear
dependence plot of percentage change in emission of varying amounts of A vs T in a sample using
synthetic 173-mer targets with either, the A or T mutation.

In order to further the work discussed in Section 4.2.2 a secondary aim of this project was to
determine the capabilities of the BRAF probe in distinguishing between the A and T mutation in real
patient DNA samples. As described in Figure 4.7, the first step would be to extract the genomic DNA
from both healthy tissue and cancerous patient tissue. The genomic DNA would undergo PCR in order
to amplify the region containing the mutation. This PCR product would then be digested to the single

strand containing the point variant to allow hybridisation with the anthracene-containing probe strand.

124



1.DNA
extraction from
cells

Genomic DNA from cancer tissue

1. DNA
extraction from

i

Genomic DNA from healthy tissue

JO0000Cx

Chapter 4 — Anthracene based BRAF gene detection

2. PCR

3. dsDNA
digestion

2.PCR

3. dsDNA
digestion

T
C—o
T —
A —
A
A

A
C—o:
A
T —
cC—

G ——

T —
A—
A

G —

G —
A

A ——

T —

G —

4. Fluorescence
detection with
BRAF probe and
ssDNA target

4. Fluorescence
detection with
BRAF probe and

ssDNA target
B

G

—
G

A
c—
A—l
[ —
c—
G —o

5

Fluorescence

Figure 4.7 The secondary aims within the project. 1. Involves the extraction of the DNA from the cells, 2. PCR of the genomic
DNA, 3. dsDNA digestion, 4. Fluorescence studies of the PCR amplified genomic DNA with the BRAF probe.
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4.4 Results and Discussion

4.4.1 Anthracene synthesis

The anthracene oligonucleotide phosphoramidite was synthesised as per the research established by

Jean-Louis Duprey within the Tucker Group and characterised by another member of the group.?

4.4.2 Oligonucleotide probe synthesis and characterisation

The anthracene phosphoramidite was incorporated into an oligonucleotide strand using solid phase
oligonucleotide synthesis (Chapter 2). The 15-base target strands with the A and T point variant are
referred to as 15-A and 15-T respectively. Likewise, the 173-base target strands with the A and T point
variant are referred to as 173-A and 173-T respectively. The two longer synthetic targets were
purchased by IDT-DNA and the sequence can be seen in Appendix 7.2.2.

Once the probe and the two targets had been synthesised, they were purified by reversed-
phase high performance liquid chromatography (RP-HPLC) and the resulting strands characterised using
negative mode electrospray ionisation (ESI) mass spectrometry. The results are presented in Table

4.1.

Table 4.1 The three oligonucleotides synthesised using solid-phase synthesis during this project and their percentage purity and
observed mass. The X represents the anthracene modification.

Strand Sequence (5’ 2 3') Expected Mass Observed mass %o purity

BRAF probe AGA TTT CXC TCT AGC 4711.3 4710.70 98.053
15-T GCT ACA GTG AAATCT 4576 4575.8 100
15-A GCT ACA GAG AAATCT 4585.1 4585.9 100
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4.4.2.1 Thermal melt data

Duplex formation between the BRAF probe and the 15-mer and 173-mer targets was monitored using
variable temperature ultraviolet visible (UV-vis) spectroscopy (Chapter 2). The resulting melting data
(Table 4.2) showed that duplexes with both the 15-mer and 173-mer targets had very similar thermal
stabilities. This was consistent with the results obtained previously within the Tucker group showing
that varying the base opposite the 5L anthracene tag has little effect on duplex stability.>® This is in
contrast to work with probes that target base adjacent changes.?! This can be explained by the system
here not going from a match to a mismatch, so there are no changes in the number of base pairs
present, resulting in similar stabilities of the duplexes. Using a 7 prediction tool®? the predicted 7 of
the unmodified, fully complementary, probe was 50 °C. As expected, this was slightly higher than the
results for the modified duplexes due to the extra H-bonding between the base present in the

unmodified system.

Table 4.2 The thermal melting temperatures of the BRAF probes hybridised with the the 15-mer or 173-mer targets. The 15-
mer values All samples were at 5 uM in 10 mM sodium phosphate buffer, 100 mM NaCl at pH 7, and data shows one repeat.

Duplex content Tm (°C)
BRAF probe 15-A 45.5
BRAF probe 15-T 46
BRAF probe 173-A 44
BRAF probe 173-T 43
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4.4.2.2 15-mer synthetic targets

The fluorescence studies that were to be carried out with the 173-mer were first repeated on the 15-
mer. As expected, the addition of an equimolar amount of 15-A resulted in a 577% increase in

fluorescence emission whereas that for 15-T resulted in a 27% decrease (Figure 4.8).
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‘s 3007
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Figure 4.8 The fluorescence emission gained with a 1:1 ratio of probe to target (both at 1 uM in 10 mM sodium phosphate
buffer, 100 mM NaCl at pH 7, at RT). The Aex = 350 nm, room temperature (RT), Aem = 426 nm, room temperature.

128



Chapter 4 — Anthracene based BRAF gene detection

4.4.2.3 173-mer synthetic targets

Two longer 173-mer targets were then hybridised in the same way, one with the A point variant (173-
A) and one with the T point variant (173-T). As expected, a similar trend was observed (Figure 4.9)

whereby a 220% increase and 12% decrease was seen with 173-T and 173-A respectively.

3004
2507
— No target
200- — 173-T target
— 173-A target
1504

1007

Fluorescence Intesnity (AU)

501

450 475 500 525 550

Wavelength (nm)

0 T T
375 400 425

Figure 4.9 The fluorescence emission gained with a 1:1 ratio of probe to target (both at 1 uM in 10 mM sodium phosphate
buffer, 100 mM NaCl at pH 7, at RT). The red line presents the emission increase when the 173-A target is added and the blue
line presents the emission decrease when the 173-T target is added. The Aex = 350 nm, room temperature (RT), Aem = 426 nm,
room temperature.

A previous titration with the 15-mer targets showed a linear dependence for sub-stoichiometric
amounts of target before levelling off at more than one equivalence.3! Interestingly, for the larger target
(173-A), while saturation was also observed, now a curved profile was apparent for sub-stoichiometric
amounts (Figure 4.10). This can be explained by additional non-specific binding interactions between

the probes (when in excess) and the target due to the latter having longer flanking regions.
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Figure 4.10 The percentage change in fluorescence emission at 426 nm of 15-A (in red) and 15-T (in blue) compared to the
probe when varying equivalance of target is present. All samples were in 10 mM sodium phosphate buffer, 100 mM NaCl at pH
7, at RT. The data were fit to a non-linear asymmetric sigmoidal best fit curve. The Aex = 350 nm, room temperature (RT), Aem =
426 nm, room temperature.
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4.4.2.4 Comparison of 15-mer vs 173-mer fluorescence

A comparison of the percentage changes in fluorescence emission between the 15-mer targets and the
173-mer targets at one equivalence to the BRAF probe, at 1 UM, is presented in Table 4.3. The 15-A
target gave approximately a two-fold fluorescence increase over its 173-mer counterpart. This
difference can be explained by the local environment experienced by the anthracene probe when it is
bound to a target with longer flanking sequences. It is possible that these ends can interact with the

tag in a non-specific manner, which reduces the overall emission intensity.

Table 4.3 The comparison of the percentage change in emission at 426 nm of the BRAF probe with one equivalance of the 15-
mer targets and the same probe with one equivalane of the 173-mer targets (1 uM concentration of probe with 1 uM conentration
of target in 10 mM sodium phosphate buffer, 100 mM NaCl at pH 7, at RT). The Aex = 350 nm, room temperature (RT), Aem =
426 nm, room temperature.

Percentage change in fluorescence at one equivalence

Target

Target A Target T
15-mer + 577 -27
173-mer + 220 -12

The fluorescence studies were successful in demonstrating that even with the longer target
lengths, there was a sufficiently large enhancement in fluorescence emission intensity when the BRAF
probe hybridised to 173-A. This data, along with the 7, results, indicated that despite the targets being
longer in length they would not hamper the binding of the target which would allow PCR products of a

similar length originating from patient DNA to be studied effectively.
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4.4.2.5 173-mer oligonucleotide linear plot

The next step was to determine whether the correlation initially observed with the 15-mer
synthetic oligonucleotide targets was also seen with the longer 173-mer targets. It was hypothesised
that the longer targets, truer to the length of PCR products from genomic samples, would display the
same behaviour. A fluorescence linear dependence study as a function of allelic ratio, varying the
amount of 173-A compared to the 173-T targets, was accordingly carried out on the synthetic target
sequences. The results showed that it was indeed possible to construct a linear plot from the data
(Figure 4.11). Since the mutation for the BRAF allele is heterozygous, (i.e. there is not 100%
conversion from T to A but 50%), more data points were obtained between 0 to 50% of 173-A within
the allelic sample mix. From this data, it was concluded that strands similar in length to a typical PCR

product, could be used to determine allelic ratios in unknown DNA samples from patients.
3504
300+
250+
200+
1507

1001

Percentage change in fluorescence
at 426 nm

501

0O 10 20 30 40 50 60 70 8 90 100 110
Percentage of A SNP in sample

Figure 4.11 The linear correlation data from the 173 base synthetic oligonucleotide strands. The error bars demonstrate one
standard deviation from 3 experimental repeats. The error bars on all points show one standard deviation from 3 experimental
repeats. All samples were made up to 1 uM in 10 mM sodium phosphate buffer, 100 mM NaCl at pH 7. The Aex = 350 nm, room
temperature (RT), Aem = 426 nm. The graph shows a linear regression line of best fit. The Pearson’s correlation coefficient value
was at 0.99.
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4.4.3 Genomic studies from patient samples

After successful detection of 173-mers using the BRAF probe and the generation of a linear dependence
plot the next milestone involved generating similar length ssDNA targets from both WT and mutant
genomic patient samples. The first step was to amplify the region of interest, containing the point
variant, using PCR. Already known forward and reverse BRAF primers, based on the genome sequence
of the BRAF gene (Table 4.4) were purchased, with the reverse primer containing a phosphorothioate
modification at the 5- end. The detection system relies on there being a ssDNA target produced in
excess that can hybridise to the fluorescent probe strand. The product of a PCR reaction is dsDNA and
therefore a procedure is required to digest the complementary strand of DNA that is not to be detected,
leaving the single strand of target DNA. The digestion was carried out using a T7 exonuclease DNA
polymerase that is not able to recognise and digest the strand containing the phosphorothioate
modification. As a result, the ssDNA after digestion is the strand elongated using the forward primer
containing the 5'- phosphorothioate modification, i.e. the target strand. The ssDNA PCR products would

then be checked using DNA sequencing before any fluorescence studies were undertaken.

Table 4.4 The sequence of the forward and reverse primers donated from the Beggs group along with the patient DNA samples.
The forward primer contains a 5™ phosphorothioate modification (noted as PTO in the sequence) to ensure this strand is the
SSDINA target after digestion of the PCR product. The Tn values were for the hybridisation of the complementary region of DNA
to the primers.

Sequence (5’ > 3) Tm (°C)
Forward primer PTO — TGC TTG CTC TGA TAG GAA AAT G 50
Reverse primer CCA CAA AAT GGA TCC AGA CA 58
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4.4.3.1 PCR amplification of patient DNA

To determine whether the PCR cycles had been successful, the samples were run on 3% agarose gels
using gel electrophoresis. This technique, previously discussed in detail in Chapter 2, is used to
separate large fragments of double stranded DNA. One of the main issues faced with PCR reactions is
being able to generate dsDNA in sufficient quantities for sensing purposes. Each PCR amplification cycle
is sequence and primer specific and therefore protocols require optimisation for different sequences.

The annealing temperatures of the PCR cycle (Chapter 1) are often based on the predicted 7
of the DNA duplex. However, this is not always the optimum annealing temperature for generating the
maximum amount of product. The optimal temperature gives the highest yields that can be visualised
using gel electrophoresis. As well as changing the temperature, the number of PCR cycles can be
modified to optimise the yield.

The predicted 7., temperatures for the primers were 58 °C for the forward primer and 50 °C
for the reverse primer. The lower temperature for the reverse primer, at 55 °C, was initially chosen as
the annealing temperature but in order to optimize the reaction, this was modified to 50 °C as a lower
temperature can often be favorable for annealing.>® The different temperatures and cycles chosen

during the optimization procedure are presented in Table 4.5.
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Table 4.5 A table with the PCR conditions that were varied for the optimisation of the reaction. In 1 to 3 the number of cycles
were changed and from lanes 4 to 6 the annealing temperature was changed along with the 3 different cycling conditions.

Temperature ( °C)

Condition
Heat Anneal Heat Cycles
Original 94 55 72 36
1 94 55 72 38
2 94 55 72 40
3 94 55 72 42
4 94 50 72 38
5 94 50 72 40
6 94 50 72 42

The resulting gel data is shown in Figure 4.12A Figure 4.12B. Interestingly, although
modifying the cycling number did not bring about any successful PCR reactions, reducing the annealing
temperature to 50 °C ensured a successful reaction every time (Figure 4.12C and D). The optimum
condition that produced the highest amount of product can be seen in entry 4 of Table 4.5 and in the

corresponding gel in Figure 4.12C.
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1,2 3.4:.556 7 8.9..10211 123456178 9101112

Figure 4.12 An example of 4 gels demonstrating the result from the six different conditions attempted the PCR reactions. The
samples were run on 3% agarose to show the ~150 base pair PCR product. Gels A and B show the failed PCR attempts from
conditions 1 and 3 respectively and gels C and D show the successful PCR reactions from conditions 4 and 5 respectively. Lanes
2 and 6 had no visible PCR products and therefore the images have not been included here (Table 4.5). The contents of the
samples in each lane can be seen in Table 1 of Appendix 7.2.2.
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4.4.3.2 Sequencing results

To undertake any fluorescence studies on the PCR products the samples were digested from dsDNA to
ssDNA. The phosphorothioate modification on the forward primer used during the PCR amplification
process ensured that the modified strand was not digested by the exonuclease enzyme used during the

digestion process.

Undigested
dsDNA control

Hyperladder

Figure 4.13 The agarose gel image of the digested PCR products. The dye used to stain and visualise the PCR products will
only bind dsDNA. The samples were run on 3% agarose to show the ~150 bp ssDNA products.

Once the double stranded PCR product had been digested to ssDNA evidenced by agarose gel
electrophoresis (Figure 4.13), the samples were submitted for sequencing to ensure the correct target
sequence was present in both the healthy and mutant genomic DNA samples. The sequencing results
can be seen in Figure 4.14 and Figure 4.15. The point variation that occurs in malignant melanomas
has been circled within the figure. As expected, the WT tissue demonstrates DNA containing the T base
at its position (Figure 4.14). Initially, it was thought that the mutant samples were homozygous for
the A base, i.e. the sequencing results should be showing the A base only at the base variation position.
However, after several PCR and sequencing attempts it was seen that both the A and the T base were
seen in the sequencing data. This was initially thought to be contamination of the healthy sample with
the mutant sample however, literature searches later revealed that the BRAF V600E mutation is known

to be 100% T (homozygous) for the WT-DNA and 50% T and 50 A in the mutant DNA (heterozygous).*
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As a result of this the mutant tissue demonstrates both A and the T bases at its position (Figure 4.15).
The sequencing of the PCR amplified product was repeated several times to confirm that the correct
ssDNA was obtained within the PCR product and the mutated patient sample was indeed heterozygous

for the A/T point variations. The full sequence for both WT and mutant patient samples can be read in

the Appendix 7.2.3.

Base T84, Quality: 42 % Tues 22nd_Sept_platel_H1l.abl

FGALGACCTCACAGT AATAGOTGATTTTGOTCHNBCTACA GIRC ATCTCGATGGAGT
oo Gme e oo PR gam me iy | R R

GGTCCCATCAGTTTGAACAGTTOTCTG

\ SNP position (T)

LU LI \

Figure 4.14 Sequencing data of the PCR product from the genomic DNA from healthy tissue after the digestion step and subsequent
purification. The SNP position is seen to be a T showing that the sample is from healthy tissue.

3 Fri_23rd_Oct_platel FO3.abl
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Figure 4.15 Sequencing data of the PCR product from the genomic DNA from tumour tissue after the digestion step and subsequent
purification. The W represents to alleles (A and T) in the SNP base position.
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4.4.3.3 Fluorescence studies of genomic samples

To determine whether the technique was viable on patient DNA, fluorescence studies were undertaken
on the samples that had been produced from the PCR of genomic DNA. The fluorescence studies
required equimolar concentrations at 1 UM of both the BRAF probe and the target PCR product. Each
time the PCR product was purified, firstly after the initial PCR reaction and subsequently after the
digestion of the strands to ssDNA, the yield dropped by ca. 85%. This meant that unfortunately only
very small amounts of purified sample were being produced and the fluorescence studies had to be
undertaken on unpurified ssDNA. Initial studies with the unpurified sample (Figure 4.16A) showed an
increase in fluorescence at 426 nm for both the mutant and the WT. This led to some control studies
whereby the BRAF probe alone was compared to the probe together with the components resulting
from the PCR and digestion process that remained in the samples (Figure 4.16B). This data showed
that there was a fluorescence increase upon addition of the probe to these components. In order to
account for the fluorescence increase, the components (Appendix Figure 7.7) were added to the
BRAF probe one by one and it was seen that the increase was due to the formamide, used to deactivate
the T7 exonuclease, and 2xQ mastermix provided as part of the PCR protocol (Figure 4.16C).

However, upon addition of the mutant sample, a 1.2-fold fluorescence /ncrease could still be
seen after taking into account the fluorescence emission increases due to the formamide and 2xQ
mastermix (Figure 4.16D). Significantly, there was also a fluorescence decrease observed with the WT
target when compared to the probe in the reaction mix.

There could be several reasons as to why the increase in fluorescence using the PCR product
was not as high as is normally seen using the synthetic targets. Firstly, this could be due to the
concentration of the PCR target not being in excess compared to the probe. However it is worth noting
that, the PCR product from the mutant DNA contains both the A and the T alleles, as the mutant sample

is heterozygous leading to a fluorescence emission dampening from the T base.
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Figure 4.16 A) The emission data from the study of the unpurified PCR samples compared to the emission of the probe alone,
B) the emission data from the study of the probe alone compared to the emission of the probe in the reaction mix, C) the
emission data from the study of the probe with formamide or 2xQ mastermix, demonstrating the components that caused a
fluorescence increase in the probe, D) the emission data from the study of; the probe alone, the probe and the reaction mix and
the PCR samples. All samples except the probe alone were still present in the reaction mix in A-D and finally E) shows the emission
data from the study of the purified mutant genomic PCR sample at (0.03 uM) and the probe at 1 uM (0.03 equivalence). The
purified products were in 10 mM sodium phosphate buffer, 100 mM NaCl at pH 7. The Aex = 350 nm, RT, Aem = 426 nm, room
temperature. The error bars show one standard deviation from three experimental repeats.

A small amount of purified mutant target was obtained and added to the probe. However, only
at 0.03 equivalence addition could be added. Nevertheless, a small increase in emission was observed
as expected (Figure 4.16E). This demonstrated that even at a low concentrations, the purified mutant
target produced an increase in fluorescence emission compared to the probe alone. Both the studies on
the unpurified and purified mutant target added to the evidence for the effectiveness of this anthracene

based BRAF probe in detecting point variants from PCR products.
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4.5 Conclusions

Although genomic analysis and DNA sequencing technologies are well established there are still avenues
to be explored that include obtaining accurate and quantitative data concerning allelic ratios. This
project has attempted to address this issue using BDP technology. It has been proven possible to detect
and distinguish between the A and T base difference between the mutant and WT BRAF gene in real
patient DNA samples. This project has also established that having longer target sequences does not
adversely affect the ability of the probe to identify a point variant correctly. Furthermore, a linear
dependence for the A and T base ratio has been established with the longer target sequences. This
provides evidence that it is possible to establish a fluorescence-based detection system whereby the
ratio of different alleles in a mixture of cells can be quantitatively established using a linear calibration

curve.
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4.6 Future work

Assay kit: 1 x probe; 2 x  synthetic
targets (wt & mt); PCR reagents;
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Figure 4.17 A diagrammatic representation of the future goal to create an assay kit that allows the determination of allelic ratios
of PCR amplified genomic samples using a calibration plot.

The future of this project will involve the development of an assay kit (Figure 4.17) that is viable for
the detection of SNP changes in patient samples. Initially, the PCR reaction will be automated, using an
automated liquid handler linked to a PCR thermocycler, in order to produce genomic products in
sufficient quantities. The fluorescence emission testing will be repeated with the purified PCR products
and the ratio of the A/T bases within the samples will be read off using a calibration plot similar to that

produced within the work described in this chapter.
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5.1 Introduction

In agriculture, the spread of pathogenic viral strains from one country to another can cause
significant economic damage. Therefore, techniques that accurately detect such viruses are of
paramount importance to prevent disease being rapidly spread across wide areas of the globe.

The potato (Solanum tuberosum) is in the top four of all food crops by volume.! As of 2016,
ca. 377 million metric tonnes of potato were being produced and consumed annually.? Potatoes
are known to be affected by approximately 40 different viruses,? with these infections having a
serious effect on potato production. Potato virus Y (PVY, genus Potyvirus, family Potyviridae) is
one of the few potato viruses that is found to cause worldwide loss of potato yield and production
quality.* This is particularly acute if the virus contaminates the potato seed supplies. To address
this the European Commission has begun to create High Grade (HG) seed potato production areas
across Europe. To create this HG system, it is important to have rapid monitoring systems of potato
seed to ensure fast and accurate diagnosis of potato viruses.® This can aid in controlling viruses
entering the HG seed potato areas.

This introduction will discuss the viruses used within this project and later will compare some
well-established biomolecular detection techniques. The final section will discuss the results from
an innovative virus detection method employing M13 bacteriophage (M13) as a scaffold for the
conjugation of deoxyribonucleic acid (DNA). This DNA-based assay detects the presence of potato

virus DNA using the technique linear dichroism (LD) spectroscopy.

148



Chapter 5 — M13 Sensing

5.2 Potato viruses

5.2.1 Potatoes

The potato plant is one of the most versatile and important food crops and is a staple food item
that is key to alleviate hunger in areas of poverty due to the high energy density of the crop. It
also has nutritional value, being rich in carbohydrates, potassium, protein and certain vitamins
such as vitamin C, B1, B3 and B6. Potatoes can in fact give provide up to 50% of the daily
requirement of vitamin C intake.®

The increasing importance of potatoes has heightened efforts to study and control the risk
of ‘potato enemies’ such as pests, bacterial wilt and viral diseases that affect the production of the
crop. The focus of this project is on the detection of viruses that can cause yield reduction in the
potato harvest. There are 40 known viral species that can infect potatoes and many cause problems
in their yield and marketability.3

Viruses are assembled from nucleic acid material, this can be RNA or DNA, enveloped by
a protein and/or lipid shell. The structure has evolved in a way such that the genetic material of
the virus can be protected from external environments allowing the genetic information to be
passed from one host cell to another.” The genetic material is the most significant part of the virus
that enters the host in order for viral replication to occur.® Viral pathogenic pandemics can be lethal

to populations of animals and plants as there are minimal ways known to fight viral infection.
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5.2.2 Potato virus'Y (PVY)

The largest international viral problem faced in the production of potatoes comes from
PVY.3 PVY infections in seed tubers can cause a loss of up to 85% of crop.® In 1931 Smith!© first
initiated a study on PVY and since then, it has become the 5™ most important plant virus based on
both economic and scientific significance.!! For this reason, the regulation and control of PVY is of
utmost importance to keep virus levels below set thresholds. PVY is transmitted by hemipteran
insects, and within these insects it is the aphid species that transmits more than 50% of potato
viruses.'> The method of transmission of the viruses is an important factor in order to choose
appropriate regulatory measures. The PVY virus has a non-persistent viral transmission mode. This
involves a very short probing action; the inoculation process is normally minutes to hours as
opposed to days to weeks with persistent transmission, and this is sufficient for the virus to enter
the epidermis of plant tissue.'3>'* This transmission can be carried out by over 50 aphid species.!>
The short transmission time of the PVY virus is a key reason as to why these viruses and their

vectors are incredibly difficult to limit and regulate.
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5.2.3 Potato virus structure

PVY is a filamentous virus and its genetic material is a single stranded RNA (ssRNA). The virus is
long, approximately 720-850 nm in length, and has a diameter of 12-15 nm (Figure 5.1).'® The
ssRNA genome is translated by the host cell into one long protein. This large polypeptide is then
post-translationally and co-translationally modified by proteases encoded by PVY into varying
functional proteins (Table 5.1). The RNA has a poly (A) tail at the 3’ end and has a protein that
is covalently bound to the 5’ end of the genome.!” The protein of interest that is often used for the
detection of the virus is the coat protein (CP). The outer capsid proteins are vital in the detection
of, and the ability to distinguish between, different viral species. It is copied approximately 2000
times in the PVY virus surrounding the RNA genome in a cylindrical inclusion body (CIb). The CP
is a very important phenotypic feature that is used to distinguish between a potyvirus such as PVY
and other potato virus species, such as potato virus A (PVA). For this reason, this project has
utilised the coat protein genes that are specific to PVY and PVA respectively for the design of the

detection system that will be discussed later.

12-15 nm
in diameter

/

Coat protein
(2]

|
1
Genomic RNA

Figure 5.1 The filamentous PVY virus structure containing the genomic RNA with repeat copies of the coat protein surrounding
it in a cylindrical inclusfon body.
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Table 5.1 A summary of the proteins involved in the structure, replication and pathology of PVY.

Protein

Protein Function

Viral genome linked protein (VPg)

Covalently binds to the phosphate of the 5'-nucleotide

of the genome to initiate the replication system.!8-1

First protein (P1)

Serine protease that is involved in the amplification of

the genome and can supress HC-Pro.2°

Helper component proteinase

(HC-Pro)

Cysteine protease that plays a role in the replication and

transmission of PVY.21-22

Third protein (P3)

Function is poorly understood but it is thought that the
protein is necessary for the replication of PVY and the

symptoms expressed by the virus.??

Potyviridae opening reading

frame (PIPO)

This protein is associated with P3 and is involved in cell-
to-cell movement.?*

First 6 kilodalton protein (6K1)

The exact function of this protein is unknown.??

Cylindrical inclusion protein (CI)

RNA helicase that has a role in cell-to-cell movement.2>

Second 6 kilodalton protein (6K2)

A protein involved in the anchoring of PVY to

Endoplasmic Reticulum type membranes.2°

Nuclear inclusion protein a (Nia)

Displays serine-like protease functions and is one of the

main proteases within potyviruses.?”

Nuclear inclusion protein b (NIb)

A RNA helicase that has RNA polymerase activity for the

replication of PVY.28

Coat protein (CP)

Involved in the encapsidation and motion of the PVY

virus. The virus is surrounded by 2000 copies of CP.?°
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5.2.4 Potato virus A (PVA)

The second virus to be detected in this project was chosen to be PVA, also from the potyviridae
family of viruses. PVA is another virus that is known in all parts of the world that potatoes are
produced. However, the importance of this virus is lower than that of PVY, due to its lower
incidence level. However, it can also cause a loss in the production of tuber if the PVA infection
reaches high levels.3%-3! Additionally, if the plants become co-infected with the potato virus X (PVX)
it can cause potato crinkle and mosaic symptoms. The virus is also transmitted by aphid species in
a non-persistent manner.3® There are four major strain groups of the PVA virus and studies
undertaken on the potato cultivar ‘King Edward’ demonstrated that the strains cause varying
problems, from strains that cause necrotic lesions to strains that cause no symptoms leading to a
difficulty in detection.3? The genome organisation of the virus is similar to that of PVY discussed

previously (Figure 5.1).
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5.2.5 M13 bacteriophage as a DNA scaffold

Structurally, viruses are highly organised nanoparticles that can be deployed as biological
scaffolds.333¢ M13 bacteriophage (M13) is an example of a virus that has been manipulated as a
scaffold for the use in chemistry, material science, and biological engineering.

M13 are filamentous viruses (Figure 5.2), from the Znoviridae family, that contain ssDNA
as their genetic material. These phage are specific in only infecting the bacterium Eschericia coli
(E. coli). The viral capsid is a protein filament comprising of 1 major coat protein, pVIII, and 4
minor coat proteins, pIII, pVI, pVII and pIX.3” These proteins aid the virus in entry, exit and cell
recognition upon contact with £. coli. The length of the virus depends on the size of the genome
and consequently the number of pVIII proteins surrounding capsid. The ssDNA is coiled forming a
tertiary structure of DNA within the surrounding capsid. The pVIII protein, which consists of 50
amino acids, can be modified and conjugated to oligonucleotides and the pVIII protein contains
many amino acids that allow for bioconjugation reactions. The key modification sites (Figure 5.2)
are:

1. The amine groups on the exposed Lysine 8, 40, 43, 44 and 48 and this is a result of these
lysine residues being more exposed than the other amino acids with amine functional groups. 38

2. Out of the four amino acids that contain carboxylic acid functional groups the carboxylic
acid groups on glutamic acid and aspartic acid 4 or 5 are the most reactive. This is due to the
fourth amino acid, glutamic acid 20, is more buried than the rest.32

3. The phenol groups are reactive to biotin modification at both tyrosines (21 and 24) in the

PVIII protein.3®
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Figure 5.2 An M13 virus labelled with the major coat proteins repeated along the length of the phage and the minor coat
proteins on either end. In the centre is the ssSDNA genome. The P8 protein and the key modification sites are also
highlighted.
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5.3 Linear dichroism detection systems

LD spectroscopy is a technique that uses linearly polarised light to give information about molecules
that are able to be artificially aligned along an orientation axis (Chapter 2). DNA and M13
bacteriophage, both being long and rigid, can be oriented in solution allowing electronic transition
moments to be gathered and changes in the alignment to be monitored using LD. Changes in
alignment would occur if a target or ligand, able to interact with them, was added to the solution
as the target-probe complex would induce an aggregation event.

As implied above, the key feature of M13 that makes it ideal for an LD based assay is its
shape. M13 is fibrous in morphology with a length of ca. 800 nm and a thickness of 8 nm. This
morphology means that the virus can be artificially oriented using fluid flow; a pre-requisite for
detection by LD. When aligned using Couette flow (Chapter 2) LD the M13 will give a distinct LD
spectrum (Figure 5.3). Each constituent of the M13 structure can be analysed in order to
understand the characteristic LD signal that it creates. When aligned under Couette flow the long
axis of the M13 will align against the predefined orientation axis giving high amplitude LD spectra.
The positive signals are the result of the transition moments that are parallel to the orientation
axis. The negative signals are the result of the transition moments that are perpendicularly aligned
against the orientation axis. The positive peak seen at higher wavelengths is due to short axis
transition absorptions from the tryptophan and tyrosine residues within the pVIII protein (Figure
5.3). At the lower wavelengths, between 250 and 260 nm, a negative peak can be seen. This is
due to the single stranded DNA (ssDNA) bases absorbing whilst being perpendicular to the long
axis of the M13. At the lowest wavelength between the ranges of 222 to 226 nm the positive peak
is predominantly due to the long axis transitional moments of the tryptophan residues within the
major coat protein. The n - ©* transitions of the pVIII protein on causes the negative peak seen

at 216 nm, with the peak at ca. 205 nm a result of = - ©* transitions.3®
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Figure 5.3 The characteristic LD spectra seen by M13-phage by shear Couette flow and the transition moments that result
in the signal.

The oligonucleotide based sensing research using LD and M13 began when Carr-Smith and
co-workers aimed to develop the M13 scaffold as a novel biomolecular PCR based DNA sensor.
The PCR based assay furthered the work in the group whereby a pathogenic £. co/ibacterium was
sensed using an M13 scaffold conjugated to antibodies specific to the £. coli* The PCR based
assay functioned by conjugating oligonucleotide primers to M13 able to anneal to a DNA target
strand that encoded an antibiotic resistance protein and PCR amplification occurred only if this DNA
target was present. The amplification of the target strand was monitored using LD spectroscopy
by detecting decay in the alignment of the M13-primer conjugates. The next section will explore
previous work by the group in developing a DNA based detection assay that becomes the basis of

a novel potato virus assay detected in this chapter.
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5.3.1 Bioconjugation of oligonucleotides to M13

M13 is easily modified, both chemically and genetically, for a variety of different functions. Phage
display, first demonstrated by Smith ef al, in 1985, is a technique that involves the genetic
maodification of M13 allowing the “display” of foreign molecules on the surface of the viral proteins
and has been used in many biological applications, for example imaging and sensing.4>%3
However, the use of M13 as a scaffold with this research used a much simpler conjugation
approach. In 2012 Lee et al, demonstrated the conjugation of oligonucleotides to M13 for the
hybridisation of these strands to oligonucleotide conjugated gold nanoparticles (referred to as DNA-
AuNPs).* The bioconjugated system was then exploited to detect proteins. The method utilised
within the Tucker and Dafforn groups of conjugating an oligonucleotide strand to the pVIII protein
of the M13 has been published previously.*® The first step involves the amine groups on the lysine
residues of the major coat protein of the M13-bacteriophage (pVIII) forming a peptide bond to the
functional NHS-ester group, on a heterobifunctional linker,  succinimidyl-4-(N-
maleimidomethyl)cyclohexane-1-carboxylate (SMCC) linker. The oligonucleotide probes are
designed to have a thiol modification on either the 5’- or the 3’- end (Figure 5.4) and the thiol
group is incorporated onto the strands as a disulphide (Figure 5.5) in order to protect inter-strand
thiol linkages. Tris(2-carboxyethyl)phosphine (TCEP) is used in order for the disulphides to become
reactive thiol groups. The thiol group on the oligonucleotide will bind the maleamide group on the

SMCC linker allowing for the bioconjugation of the strand to the M13.%
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Figure 5.4 The disulphide monomers synthesised onto oligonucleotide strands that aid in the conjugation to M13. The

disulphide group is reduced using TCEP in order to give a reactive thiol group that will form a covalent linkage to the SMCC
linker group on the PVIII protein of M13-phage.
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Oligonucleotide
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phosphate, 150 mM NaCl, A
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Figure 5.5 The bioconjugation of the pVIII protein of M13 to a thiol modiified oligonucleotide probe using the linker SMCC.
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5.3.2 Previous work

Previously within the Tucker and Dafforn groups, the M13 scaffold and its subsequent
bioconjugation to antibodies or oligonucleotide probes has been used for detecting both pathogens
and DNA targets.*®%! The creation of a DNA biosensor was progressed by creating an M13 and
oligonucleotide probe (M13-probe) system that acts as the basis for a DNA detection assay using
LD spectroscopy. The detection system was designed to be a ‘sandwich’ assay (Figure 5.6). This
involved one set of M13 phage conjugated to DNA probes designed for the 5'- end of the target
sequence and another set of M13 phage conjugated to DNA probes designed for the 3'- end of the

target sequence.*

Target strand

" s M

Variable base length 2R SRON A
A VAN NSN3
5 NS\ 3
X v & = ) J
complementary for: complementary for:

VA VA U A VAN

e

M13-Probe 1 M13-Probe 2

|

\ M13-probe aggregate
upon probe target

M13-probe system e .
hybridisation

Figure 5.6 The M13 'sandwich’assay. The left-hand side shows the M13-probes without target present and the right hand
side shows the M13-probes when the correct target is present.

Once the conjugation of the two probes to their respective M13 phages had occurred, the
samples were purified using size exclusion chromatography (SEC) in order to separate the M13-
probes from any free oligonucleotides (Figure 5.7A). In each case, the peak collected from the
SEC purification was confirmed to be the M13 conjugated to the probes using gel electrophoresis
(a technique discussed in detail in Chapter 2) (Figure 5.7B). Gel imaging revealed that this first
peak contained some M13 bacteriophage with unconjugated pvIII proteins as well as the desired

M13 bacteriophage with the conjugated pVIII proteins.*®

160



Chapter 5 — M13 Sensing

¢)) 2 3

A 22 —269 nm B 51
1800 — 280 nm 39
16004 —— 556 nm (x10)
1400 4 Unreacted Probe 1 2
1200 -
=) M13-Probe 1 Small molecules
< 1000 S 1
witpVIII
800 - / x P
600 13
pVIII-DNA:Probe
400
] unconjugated
0 Y T T T LR T T 10 thVIII
0 20 40 60 80 100 120 140
Collected Fractions | C11->05 | | 55610 | | H1>H1s | Marker wtM13 M13 pVIII-DNA

Elution Volume/ mL pVill Conjugate

Figure 5.7 A) An example of the SEC chromatogram after DNA (Probe 1) conjugation to M13 phage. Three different
wavelengths are monitored: The wavelengths at 269 nm and 280 nm are indicative of the M13 DNA and proteins. At 556
nm the rhodamine tag on the probe can be monitored; B) sodium dodecy! sulphate-poly acrylamide gel electrophoresis
(SDS-PAGE) of the denatured pVIII protein of WT-M13 (lane 2) vs the peak from the denatured pVIII protein of M13-probe
conjugates (lane 3) and a marker in lane 1.

In the presence of the correct target sequence, which is complementary for the two probes
that are present in the sandwich assay system, a DNA hybridisation event caused the M13-probe
systems to be bound together and aggregate (Figure 5.8A). This disturbed the alignment of the
M13 in flow, causing a decrease in the signal (Figure 5.8B). When the experiment was repeated

with a target that was non-complementary to the probes no change occurred in the LD signal.
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Figure 5.8 A) the aggregation of M13-probes as the correct target causes hybridisation and duplex formation and B) the
resulting decay in LD signal as increasing concentrations of target are added to the system.
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A proof-of-concept assay for the ampicillin resistance gene in the plasmid pBR322% was
then designed in order to test its application. The assay was able to detect synthetic
oligonucleotides at a sensitivity of 2 nM target concentration and was also able to discriminate
between targets of varying lengths. Detection was also possible at temperatures as high as 65 °C,
demonstrating that the assay was more robust than other DNA detection methods.

The decay in LD signal seen upon target binding was ascribed to the formation of an
aggregated M13-probe structure. In order to determine whether this hypothesis was correct the
M13-probe and target complexes were studied using transmission electron microscopy (TEM) on a
copper nanogrid. The results can be seen in Figure 5.9. The TEM experiments proved that when
the target was not present, or a non-specific target was present, the M13-probes did not form
super structures. However, when the target was present, an aggregate was seen, which was
consistent with the decay in LD signal being due to a decrease in alignment of the M13-probes and

an increase in aggregation as a result of target binding.
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Figure 5.9 TEM images of a) M13-probes with no target present, b) M13-probes with non-specifc DNA, and c) the M13-
probes with the correct target present. The dark patches are hypothesied to be uranyl acetate precipitation due to residual
buffer being left within the samples. The red arrows point to the M13-probes that can be seen by thin white lines
demonstrating their filamentous structure.

This study showed the potential of an LD based detection system for a wide range of targets

and became the basis of the potato virus detection system in this chapter.

163



Chapter 5 — M13 Sensing

5.4 Aims of project

Despite the success of this proof-of-concept study, further aims were identified as follows:

A primary aim was to further develop the lab-based LD assay system to detect new targets. One
of these was chosen to be the potato virus strain (PVY) both as a synthetic target and also the PVY
coat protein (CP) gene within a dsDNA plasmid commonly utilised in industry to study the virus. A
novel high-throughput assay method was also to be tested by using samples in a 96-well plate
monitored at one wavelength (205 nm).

The secondary aim of this project was to simplify the system for in-the-field use by determining
whether the assay could be multiplexed to detect two viruses at once (with the use of dyes
conjugated to the M13-probe systems). This was a two-fold process and was carried out as follows:

1. The design of a novel system whereby both probes (probe 1 (P1) and probe 2 (P2)) for

one target (e.g. just PVY) were to be added to one phage (Figure 5.10). If successful,
this system would reduce the amount of oligonucleotide and bacteriophage material
utilised and also decrease the steps required to create an M13-probe-dye conjugated

system.

PVY-dual probe PVY-dual probe
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Figure 5.10 The 2 probe, 1 phage sandwich assay where P1 and P2 are the probes for the PVY virus and are conjugated
onto the same phage.
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2. A Cy3 dye was to be added to one bacteriophage system, discussed in the step above,
that detects one target (the PVY virus) and a Cy5 dye to be added to another system that
detects a second target (the PVA virus). The decrease in LD signal at a particular dye
wavelength would then indicate which target is present in the system (Figure 5.11). This
sensing system with the Cy3 and Cy5 dyes would also allow for the design of an assay that

operates in the visible region leading to potential in-the-field devices that are simple and

portable.
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Figure 5.11 The two probe, one phage system conjugated to either a Cy3 dye (pink) for the PVY target or Cy5 dye (blue)
for the PVA target. When the PVY target is present a decrease would be seen in the Cy3 signal under LD and when the PVA
target is present, a decrease in the Cy5 signal would be seen.
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5.5 Results and Discussion

5.5.1 PVY DNA sensor design, purification and characterisation

The PVY detection system was designed using the DNA probes and targets that are commonly
used for PCR based reactions to detect potato viruses (Table 5.2).* The target was chosen to be
the coat protein cDNA sequence generated after reverse transcription of the gene from the PVY
virus. In order to easily determine whether the probes had conjugated to the M13, a fluorescent
tag, fluorescein, was incorporated into both strands (Figure 5.12). These fluorescent tags would
also enable the monitoring of the fluorophore absorption at 495 nm during the size exclusion
chromatography (SEC) purification of the M13-probe systems.

The DNA probes were designed to be 21 bases long with poly thymine (polyT) linker bases
on the 5’- end of probe 1 and the 3’- end of probe 2 in accordance with previous studies* that had
established that this was the optimum length of probe for sensitive target detection. PVY probe 2
(PVY-P2) and the PVY target were synthesised using solid-phase oligonucleotide synthesis
(Chapter 2) and PVY probe 1 (PVY-P1) was purchased from Sigma Aldrich. The purity of all
oligonucleotides were checked using reverse phase high performance liquid chromatography (RP-
HPLC). The purified oligonucleotides were characterised using negative electrospray ionisation
mass spectrometry (ESI-MS) (negative mode). The RP-HPLC and ESI-MS results are displayed in

Table 5.2 and the resulting chromatograms and spectrums can be seen in Appendix 7.3.1.
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Table 5.2 The oligonucleotide sequences for the PVY probes and targets (including a non-specific (NS) target) used within
this research. The SH represents a thiol modification and the FAM represents the fluorescein modification. The PVY-P1
was purchased from sigma Aldrich and so the mass and the HPLC purity have not been included here.

Expected Observed HPLC
Name Sequence (5’ -> 3') ]
Mass Mass purity (%)
PVY P1 HS - FAM- TTTTTTTTTGAAAATGGAACC 7437 N/A N/A
PVY P2 TCGCCAAATGTCA ITT — FAM - SH 7554 7555.8 98
PVY Target TGA CAT TTG GCG AGG TTC CAT TTT CA 7967.2 7966.24 98
NS control TGA AAA TGG AAC CTC GCC AAATGT CA 7972.51 7971.32 100

r
CPG-succingl =0~~~ O Ss g g ODMT SH-3

r
A~~~ Sg~~~_oomT  5'-HS
g ///\,o‘?,o s

,(\\0 \/NY

6-Fluorescein (6-FAM)

Figure 5.12 A) the fluorescein phosphoramidite monomer used to tag the oligonucleotide probe for visualisation during
the SEC purification procedure post conjugation of the probes to the M13. The DMT group represents the dimethoxytrity!
protecting group and B) the disulphide monomers that are reduced to form thiol groups for the conjugation of the probes
to the M13. The SH-3’is used for probe 2, to conjugate to the M13-phage from the 3*- end and the 5-HS is used for probe
1, to conjugate to the M13-phage from the 5-end. The DMT group represents the dimethoxytrityl (DMT) protecting group
and the CPG is the controlled pore glass column used during solid phase oligonucleotide synthesis.
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5.5.2 M13 bacteriophage purification and characterisation

Once the DNA probes were made and purified, the next stage of the assay was to produce the
M13 bacteriophage. The M13 was produced through infection of Escherichia coli (E. coli) with a
small amount of seed virus. Upon overnight incubation the virus subverts the protein production
machinery in the bacterium to produce many copies of its own structure, thereby amplifying the
concentration of M13 in solution. Once this has occurred it is relatively straightforward to purify
the phage from the broth using a well characterised set of extraction steps (Chapter 6).%¢

After M13 production its concentration was determined using UV-vis spectroscopy (Figure

5.13A) using Amax=269nm, and assuming € (at 269 nm) of 3.84 cm?mg.*® A quality check was

also carried using LD to determine whether the M13 was structurally intact. As the characteristic
signal was seen (Figure 5.13B), the M13 was ready to be used in the later bioconjugation

reactions with the oligonucleotide probes.
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Figure 5.13 A) The characteristic UV-vis spectrum of M13 and B) The characteristic LD spectrum of M13 under Couette
flow alignment. The M13 samples were characterised in 100 mM potassium phosphate buffer, 150 nM NaCl, at pH 7.2, at
room temperature (RT).

Before conjugation of the DNA to the M13 it was important to determine whether the
oligonucleotides modified with the thiol and fluorescein were still able to bind the synthetic PVY
target sequence. To assess this native polyacrylamide gel electrophoresis (native-PAGE) (Chapter
2) binding studies were carried out (Figure 5.14 and Table 5.3). After several repeats of the
native-PAGE gels they were not showing intense or clean bands as desired however, the

simultaneous binding of PVY-P1 and PVY-P2 to the target could still be evidenced by the
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appearance of a higher band than that for both the probes and the target alone (Lane D of Figure
5.14). As this target sequence is commonly used in RT-PCR assays for the detection of the PVY
virus it was assumed that the binding of this sequence to its target sequences will be sufficient

enough to carry out further studies.*
4
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Figure 5.14 A native-PAGE of the PVY probes and targets to provide evidence for probe hybridisation to the PVY CP target

used in this assay. All binding studies were carried out at 1 uM DNA concentration 100 mM potassium phosphate buffer,
150 nM NaCl, at pH 7.2.

Table 5.3 The content and concentration of DNA in each well of the gel seen in Figure 5.14.

Lane DNA content DNA concentration (uM)
in 20 pL
A PVY-P1 1
B PVY-P2 1
C PVY Target 1
D PVY-P1 + PVY-P2 + PVY Target 1
E PVY-P1 + PVY Target 1
F PVY-P2 + PVY Target 1
G NS control 1
H PVY-P1 + PVY-P2 + NS control 1
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5.5.3 M13 bacteriophage bioconjugation

Once the bioconjugation procedure*® had been carried out, the M13-probe conjugates were purified
to remove any DNA probes that had not undergone conjugation (see Chapter 6 for more details).
Purification was carried out using SEC, as discussed earlier in this chapter and in Chapter 2.
During the elution procedure, three different wavelengths were monitored to determine which
peaks contained the M13-probe conjugates and which contained any unreacted DNA or small
molecules. The 269 nm signal provides information on the M13 bacteriophage (the protein capsid),
the peak at 260 nm is indicative of DNA from both the virus and probes and the one at 495 nm
corresponds to the fluorescein tag on the oligonucleotide probe (Figure 5.15). The peak for the
fluorescein tag was used to identify the probes on the absorbance spectrum and to ensure that

there was a way to provide quantitative evidence of the bioconjugation procedure.
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Figure 5.15 An example of the size exclusion chromatogram produced during the purification of the M13-phage after
conjugation to PVY P1. All samples were eluted into 100 mM potassium phosphate buffer, 150 nM NaCl, at pH 7.2, at RT.

The samples eluted from each peak were confirmed by mass spectrometry by previous
members of the Tucker group*® and were found to be as follows: The first peak that eluted, at
approximately 40 mL in the chromatogram, contained the desired M13-probe conjugates, along

with any unconjugated M13 (referred to as wild type M13 (WT-M13)), as these have the largest

170



Chapter 5 — M13 Sensing

masses. This was confirmed by UV-vis spectroscopy and LD spectroscopy and the results can be
seen in Figure 5.16. This was as expected as the M13-probe conjugates are less retarded on the
column and are eluted first into what is known as the void volume (1%5). The second peak at
approximately 90 mL represents unreacted oligonucleotide probe as indicated by the high intensity
of the 495 nm signal. The final peak begins eluting at approximately 105 mL and consists of the
other small molecules, for example L-cysteine, which was involved in the bioconjugation procedure.
The chromatogram suggests that only a small number of oligonucleotide probes were conjugated
to the M13 as the 495 nm absorbance peak of the fluorescein in fraction one compared to fraction
two is very small. Previous work had established that approximately 100 SMCC groups are
incorporated onto the M13-phage during each conjugation reaction.*® Once the M13-probes had
been purified, the concentration of sample was determined using UV-vis spectroscopy. The typical
absorbance spectra of the M13-probe 1 conjugate can be seen in Figure 5.16A. The appearance
of a fluorophore peak at Amax=495nm, provides evidence for successful probe conjugation,

compared to the M13 spectrum seen in Figure 5.13A.
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The fractions eluted from the purification were run on a UV-vis spectrophotometer to
determine the concentration of M13-probe in each fraction. LD spectroscopy was also undertaken
to ensure that the M13-probe samples gave a characteristic LD spectrum, to confirm that the
structure of the M13 was still intact after conjugation of the DNA probes. The higher the
concentration of the M13-probe fraction under UV-vis spectroscopy (Figure 5.16A) the stronger

the LD signal observed (Figure 5.16B).
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Figure 5.16 A) The UV-vis absorbance spectra of all the fractions eluted in peak 1 from the SEC purification in Figure 15

and B) The corresponding LD spectra of all the eluted fractions of PVY M13-probe 1. All samples were in 100 mM potassium
phosphate buffer, 150 nM NaCl, at pH 7.2, at RT.
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5.5.3.1 Effect of bioconjugation on LD alignment

A potential problem with the assay was that conjugation of the DNA probes to the pVIII protein of
the M13 could result in a disruption to the M13 alignment, resulting in a reduction in the LD signal.
However, the data in Figure 5.17 demonstrates only a small change in LD signal between WT-
M13 and the PVY M13-probe system. The PVY M13-probe system refers to a sample mixture that
contains both the M13 conjugated to probe 1 (M13-P1) and the M13 conjugated to probe 2 (M13-
P2). This indicated that the phage alignment was not significantly affected by DNA conjugation.

This was similar to the previous studies conducted.*®
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Figure 5.17 The LD signal at 205 nm of WT-M13 versus the LD signal at 205 nm of the PVY M13-probe system (both
samples were at 1 nM concentration of phage). All samples were in 100 mM potassium phosphate buffer, 150 nM NaCl, at
pH 7.2, at RT. Data shows n=3 and one standard deviation.
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5.5.4 PVY detection studies

The main aim of this project was to determine whether the M13-probe system could be
used as an assay to detect the PVY virus. Therefore, an important step in this process was to
determine whether the LD signal of the conjugated M13 could change in the presence of the target,

as outlined below.

5.5.4.1 Control studies

To ensure any decay in LD signal seen in the later experiments was due to the M13-probe system
binding to the PVY target, and not any non-specific interactions, control studies were undertaken.
The results showed that firstly no decay in LD signal, compared to the WT-M13 alone, when an
equimolar amount of either the PVY target or the non-specific (NS) control was added to WT-M13
(Figure 5.18A). A similar result was seen when the NS control was added to the PVY M13-probe

system (Figure 5.18B).
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Figure 5.18 A) The LD spectra of the WT-M13 (red), the WT-M13 with the PVY target (black) and the WT-M13 with the

NS control (blue) and B) The LD spectra of the PVY M13-probe system with no target (red) and the NS control (black). The
samples were at 1 nM in 100 mM potassium phosphate buffer, 150 nM NaCl, at pH 7.2 at RT.

174



Chapter 5 — M13 Sensing

5.5.4.2 PVY detection

The next step was to determine whether the PVY target could be detected using LD
spectroscopy. This was done by adding aliquots of target oligonucleotide to the PVY M13-probe
system and monitoring the change in LD signal upon each addition. The signal was differentiated
from the noise by defining a threshold based on the standard deviation (SD). If the signal was
more than 4 times the SD then it could be read as signal as opposed to noise. All data presented
in this chapter has been calculated to be above this signal to noise threshold. As expected, a decay
in LD signal was observed as increasing concentrations of PVY target were added to the PVY M13-
probe system (Figure 5.19A) The lowest concentration of PVY target that could be detected was
50 pM (or 0.05 nM) (Figure 5.19B). This is comparable to the limits of detection of immunological
methods such as the lateral flow immunoassay (sensitivity at 0.1 nM)#-30 and other DNA based

detection methods (sensitivity at 2 nM)>! that do not require amplification.
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Figure 5.19 A) The full LD signal decay of the PVY M13-probe system after the addition of increasing equivalence, up to
1 nM, of PVY-target compared to phage and B) the decay in LD signal at 205 nm of the PVY M13-probe system with
increasing concentrations between 0 nM and 0.4 nM PVY-target for sensitivity studies. The concentration of the PVY M13-
probe system was at 1 nM. The samples were in 100 mM potassium phosphate buffer, 150 nM NaCl, at pH 7.2, at RT. Data
shows n=3 and one standard deviation.

175



Chapter 5 — M13 Sensing

5.5.4.3 A novel high-throughput LD system

One of the benefits of ELISA tests is the ability to use a 96-well plate for detection which
increases the number of samples that can be analysed at one time. Up to this point, all previous
work on the LD assay system had involved the time-consuming process of recording an LD
spectrum for each sample. However, in order to create a high throughput detection device, ideally
there would be a set-up whereby changes at one specific wavelength can be monitored, rather
than taking a whole spectrum. Also, the system should be able to detect more than one sample
(multiplexing) without the need for manual insertion of samples, one by one.

A high-throughput system, based on 96 well plates (designed and assembled by Dr Charles
Moore-Kelly within the Dafforn group) had previously been created that enables the detection of
the samples at one wavelength, the M13 peak at 205 nm. Each sample is injected along a quartz
capillary which induces alignment in the M13 with its long axis parallel to the flow direction in a
Couette cell (Figure 5.20). Using this novel system, to begin with aliquots of the PVY target were
added to WT-M13, set at a concentration of 1 nM. As expected, no change in LD signal was

observed (Figure 5.21A).
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Figure 5.20 A schematic that demonstrates the high-throughput LD system created by Dr Charles Moore-Kelly within the
Dafforn group. The sample is sent from a 96-well plate by an autosampler using a HPLC pump into the LD
spectrophotometer.
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Figure 5.21 A) The change in alignment of 1 nM WT-M13 without any probes conjugated with increasing equivalence of
PVY target and B) the change in alignment of 1 nM of M13-P1 and M13-P2 with increasing equivalence of PVY target., All
samples were in 100 mM potassium phosphate buffer, 150 nM NaCl, at pH 7.2, at RT. Data shows n=3 and one standard
deviation with linear regression analysis and line of best fit.

Then the PVY target was added in the same way to the PVY M13-probe system. LD data
from these samples showed a concentration dependent decrease in LD signal amplitude (Figure
5.21B), which was consistent with binding to the PVY target by the PVY M13-probe system,

causing a decrease in alignment.
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5.5.4.4 Plasmid detection system

In order to make the assay more relevant to the detection of raw target samples, a double
stranded DNA (dsDNA) target was required. In order to test the hypothesis that dsDNA could also
be detected by the probe system a plasmid containing the same PVY CP gene was chosen. A small
volume of such a plasmid was a kind donation by Dr Christophe Lacomme from the Science and
Advice for Scottish Agriculture (SASA). Once it had been confirmed (through DNA sequencing) that
the PVY CP gene sequence was present within the plasmid (Appendix Section 7.3.2), the same
LD experiment was repeated. To facilitate melting of the plasmid, the solution was first heated to
85 °C, above which the M13 bacteriophage becomes unstable, to which the PVY M13-phage system
was added before cooling to room temperature (RT). Plasmid detection was found to be possible
using the maximum concentration of sample available (30 pM) as shown by the data in Figure
5.22. A control plasmid pUC19, which did not contain the PVY CP sequence, gave no change in

signal under the same conditions.
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Figure 5.22 The LD signal at 205 nm of the M13-probe system without target compared to after the addition of a contro/
pUC19 plasmid (no decay in signal) and the PVY plasmid (decay in signal). The concentration of phage was at 1 nM and
the concentration of the plasmids were at 30 pM. All samples were in 100 mM potassium phosphate buffer, 150 nM NaCl,
at pH 7.2, at RT when the LD was monitored. Data shows n=3 and one standard deviation.
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5.5.5 Towards multiplexed systems

In the aims of this chapter, it was hypothesised that the detection of targets could be
multiplexed to create a rapid yet simple detection device for potential in-the-field use. In order to
test this, the simultaneous detection of PVY and PVA viruses was studied using an M13-probe dye

conjugate system as outlined below.

5.5.5.1 PVA sensor design, purification and characterisation

As done previously for the PVY system, the PVA detection system was designed using probes and
targets used for its detection in PCR based reactions within industry (Table 5.4).* The new PVA

target has a completely different sequence to the PVY target (Table 5.2).

Table 5.4 The oligonucleotide sequences for the PVA probes and targets used for the assay. The SH represents a thiol
modification and the FAM represents the fluorescein modification.

Expected Observed HPLC %

Name Sequence (5’ 2> 3')
Mass Mass purity
PVA-Probe 1 SH — FAM- TTTCCACGCTTAAAATCAATG 7376 N/A N/A
PVA-Probe 2 ACATCAAAACTGACACTTTTT-FAM-SH 7246 7247 100
PVA Target ~ AGTGTCAGTTTTGATGTCATTGATTTTAAGCGTGG 10853 10853 99.91
NS Control TGA AAA TGG AAC CTC GCC AAATGT CA 7972.51 7971.32 100

In order to determine whether the thiol and fluorescein modifications were still able to bind the
PVA target, native gel electrophoresis binding studies were carried out as also done previously for
the PVY system. The probes were designed to be 21 bases long with poly thymine (polyT) linker
bases at the 5’- end of probe 1 and at the 3’- end of probe 2. In electrophoresis experiments, the
binding of PVA probe 1 (PVA-P1) and PVA probe 2 (PVA-P2) to the complementary PVA target
was evidenced by the appearance of a higher band than both the probes and the target alone

(Lane D of Figure 5.23). The conditions in each well are given in Table 5.5.
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Figure 5.23 A native-PAGE of the PVA probes and targets to provide evidence for probe hybridisation to the PVA CP target
used in this assay. All binding studies were carried out at 1 uM DNA concentration 100 mM potassium phosphate buffer,
150 nM Nadl, at pH 7.2.

Table 5.5 The contents and concentration of DNA in each well of the native-PAGE gel in Figure 5.23.

Lane Lane content DNA concentration (pM)
in 20 pL
A PVA-P1 1
B PVA-P2 1
C PVA Target 1
D PVA-P1 + PVA-P2 + PVA target 1
E PVA-P1 + PVA target 1
F PVA-P2 + PVA target 1
G PVA-P1 + NS control 1
H PVA-P2 + NS control 1
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5.5.5.2 Two probe, one phage system

As described in the aims section, for a multiplexed system it was hypothesised that the assay could
be simplified by using a two probe, one phage system. In other words, a sandwich assay system
was now considered whereby both probes (probe 1 and probe 2) for the target sequences of
interest were conjugated to one M13 phage rather than two. The assay would work in the same
way as described previously (Figure 5.10) except that less material would be used and the
conjugation steps would be reduced, allowing for a less complicated system that could still be
adapted for the addition of dye tags later.

M13 with two different DNA probes attached were therefore prepared with probe 1 and
probe 2 for the PVY target conjugated to one phage and probe 1 and probe 2 for the PVA target
conjugated to another (Figure 5.10). The systems were named PVY-dual probe and PVA-dual
probe respectively. The hetero-functionalised phages were prepared and purified using the
previously described bioconjugation procedure (details in Chapter 6). However, this time two
different probe strands were added to the M13 at the same time. To determine whether this new
system could function as desired, 1 nM of each M13-probe was treated with 1 nM of target. As
expected, the alignment of the PVY-dual probe phage only decreased when the PVY target was
present along with its complementary strand (Figure 5.24A). The same occurred for the PVA-

dual probe phage in the presence of the PVA target only (Figure 5.24B).
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Figure 5.24 LD spectra of the two probe, one phage system. A) PVY-dual probe phage demonstrating a decay in signal
only when the PVY target is present; B) PVA-dual probe phage demonstrating a decay in signal only when the PVA target
Is present. All samples were in 100 mM potassium phosphate buffer, 150 nM NaCl, at pH 7.2, at RT.
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An interesting phenomenon can be seen in these LD results. If binding were leading to a
universal loss in alignment then all the peaks would tend towards a zero value. In other words, the
data should show all the positive peaks decreasing and all the negative peaks increasing until the
LD d[OD] value becomes 0, showing a fully unaligned M13 aggregate. However, as can be seen in
Figure 5.24A and Figure 5.24B all the peaks decrease towards more negative values when the
probes bind their respective targets. A similar phenomenon was seen in the PCR-based assay
designed previously within the group (discussed in Chapter 1).*° The work published described
the process of using PCR to amplify strands of DNA attached to an M13 scaffold in which PCR was
triggered by DNA target binding. The presence of the amplified target strand resulted in an
inversion of the LD signal (Figure 5.25) rather than its hypothesised disappearance.®® If the
original signals of the M13 under LD are examined, the pVIII protein is oriented at a 20° angle
compared to the long axis of the virus. From the literature, it is known that if the virus aligns at
exactly 54.7°, then no LD signal will be seen. In contrast, if the angle is aligned at less than or
greater than 54.7°, a positive or negative LD signal will be seen respectively.>?> This means that
with the pVIII protein angled at 20° all that is required for a negative signal is greater than 34.7°
shift away from the orientation axis. The presence of a target might be expected to increase the
rotational drag of the M13 against the orientation axis, which could cause an inversion of the LD
signal, which could explain the data in Figure 5.24. This would suggest that although the target
is being detected, it is not through a complete loss in alignment but in the creation of a new

alignment triggered by aggregation.
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Figure 5.25 The comparison of LD spectra published by Carr Smith et al.*, from the target pathogen DNA being absent
(red) vs the pathogen DNA being present (blue) where M13 is conjugated to primers specific to the pathogen DNA.
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5.5.6 Multiplexed detection using dye-tagged phage

With the 2 probe, 1 phage system being shown to work, the next step was to decide on two dyes
that would bring the detection system into the visible region, to allow for smaller portable detection
devices to be designed, and allow for the distinguishing of two DNA targets at once. The chosen
dyes were Cyanine 3 (Cy3) and Cyanine 5 (Cy5), both commercially available with NHS-ester
functional groups to allow for direct conjugation to the M13 after first conjugating the phage to
the DNA probes. The conjugation was done in this order to ensure that the DNA probes had enough
tether sites, as attaching DNA strands to phage is known to be inefficient.“¢ From previous studies
in the Dafforn group, Cy3 and Cy5 are known to conjugate efficiently onto M13 and align under
Couette flow giving absorbance peaks of Amax = 570 nm and Amax = 650 nm respectively.>? It was
hypothesised that their absorption maxima would be sufficiently far enough apart that they could
be used together in an assay system. The Cy3 dye was accordingly directly conjugated onto the
PVY-dual probe system and the Cy5 dye conjugated onto the PVA-dual probe system by reacting
the NHS-ester functionalised dyes with the the pVIII proteins of each phage. An example of what

was to be the expected result can be seen in Figure 5.26.
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Figure 5.26 A visual representation of the M13 with PVY probes 1 and 2 conjugated to the Cy3 dye (left) and the M13
with the PVA probes 1 and 2 conjugated to the Cy5 dye (right).

184



Chapter 5 — M13 Sensing

5.5.6.1 UV-vis and LD studies of the phage-dye systems

Through UV-vis spectroscopy it could be seen that the PVY-dual probe phage Cy3 system gave a
peak at 269 nm for the bacteriophage and two additional peaks at 500 nm and 550 nm attributable
to the Cy3 dye (Figure 5.27A). Under alignment in Couette flow, the two Cy3 peaks can be
observed in the LD spectrum at 515 nm and 555 nm (Figure 5.27B). This gave confirmation that

the Cy3 had indeed been successfully conjugated onto the PVY-dual probe phage.
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Figure 5.27 A) The UV-vis spectrum of the PVY-dual probe phages with the Cy3 peak appearing between 550 nm and
600 nm confirming conjugation and B) The LD spectra of Cy3 conjugated to the PVY-dual probe phages. The appearance
of peaks between 450 and 600 nm demonstrates the successful Cy3 conjugation to the PVY-dual probe phages. The sample
was in 100 mM potassium phosphate buffer and 150 nM NaCl at pH 7.2 at RT.

The same results were observed for the corresponding Cy5 system, whereby the PVA-dual
phage Cy5 system gave absorption bands at 605 nm and 655 nm, attributable to the Cy5 dye
(Figure 5.28A). Similarly, two peaks in a similar wavelength region (598 nm and 645 nm
respectively) were seen in the corresponding LD spectrum (Figure 5.28B). This confirmed that

the Cy5 had also been successfully conjugated onto the PVA-dual phage system.
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Figure 5.28 A) The UV-vis spectrum of the PVA-dual probe phages with the Cy5 peak appearing between 550 nm and
700 nm confirming conjugation and B) The LD spectra of Cy5 conjugated to the PVA-dual probe phages. The appearance
of peaks between 550 and 700 nm demonstrates the successful Cy5 conjugation to the PVA-dual probe phages. The sample
was in 100 mM potassium phosphate buffer and 150 nM NaCl at pH 7.2 at RT.
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When comparing the absorption spectra of the PVY-dual phage Cy3 and to the PVA-dual
phage Cy5 systems the ratios of dye/phage signal are considerably different suggesting more
efficient conjugation of the Cy5 dye to the PVA-dual probe system. For both the Cy3 and Cy5 peaks
seen in the UV absorbance and the LD spectra there are two peaks attributable to the dyes. This
is known to be an indication of the dyes forming H-aggregates when bound to the bacteriophage.
The H-aggregates could be as a result of covalent interactions of the dyes on the same virus or

dyes on other virus particles.>*
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5.5.6.2 DNA detection with the phage-dye system

The ability of the new phage conjugates to sense target DNA was then tested. For both systems,
the result was a decrease in the LD signals for both the dye and phage backbone regions of the
LD spectrum in the presence of 1 nM of target DNA, confirming that the new constructs were
indeed functional (Figure 5.29A and Figure 5.29B). In Figure 5.29A the LD peaks representing
the bacteriophage backbone at 204 and 222 nm showed a decrease of 40% and 48% respectively

and the LD peaks representing the Cy3 at 510 and 547 nm showed a decrease of 28% and 33%

respectively.
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Figure 5.29 A) The LD signal of the PVY-dual probe Cy3 system with no target present (black line) and with target present
(pink line). The concentration of M13 to DNA target was 1 nM M13: 1 nM target and B) the LD signal of the PVA M13-
probe Cy5 conjugates with no target present (black line) and with target present (blue line). The concentration of M13 to
DNA target was 1 nM M13: 1 nM target. The samples were in 100 mM potassium phosphate buffer, 150 nM NaCl at pH 7.2
at RT.
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5.5.6.3 Multiplexed detection using the phage-dye systems.

The two phage-dye systems were then combined together in order to assess whether the
simultaneous detection of two targets, (by comparing with the single phage spectra), was possible
in one assay. The Cy3 and Cy5 peaks in the resulting LD spectrum are shown in Figure 5.30. The
Cy3 dye is responsible for the 515 and 555 nm peaks and the Cy5 dye is responsible for the 598
nm and 650 nm peaks. Changes in the LD spectrum upon addition of the two DNA targets were
then monitored at 555 and 598 nm for the Cy3 and Cy5 dye systems respectively. These peaks
were chosen as they best represent the appropriate maxima of the two dyes (circled in Figure

5.30).
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Figure 5.30 An example of the spectra seen when the Cy3 and Cy5 M13-probes are mixed into one assay. The twc
highest peaks were chosen to be studied for the multiplex assay for simplicity of analysis. The two peaks can be seeri
circled; the pink at 550 nm is the Cy3 peak and the blue circle at 600 nm is the Cy5 peak. The samples were in 50 mh
potassium phosphate buffer and 150 nM NaCl, pH 7.2 at RT.

The change in LD alignment at these two wavelengths upon addition of PVY target (at 1
nM) to the combined system can be seen in Figure 5.31A. The peak at 555 nm shows a decrease
of 28% in alignment, when compared to the spectra with no target, than the Cy5 peak which
decreases by 8% which is as expected, indicating that the PVY target is being detected. Likewise,
only the Cy5 peak shows a decrease of 24% upon the addition of the PVA target as shown in

Figure 5.31B. A key experiment is the addition of both targets, presented in Figure 5.31C. In
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this spectrum, both the Cy3 and the Cy5 peaks show a decrease in alignment, at 80% and 61%
respectively, demonstrating that both the PVY and the PVA targets are being detected by the dye
system. This shows not only can the visible region of the LD spectrum be used for target detection
but crucially two DNA targets can be detected at the same time within the same assay system. In
Figure 5.31A the PVA peak is seen to decrease along with the PVY peak which is best explained
by overlap of the Cy3 and Cy5 absorbing regions. This suggests that further optimisation of the

assay is required and some options are discussed in Section 5.7.

A 0.00257 B 0.00254
[ No target [ No target
- [ PVY target - [0 PVA target
0.0020 0.00204
= -
S 8
— 0.00151 S, 0.00151
q a
-
0.00104 ﬂ 0.00104
0.0005 T T 0.0005 T T
555 nm 598 nm 555 nm 598 nm
C 0.0025+
[ No target
0.0020 [I PVA and PVY target
o 0.00151
o
hoA
S 0.00101
0.0005+

0.0000 T r
555 nm 598 nm

Figure 5.31 A) the LD spectra signal the combined phage-dye system with no target vs the same system with the PVY
target B) the LD signal of the combined phage-dye system with no target vs the same system with the PVA target C) the
LD signal of the combined phage-dye system with no target vs the system with both the PVA and PVY targets. All data
show the 555 nm wavelength representing Cy3 dye and the 598 nm wavelength representing Cy5 dye. All data shows n=3
and one standard deviation. The samples were in 100 mM potassium phosphate and 150 nM NaCl at pH 7.2 at RT.
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5.6 Conclusions

The successful introduction of a viral M13 DNA detection system using LD spectroscopy was
demonstrated. In particular, a distinctive base sequence of the coat protein gene of the PVY potato
virus was detected at a sensitivity of 50 pM. Following this, a novel 2 probe, 1 phage assay system
was designed for the simultaneous detection of the PVY and PVA coat protein genes and the use
of conjugated Cy3 and Cy5 dyes enabled signal read-out to occur in the visible region. Although
the multiplex assay was able to detect both virus genes at once, further optimisation to make a

commercially-viable assay is required.

5.7 Future Work

5.7.1 Whole Genome Viral RNA Detection

As discussed in the introduction, the PVY and PVA viruses contain an RNA genome. In order to
truly test the efficiency of this assay it would be necessary to test the M13-probe system using an
RNA target from the whole genome of the raw potato virus material. This would also enable the
sensitivity of the LD based assay to be directly compared to other assays already available on the

market for the detection of these viruses.

5.7.2 Isothermal amplification

Although the sandwich assay is sensitive down to the 30-50 pM range, certain other assays
available today have lower limits of detection.>> Furthermore, in order to create a portable in-the-
field device using this assay, the instrumentation would need to be as small and simple as possible.
One idea would be to incorporate an isothermal amplification method into the assay, which would
not only allow for the design of simpler instrumentation with faster detection times, but also

detection of targets at lower concentrations.
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5.7.3 Multiplexing using different dyes

Although the absorbance spectra of the Cy3 and Cy5 dyes do not overlap significantly, they
are close enough together to affect one another in the assay. The first step would be to measure
the Cy3 and Cy5 at a different point by characterising the signal to noise ratio and determining
whether the smaller peaks at 515 nm (Cy3) and 650 nm (Cy5) can be used for detection purposes.
If this did not work, it would be beneficial to attempt the assay with dyes that have more separated
absorbance spectra. Using such an approach and a greater variety of dyes would also enable the

testing of more than two targets at once in order to test the limits of this multiplexing approach.
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6.1 Materials

The reagents and materials used within this thesis were purchased from Sigma Aldrich (Gillingham, UK)
or Fisher Scientific (Loughborough, UK) and if this was not the case the supplier has been stated. All
the reagents for the synthesis of the oligonucleotides were purchased from Link Technologies Ltd
(Bellshill, UK) unless otherwise stated. Once the reagents or materials had been purchased no further

purification was carried out.

6.2 Oligonucleotide synthesis

6.2.1 Synthesis conditions

Oligonucleotides, unless stated otherwise, were synthesised on an Applied Biosystems 394 DNA/RNA
synthesizer. The DNA synthesis was carried out using the phosphoramdite method (Chapter 1).! The
anthracene phosphoramidites (Chapter 3) were also incorporated into the relevant oligonucleotide
strands using the same phosphoramidite method. The phosphoramidites are all made up to a
concentration of 0.1 M.
The DNA synthesis is done in a 3’ to 5’ direction and is a cyclic process involving the following steps:
1) The first base required was attached using a controlled-pore glass resin column (CPG) and the
resin washed with acetonitrile before any coupling took place.
2) A 3% trichloroacetic acid (TCA) in a dichloromethane (DCM) solvent system was used to
deprotect the DMT protected bases at the 5’ end of the sequence.
3) The following phosphoramidite base, at a concentration of 0.1 M, was activated using 0.5 M
Ethylthiotetrazole (ETT) and coupled to the previous base for 25 seconds.
4) If an oligonucleotide had not reacted it was capped with tetrahydrofuran (THF)/pyridine/acetic
anhydride at a 70:15:15 ratio and 10% methyl imidazole in THF.
5) The resulting strand was oxidised using 0.02 M iodine THF:pyridine:water at a ratio of

(70:15:15) for the formation of a phosphotriester.

198



Chapter 6 — Experimental

6) Once all the phosphoramidites in the sequence were coupled, the oligonucleotide was cleaved
from resin using an ammonia hydroxide solution (28-30% ammonium hydroxide) for 90
minutes and this was heated to 65 °C for 6 hours for the removal of the protecting groups.

Finally, the ammonia hydroxide within the solution was then removed /n vacou and the DNA was stored

at -18 °C until required.

6.2.2 Purification with reverse phase- high performance liquid chromatography (RP-

HPLC)

All  oligonucleotide strands were purified using Reversed Phase-High-Performance Liquid
Chromatography (RP-HPLC) on a Phenomenex Clarity 5 um Oligo RP 250 x 10 mm column on an Agilent
Technologies 1260 Infinity System. A thousand microliters of sample were loaded onto the columns
and the elutions were monitored using absorbance spectroscopy with the following wavelengths; 260
nm for all oligonucleotides, 495 nm for the fluorescein modified oligonucleotide strands, and 360 nm
for the anthracene modified oligonucleotide strands. Once the samples were collected they were dried
/in vacuo before being dissolved in 1.0 mL of MilliQ water.

All RP-HPLC purification methods have been developed within the Tucker group in order to
purify the specific modified and unmodified oligonucleotide strands synthesised within the group. All
flow rates during the purifications of the oligonucleotides were set to 3 mL/min. The buffer used in all
purification steps was named Buffer D and contained 0.1 M triethylammonium acetate (TEAA) in HPLC
grade H20. A DMT-ON method was used if there were two anthracene modifications present where the
solvent gradient ran from: 15-60% acetonitrile over a period of 30 minutes (85-40% of Buffer D), then
100 % acetonitrile for 10 minutes, and finally 15% Acetonitrile for 10 minutes. If only one anthracene
modification was present the FcAnth method was used in which the solvent gradient ran from: 15-25%
Acetonitrile over a period of 30 minutes (85-75% of Buffer D), then 100 % Acetonitrile for 10 minutes,
and finally, 15 % Acetonitrile for 10 minutes. Any unmodified oligonucleotides were purified using the
Short Oligo method which ran from: 5-18% Acetonitrile over a period of 30 minutes (85-82% of Buffer
D), then 100 % Acetonitrile for 10 minutes, and finally, 5% Acetonitrile for 10 minutes.

The samples were desalted using a NAP-10 column (GE Healthcare). One millilitre of sample

was added to the column and eluted in 1.5 mL of MilliQ® water. The purity of the oligonucleotide was

199



Chapter 6 — Experimental

confirmed using an analytical RP-HPLC on the same Agilent system with a Phenomenex Clarity 5 pM
Oligo-RP LC 250 x 4.6 mm column using the same solvent gradient as with the prior purification of the
strand and a flow rate of 1 mL/min. All samples were deemed pure if the purity of the sample was

above 95%.

6.2.3 Characterisation using mass spectrometry

The oligonucleotide was characterised using negative mode electrospray ionistion mass spectrometry
(ESI MS). Twenty microliters of purified oligonucleotide samples (at 6 pM in MilliQ® water) were
analysed on a Walters XEVO G2-XS Time of Flight (TOF) mass analyser, fitted with an Acquity UPLC
C18 1.7 pM chromatography system. The predicted masses and extinction coefficients for each
oligonucleotide were calculated using the online IDT OligoAnalyser tool?® or the software ChemDraw.
The oligonucleotide deconvolution was conducted using Promass (Novatia) using the deconvolution

algorithm ZNova.
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6.3 Polymerase chain reaction (PCR)

Any genomic DNA samples, along with the forward and reverse primers used in Chapter 4 were
donated by Dr Andrew Beggs, University of Birmingham. The PCR was carried out using the Qiagen
Multplex kit (Qiagen, Germany) on a PCR thermocycler (G-Storm GS1 Thermocycler). The reaction
mixture included 1 pL mutant or wild type genomic DNA both at 50 ng/pL, 0.5 L of forward and reverse
oligonucleotide primer at 0.1 pM, 25 pL of 2 x Qiagen mastermix, 10 pL of 5 x Q-solution and 14 L of
MilliQ H20. The PCR reaction was started by a 95 °C hot start for 15 minutes. The cycling conditions
were at 94 °C for 20 seconds, 55 °C for 30 seconds, 72 °C for 30 seconds. This cycle was repeated 40
times and the reaction was completed at 72 °C for 5 mins.

The PCR product was purified using a DNA clean and concentrator 5 (Zymo Research, U.S.A)
as per the protocol provided. The PCR product was then eluted into 15 pL of MilliQ water. The

concentration of the samples was determined using a NanoDrop® 1000 spectrophotometer.

6.3.1 Agarose gel electrophoresis

The presence of PCR products, and the efficiency of the PCR reactions, were determined by agarose
gel electrophoresis. A 5 puL sample of PCR product was run on a 3% agarose gel (1.5 g) in 1 X
Tris/Borate/Ethylenediaminetetraacetic acid (EDTA) (TBE) buffer using UltraPure Agarose 1000
(Thermo Fisher Scientific, U.S.A). One microlitre of 5X xylene cyanol loading dye was mixed with the
5 pL of sample and loaded onto the. One lane on the gel was loaded with 5 pL of Bioline Hyperladder
25 bp (Bioline, UK) alone. The gel was run for 1 hour at 100 V. The gels were stained with ethidium

bromide and visualised using a UV transluminator linked to a polaroid camera.
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6.3.2 Digestion of PCR product

PCR products are double stranded but to carry out fluorescence studies single stranded DNA was
required. To obtain single stranded DNA the PCR product was digested using a T7 exonuclease. To
allow the samples to be digested so only the target single strand of DNA was left intact, the forward
primer was modified with a phosphorothioate group on the 5’ end of the sequence that blocked the T7
exounclease from binding and digesting the target strand. The samples were digested using a T7
exonculease in the 10X NEB reaction buffer provided with the enzyme (New England BiolLabs, UK)
overnight at 37 °C, and the enzyme reaction was stopped using formamide. The samples were
sequenced using the Biosciences sequencing facility using an ABI 3730 capillary sequencer using the
Sangar sequencing method. The digested samples were further purified using the same DNA clean and

concentrator 5 as before (Zymo Research, U.S.A).
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6.4 Ultraviolet-visible (UV-vis) spectroscopy

6.4.1 Oligonucleotide concentration determination

A Shimadzu UV-1800 UV spectrophotometer was used to measure the concentration of all the
oligonucleotides that were synthesised in this project. The absorbance of the sample at 260 nm was
measured in a quartz cuvette (Starna Scientific Ltd, UK) with a path length of 1.0 cm (parameters can
be seen in Table 6.1). The extinction coefficients of the oligonucleotides were determined using IDT
OligoAnalyser tool?> and the extinction coefficient of anthracene was taken to be €37snm = 6300 Micm?
from the literature.®> To calculate the concentration of the strands the Beer Lambert law was used

(Chapter 2).

Table 6.1 The parameters used for the UV-vis concentration determination of all oligonucleotides.

Range 200 — 800 nm
Response Fast/Medium
Data pitch 0.5 nm

Scan speed 200 nm/min
Band width 1.0 nm
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6.4.2 M13 bacteriophage concentration determination

To determine the concentration of the M13 bacteriophage after it had been synthesised, a Jasco V-550
UV/Vis spectrophotometer was used. The absorbance of the sample at 269 nm was measured in a
Quartz cuvette (Hellma Quartz Suprasil®, Germany) with a path length of 1.0 cm. The parameters for
the absorbance measurements can be seen in Table 6.2. The Beer Lambert law was used calculate
the concentration of the M13 bacteriophage (Chapter 2). The bacteriophage extinction coefficient has

been calculated to be 3.84 cm?mg.*

Table 6.2 The parameters for the UV-vis concentration determination of the M13-bacteriophage.

Range 200 — 800 nm
Response Medium
Data pitch 0.5 nm

Scan speed 200 nm/min
Band width 1.0 nm

6.4.3 Thermal melting of DNA (Tm)

The oligonucleotide thermal melting studies in Chapter 4 were carried out on a Cary 5000 (Agilent
Technologyies Ltd, Chesire, UK) UV-vis spectrophotometer. The instrument was fitted with a Peltier
temperature controller for temperature control. The samples were monitored in a quartz cuvette with
a 10 mm pathlength (Starna Scientific Ltd, UK). The cuvette cells were sealed at the top in order to
stop any evaporation of sample and subsequent concentration changes. The samples were heated at
0.5 °C per minute from 15-85 °C. The absorbance of the DNA was monitored at 260 nm. All samples
were at 5 uM in a buffer consisting of 100 mM NaCl and 10 mM sodium phosphate buffer (pH 7.0).

Each thermal denaturation run consisted of 3 denaturation and 2 annealing ramps.
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6.4.4 Anthracene photoirradiation

For photoirradiation of the anthracene modified aptamer samples the samples were made up to 2.0 uM
in TBA buffer (content of buffer noted below). All samples were de-gassed using argon for 10 minutes
before irradiation with a UV lamp with a 365 nm bandpass filter (Edmund Optics), with a 10 nm
bandwith, to avoid oxidation of the anthracene to anthraquinone. The irradiation was done at 30-minute
intervals with an absorbance spectrum of the samples being taken at each interval. The absorbance
spectrum was obtained between 200 and 600 nm using a Shimadzu UV-1800 UV spectrophotometer
with an interval scan of 1 nm (parameters in Table 6.3). All samples were irradiated until the

absorbance decay at 392 nm had plateaued.

Table 6.3 The parameters for the UV-vis monitoring of the anthracene photodimerisation.

Range 200 - 600 nm
Response Fast/Medium
Data pitch 0.5 nm

Scan speed 200 nm/min
Band width 1.0 nm

For all thrombin binding aptamer (TBA) studies throughout this thesis the DNA was in TBA buffer
consisting of 20 mM Tris-HCI, 1 mM MgClz, 120 mM NacCl, 10 mM KCl, 2 mM CaClz, pH 7.4 as this buffer

had been determined to give optimum folding of the aptamer and optimum binding to thrombin.>
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6.4.5 Thrombin clotting studies

As per the protocol provided with the Helena biosciences Clauss assay,® the thrombin(100 NIH/mL) was
made up to 2 mL with MilliQ water and left for 10 minutes before use. Once reconstituted, the thrombin
is only active for 8 hours at room temperature. The fibrinogen was made up to 1 mL in the buffer
provided and left for 15 minutes, and then diluted to a 1:9 dilution of fibrinogen and stored on ice
throughout the clotting studies as the reconstituted fibrinogen is only active for 4 hours when stored
between 2-8 °C. To ensure optimal DNA-protein interaction each sample of aptamer and thrombin was
incubated for 30 minutes at 37 °C. The DNA was in TBA buffer in order to allow for optimum aptamer
folding and thrombin:aptamer binding. A 0.1 mL solution of either the thrombin alone or the
thrombin:aptamer sample was added to 0.4 mL of the 1:9 dilution of fibrinogen. The clotting reaction
was monitored using the percentage change in UV-vis transmission of the sample at 450 nm over a

period of 40 minutes using a Jasco V-550 UV/Vis spectrophotometer.”
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6.5 Fluorescence spectroscopy

All fluorescence emission studies were carried out on a Jasco FP-800 Fluorometer. All samples had an
equal equivalence of DNA probe to target (at 1 uM in 50 pL). The samples were made up in MilliQ
water, with 0.1 M NaCl to aid duplex formation and 10 mM phosphate buffer (PB) to replicate a cellular
environment. A three-window sub-micro quartz cuvette (Starna Scientific Ltd, UK) was used with a 3

mm pathlength. The settings used can be seen in Table 6.4 below:

Table 6.4 The parameters used for the fluorescence emission studies of the anthracene modified oligonucleotide probe.

Range 370 -570 nm
Data interval 1 nm
Excitation bandwith 5nm
Emission bandwith 5nm
Response 50 msec
Sensitivity High
Excitation wavelength 350 nm
Data interval 1 nm
Scan speed 200 nm/min
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6.6 Gel electrophoresis

6.6.1 Native (non-denaturing) polyacrylamide gel electrophoresis

Native gel studies were performed using 12% polyacrylamide gels using 0.8% (w/v) bis-acrylamide.
The gel was made up to 20 mL using 5x Tris/Borate/EDTA (TBE) buffer, MilliQ water, 10% Ammonium
persulphate (APS) (150 pL) and 15 L tetramethylethylenediamine (TEMED). Gels were cast using glass
plates with 1 mm separation. Once the gels had set, they were immersed in ca. 1 L of 1 x TBE buffer.
Each sample was made up to 40 pL using 2 pL of 6X 30% glycerol, 2 pL of 6X loading dye (New England
Biolabs, UK), and MilliQ water according to the concentration of DNA utilised (1 uM). The gels were run
at 100 V (14 mA) for 45 minutes. DNA was stained for 15 minutes using Diamond™ Nucleic Acid Dye
(Promega, USA) and visualised using an excitation wavelength of 480 nm on an ultraviolet (UV)

transilluminator (Alpha Innotech, Alphalmager HP) fitted with an ethidium bromide filter.

6.6.2 Gel electrophoretic mobility shift assay (EMSA)

All EMSA studies used a similar protocol to the native gels. The gels were made using 12%
polyacrylamide gels using 0.8% (w/v) bis-acrylamide. The gel was made up to 20 mL using 10 mM KCl,
5x TBE buffer, MilliQ water, 10% APS (150 pL) and 15 pL of TEMED. Once set, the gels were immersed
in ca. 900 mL of 1 x TBE buffer + 10 mM KCl in an electrophoresis tank. Each sample was made up to
20 pL using 2 pL of 6X 30% glycerol and TBA buffer according to the concentration of thrombin and
DNA required. The gels were run at 100 V (14 mA) for 45 minutes. The DNA was stained for 15 minutes
using Diamond™ Nucleic Acid Dye (Promega, USA) and visualised using an excitation wavelength of
480 nm on an UV transilluminator (Alpha Innotech, Alphalmager HP) fitted with an ethidium bromide
filter. The proteins were stained with InstantBlue™ Ultrafast protein stain for 30 minutes, after which

they were destained with deionised water for 30 minutes.
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6.7 Circular dichroism (CD) spectroscopy

All aptamer CD studies were done on a Jasco J-1500spectropolarimeter (Jasco, Japan) using a 2 M
concentration of DNA in a 10 mm pathlength 6Q quartz cuvette. The high tension (HT) voltage limit
was set to 400 V. The final data produced was an accumulation of spectra using the parameters in the
table below (Table 6.5). The aptamer was studied in the TBA buffer mentioned earlier. All data were

baseline corrected from a buffer baseline.

Table 6.5 The parameters for the CD analysis of the aptamer G-quadruplexes.

Photometric mode Cb
Measure range 350 — 200 nm
Data pitch 0.5 nm
Bandwidth 1.00 nm
Scanning speed 200 nm/min
Accumulations 8
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6.7.1 Variable temperature CD

All thermal VT-CD studies of the aptamers were done on a Jasco J-1500 spectropolarimeter. The
aptamer samples were at 2 uM in TBA buffer in a 10 mm pathlength 6Q quartz cuvette. Thermal studies
were performed using a Jasco PTC-517 Peltier cell holder in the same spectropolarimeter. A CD
spectrum was recorded at every 5 °C temperature interval from 15 °C to 85 °C at a bandwith of 1.00
nm at 292 nm (Table 6.6). Each data set was normalised to 1 (fully folded) at 15 °C, and the data
for the temperatures between 15-85 °C were normalised relative to this in order to allow comparison

of the thermal melting curves between the data sets.

Table 6.6 The VT-CD parameters for the thermal melting study of the aptamer G-quadruplexes.

Photometric mode CD
Wavelength 292 nm
Data pitch 0.5 nm
Temperature range 15-85 °C
Bandwidth 1.00 nm
Scanning speed 200 nm/min
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6.8 M13 bacteriophage synthesis®

The inoculation of the bacterial culture in which M13 (New England Biolabs, UK) is produced was carried
out in 400 mL of 25 g/L NB2 (Oxoid) solution. This was inoculated with 400 pL of 5 mg/mL of
tetracycline dissolved in ethanol and all inoculation procedures were under sterile conditions. A 500 pL
solution of One Shot Top1OF' £. coli (F' [/ad?, Tn10(TetR]) (Invitrogen, California, USA) and 0.04 mg of
M13 bacteriophage in 50 mM potassium phosphate (at pH 8.0) was added to the same flask. The
culture was then incubated for 16 hours, at 200 rpm, 37 °C in an orbital shaker. After the 16 hour
incubation the culture was sedimented (Avanti J-24, Beckman Coulter USA centrifuge with a JLA 10.5
rotor) at 10000 g for 20 minutes at 4 °C. To ensure all the E£. coli had been removed the supernatant
is taken and the same sedimentation step was repeated. After the second sedimentation step 80% of
the supernatant was then taken from the tubes and added to a beaker. The M13 was precipitated using
a 2.5% w/v solution of polyethylene glycol (PEG) 6000 and 2.5 M NaCl (5:1 ratio of PEG
6000/supernatant). The solution was left to stir at 4 °C for 1 hour. The precipitated solution was
sedimented, using the same method as the sedimentation after the 16 hour incubation, but for 25
minutes instead of 20 minutes. After the supernatant had been discarded the pellet was resuspended
in 1 mL of 100 mM potassium phosphate buffer, 150 nM NaCl, at pH 7.2 in a microcentrifuge tube. To
remove any remaining £. coli cells in the solution the tubes were sedimented for a further 5 mins at
14000 rpm (FX241.5p rotor, Microfuge® 16, Beckman Coulter, USA) and the pellet was discarded.
Finally, the PEG/NaCl precipitation was repeated at a ratio of 5:1 PEG 6000/supernantant. The
resulting solution was sedimented in a bench top centrifuge (FX241.5p rotor, Microfuge® 16, Beckman
Coulter, USA) at 14000 rpm for 15 minutes. The resulting supernatant was discarded, and the pellet
was resuspended in 200 pL of 100 mM potassium phosphate buffer, 150 nM NaCl, at pH 7.2. The M13

sample was stored at 4 °C until required.
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6.9 Bioconjugation

6.9.1 Bioconjugation of thiol functionalised oligonucleotides to M13 bacteriophage

All the oligonucleotides used as probes for the M13 bacteriophage system were synthesised with a 5
or 3’ thiol linker group. The thiol linker groups were added to the oligonucleotides as disulphide
phosphoramidites and these were reduced prior to the conjugation reactions by adding a 5:1 molar
ratio of 5 mM TCEP:DNA-SH, by leaving to react for 1 hour whilst stirring at RT. A heterobifunctional
crosslinker, succinimidyl-4-(MA~maleimidomethyl) cyclohexane-1-carboxylate (SMCC), was used to
conjugate the oligonucleotides to the M13 bacteriophage. A a reaction volume of 500 pL, 25 pL of a 10
mg/mL of SMCC was added to 0.5 mg/mL of M13 bacteriophage in 100 mM potassium phosphate, 150
mM NaCl, 5mM EDTA, pH 7.2. This was left to react for 1 hour whilst stirring at RT. A MiniTrap G25
Sephadex column (GE Healthcare) was used to remove any unreacted SMCC and eluted back into the
conjugation buffer. One mL of sample was added to the column and eluted in 1.5 mL of 100 mM
potassium phosphate buffer, 150 nM NaCl, at pH 7.2. The M13-SMCC was combined with the reduced
oligonucleotide strands and left to react for 16 hours at RT whilst stirring. L-cysteine, at a 5X excess
over SMCC, was added to the sample to quench any unreacted SMCC and was left at RT for 15 mins.
The reagents in this procedure were degassed before use and all reactions were carried out under a
nitrogen atmosphere. The two probe, one phage bioconjugations used the same reaction conditions

except both probes were added to the same M13 bacteriophage sample.
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6.9.2 Bioconjugation of Cy3 and Cy5 dyes to the M13 bacteirophage

Once the oligonucleotide probes had been conjugated to the M13, the samples to be used in the
multiplexing experiments were further conjugated to either Cy3-NHS ester or Cy5-NHS ester
(Lumiprobe). For the M13 to be in an optimum buffer for dye conjugations the samples in conjugation
buffer were buffer exchanged into 50 mM potassium phosphate buffer (at pH 8) using a MiniTrap G25
Sephadex column. One mL of sample was added to the column and eluted in 1.5 mL of conjugation
buffer. The M13 with the probes for the potato virus Y (PVY) were conjugated to the Cy3 dye and the
M13 with the probes for the potato virus A (PVA) were conjugated to the Cy5 dye. A solution of 0.5
mg/mL of the M13-DNA conjugates were left to react overnight, at RT, with 10 yL of a 10 mg/mL
solution of dye in DMSO. Any unconjugated dye remaining was removed using a MiniTrap G25 Sephadex
column as above and the M13-probe dye conjugates were buffer exchanged back into the conjugation
buffer to allow for optimum probe:target DNA duplex formation.

The Cy5 conjugation to the M13 had to be modified as the concentration of dye (10 mg/mL)
used in the initial conjugation reaction did not produce a strong enough signal under linear dichroism
(LD) spectroscopy so double the concentration (20 mg/mL) was used in order for enough dye to

conjugate to the M13 in order to be detectable under LD.
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6.10 Size exclusion chromatography

Once the M13 bacteriophage samples had been conjugated to the oligonucleotide probes they were
purified using SEC® on an AKTA Explorer 10 purification system. The column (a Superdex S200 HiLoad
16/60 SEC column) was initially washed with 1.2 column volumes of MilliQ® water and then 1.2 column
volumes of a reaction buffer, consisting of 100 mM potassium phosphate buffer, 150 mM NaCl, pH 7.2,
in order to equilibrate the column. A flow rate of 1.0 mL/min was used for the purification with 1.2
column volumes of the reaction buffer. Three absorbances were monitored during the purification; A2s9
(M13 bacteriophage), Azso (protein peak), and A4os (oligonucleotide tagged fluorophore peak). Two mL
fractions were collected using a Frac-950 auto sampler (Amersham Pharmacia Biotech). The

oligonucleotide conjugated M13 bacteriophage fractions were combined and kept at 4 °C until use.
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6.11 Plasmid production

6.11.1 Transformation of plasmid

The PVY plasmid used in the LD detection studies was a kind donation from the Science & Advice for
Scottish Agriculture (SASA). The plasmid map can be seen in Figure 6.1. In order to check the
sequence of the plasmid and create further stocks a transformation protocol was undertaken.

One vial of XL-10 gold competent cells (donated by Dr Ian Cadby at the University of
Birmingham) kept at -80 °C were thawed on ice. Five nanograms of DNA in a volume of 5 puL was added
to the cells. The cells were mixed with the DNA by gentle tapping. The solution was left on ice to
incubate for 30 minutes. The cells were then exposed to heat shock by placing the cells in a 42 °C
water bath for exactly 30 seconds. This aided the uptake of the DNA into the cells. The cells were then
placed onto ice again. Super optimal broth with catabolite repression (SOC) medium was pre-warmed
and 250 pL was added to the cells. This was done using aseptic technique to avoid any contamination
of the SOC medium. The vial was left to shake in an orbital shaking incubator (New Brunswick™ Innova
44 Incubator Shaker) at 37 °C for one hour at 225 rpm. Two lysogeny broth (LB) agar plates with
ampicillin (100 pg/mL) for plasmid selection were prepared in advance. Two hundred microlitres of the
either cells with DNA or cells without DNA were plated onto two separate LB plates. One plate was to
be used for the cells with plasmid DNA and one plate was used as a negative control with cells that did
not contain any DNA. As a result of the antibiotic on the plates, cells would only grow on the plate
containing the plasmid with the antibiotic resistance gene. The plates were inverted and incubated at
37 °C overnight. One successful transformant colony was then picked using a sterile tooth pick from
the plates and cultured in 100 mL of LB media containing 100 pug/mL ampicillin. The colony was grown

in a shaking incubator at 37 °C overnight shaking at 180 rpm.
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Figure 6.1 The plasmid map of the PVY coat protein gene subcloned into the pGEM-T-Easy plasmid.
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6.11.2 Glycerol stock production

A glycerol stock was prepared from the small-scale starter culture (Section 6.11.1) in order to create
stocks for future use. A 50% glycerol (25 mL glycerol with 25 mL dH20) stock was created and filter
sterilised using a 0.45 UM Supor® membrane. A 400 yL volume of starter culture was added, using
aseptic technique, to a 1.8 mL cryogenic freezer tube. To this tube 600 pL of 50% glycerol stock was
added and the solution was mixed gently by inversion. These stock cultures were then stored at -80 °C

until required.

6.11.3 Mini-prep of the plasmid

To extract the plasmid from the cells a QiAprep Spin Miniprep Kit (Qiagen, Germany) was used and the
procedure was also provided within the kit. The bacterial cells were harvested by pelleting 1 mL of
glycerol stock culture for 30 seconds at 11, 0000 g. The supernatant was discarded and as much liquid
as possible was recovered from the sample. The cells were lysed by the addition of 250 pL of
Resuspension Buffer P1 and the sample was vortexed in order to resuspend the cell pellet. A volume
of 250 pL of Lysis Buffer P2 was then added to the mix. The sample was inverted 6 to 8 times in order
to allow mixing to occur. The sample was then left to incubate at room temperature until the lysate
appeared to become clear (ca. 5 minutes). Three hundred microlitres of Neutralisation Buffer P3 was
added to the sample and mixed by inverting 6 to 8 times. The lysate was then clarified at room
temperature by sedimenting for 5 minutes at 11, 000 g and the pellet was discarded. The ISOLATE II
plasmid mini spin column was inserted into a collection tube and 750 pL of the sample was added onto
the column. The column was centrifuged for 1 minute and 11, 000 g and the sample that flowed through
the column was discarded. This left plasmid DNA bound to the column. The silica membrane was then
washed by adding 600 pL of Wash Buffer PW2. The column was then centrifuged again for 1 minute
at 11, 000 g. The flow through was discarded. The DNA was elutied by the addition of a 50 pL amount
of Elution Buffer P onto a membrane made of silica. This was incubated at room temperature for one
minute and was then sedimented for 1 minute at 11,000g. The resulting plasmid solution was then
stored at -20 °C until use. The samples were sequenced using the Biosciences sequencing facility using

an ABI 3730 capillary sequencer.
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6.12 Linear dichroism spectroscopy

6.12.1 Measurement of LD spectra using the normal method

LD spectroscopy experiments were done on a Jasco J-1500 spectropolarimeter (Jasco, Japan), which
had been modified to measure LD. Samples (100 pL) were placed into a micro-Couette (NB note this
apparatus is a Couette and not to be confused with Cuvette) cell apparatus® within the sample chamber
of the instrument. A baseline was recorded (with a non-rotating capillary) and was subtracted from the
sample with a Couette rotating (driven by a potential difference (PD) of 3V) and the signal zeroed at

750 nm. All spectra measurements were conducted with the following parameters:

Table 6.7 The parameters used for the study of M13 using LD spectroscopy.

Range 190-800 nm

Sensitivity | 0.1 dOD

Data pitch 1.0 nm

Scanning mode | Continuous

Scan speed 200 nm/min

Band width 2 nm

Accumulation | 3

To detect the plasmid samples the plasmid DNA was heated to 85 °C, as any higher would
compromise the M13 bacteriophage, for 30 seconds to allow for double stranded DNA denaturation.
The PVY M13-probe system was immediately added to the plasmid sample and the sample was left to
cool to RT to allow for the probes to anneal to the denatured plasmid sample. The LD detection studies

followed the same protocol as above.
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6.12.2 Measurement of LD spectra using a high-throughput method (ht:LD)

The ht:LD was developed by Mr Charles Moore-Kelly within the Dafforn group. The samples were loaded
onto a 96-well plate and transferred to the LD machine using a Jasco AS2055 autosampler. An extra
20 uL of sample is carried ahead of the 100 pL of the sample for the purpose of preventing the M13
bacteriophage sample adhering to the polyetheretherketone (PEEK) tubing. The samples were injected
through a quartz capillary where the alignment occured through extension flow using a Jasco PU1580
HPLC pump with a flow rate of 1 mL/min. The flow cell capillary was a 220 uM i.d. fused silica capillary
(PolyMicro Technologies). Two quartz rod lenses were used to focus the light behind and forward of
the capillary.

The flow cell was connected to the PEEK tubing of the HPLC pump via a 1/16"-360 pm union.
Optical components of the flow cell were held in a 3D printed housing unit, which was positioned
immediately ahead of the PMT in a Jasco J1500 CD spectrometer. A 5 cm biconvex lens was positioned
in the sample chamber to focus light onto the outfacing rod lens of the flow cell. Samples were
measured using a wavelength of 205 nm, bandwidth of 2 nm, data pitch of 0.2 seconds and a digital

integration time of 0.25 seconds.

6.13 Data analysis methods

All spectra were examined and manipulated using the data analysis and graphing software application

GraphPad 7.

219



Chapter 6 — Experimental

6.14 References

1. Brown, T.; Brown, T. J., Nucleic Acids Book. 2013. http://www.adtbio.co./nucleic-acids-book
(accessed 20 July 2015).

2. Integrated DNA Technologies, I. OligoAnalyzer Tool. https://www.idtdna.com/calc/analyzer
(accessed 2015-2018).

3. Lakowicz, J. R., Principles of Fluorescence Spectroscopy. Springer: Singapore, 2006; Vol. 3, p 960.

4. Berkowitz, S. A.; Day, L. A., Mass, length, composition and structure of the filamentous bacterial
virus fd. Journal of Molecular Biology 1976, 102, pp. 531-547.

5. Little, H. A. The development of novel diagnostic sensors based on linear dichroism spectroscopy.
Thesis, University of Birmingham, 2016.

6. Clauss, A., Rapid physiological coagulation method in determination of fibrinogen. Acta
Haematologica 1957, 17, pp. 237-46.

7. Miesbach, W.; Schenk, J.; Alesci, S.; Lindhoff-Last, E., Comparison of the fibrinogen Clauss assay
and the fibrinogen PT derived method in patients with dysfibrinogenemia. 7hArombosis Research
2010, 126, pp. 428-433.

8. Sagrensen, S.; Justesen, S. J.; Johnsen, A. H., Purification and characterization of osteopontin from
human milk. Protein Expression and Purification 2003, 30, pp. 238-245.

9. Marrington, R.; Dafforn, T. R.; Halsall, D. J.; MacDonald, J. I.; Hicks, M. R.; Rodger, A., Validation

of new microvolume Couette flow linear dichroism cells. Analyst 2005, 130, pp. 1608-1616.

220



Appendices

7 Appendices

221



Appendices

7.1 Chapter 3 Appendix

7.1.1 Purification and characterisation of M3 aptamer

7.1.1.1 Reversed-phase high performance liquid chromatography (RP-HPLC)
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Signal 1: MWD1 B, Sig=260,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %
Rl EREE R |-=mmmeee R |--mmeee |
1 16.723 BB 0.1691 80.05295 7312271 0.8576
2 12.118 BV 0.2730 92.89185 5.13644 0.9951
3 12.431 VB 0.2098  84.87343 5.56993  0.9092
4 15.536 VW R 0.7058 9076.92676 191.22037 97.2381
Totals 9334.74498 209.04944

*** End of Report ***

Figure 7.1 The RP HPLC data of the purified M3-aptamer, eluted into MilliQ water, synthesised using solid-phase
oligonucleotide synthesis showing 97.1 % purity. The aptamer was purified using the DMT-ON method discussed in chapter
6.
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7.1.1.2 M3 aptamer mass spectrometry analysis
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Figure 7.2 The electrospray fonisation mass spectrometry (ESI MS) analysis of the purified M3-aptamer the purification of
which is seen in Figure 7.1. The correct mass was seen at 5060.0 Da.
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7.1.2 Purification and Characterisation of M4 strand
7.1.2.1 RP-HPLC purification analysis of the M4 strand

Appendices
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Figure 7.3 The RP HPLC data of the purified M4 aptamer, eluted into MilliQ water, synthesised using solid-phase
oligonucleotide synthesis showing 100.0 % purity. The aptamer was purified using the Fc-Anth method discussed in chapter

6.

224



Appendices

7.1.3 M4 strand mass spectrometry analysis
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Figure 7.4 The negative electrospray ESI MS analysis of the purified M4-aptamer the purification of which is seen in Figure
7.3. The correct mass was seen at 4894.0 Da.
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7.1.4 Isolation of the photodimerised M3 from the unphotodimerised M3

During the M3 aptamer photoirradiation studies in Chapter 3 the sample did not undergo full
photodimerisation, i.e. there was still some unphotodimerised M3 left in the sample. RP-HPLC
purification was undertaken to determine whether the photodimerised M3 sample could be isolated
from the open form of the M3 aptamer. However, the isolation was not possible as the retention
times for both the unphotodimerised M3 and the photodimerised M3 samples were the same
(Figure 7.5). The optimum concentration for the photoirradiation reactions was at 2 uM however,
this concentration was too low to allow sufficient optimisation of the method allow separation of
the photodimerised M3 aptamer. A dilution series of the native thrombin binding aptamer (TBA)
can be seen in Figure 7.6, this data demonstrates that the lowest concentration before a sample

peak can be distinguished from the buffer peaks is 5 pM.
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Figure 7.5 The RP-HPLC isolation attempt of the M3 photodimerised sample in the mixture with the unphotodimerised
sample using the DMT-ON method. The retention time of both the unphotodimerised M3 sample (above) and the M3
photodimerised sample (below) was the same so separation of the open form of the M3 from the photodimerised M3 was
not possible.
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Figure 7.6 A RP-HPLC dilution series, between 2 uM and 50 uM, of the native TBA demonstrating that the lowest
concentration that can be monitored under RP-HPLC is 5 uM.
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7.2 Chapter 4 Appendix

7.2.1 Purification and Characterisation of BRAF probe
7.2.1.1 BRAF probe RP-HPLC purification analysis

MWD B, Sig=2604 Raf=off (C:\Chemn 32\ NDatalAyshai2015'New 20151100 10-06-10014350.0)
mau
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Sorted By : Signal
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Do not use Multiplier & Dilution Factor with ISTDs

Signal 1: MWD1 B, Sig=260,4 Ref=off

Peak RetTime Type Width Area Height Area
#  [min] [win] [wAU*s] [mAU] x

SN PR [P R P N PR pras

1 16.421 BV E 0.2008 54.92731 3.93526  2.1885

2 16,780 VB R ©0.1942 2454.93604 185.76883 97.8115

Totals : 2509.86335 189.70409

Figure 7.7 The RP HPLC data of the purified BRAF probe, eluted into MilliQ water, synthesised using solid-phase
oligonucleotide synthesis showing 97.8 % purity. The aptamer was purified using the Fc-Anth method.
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7.2.1.2 Mass spectrometry analysis of the BRAF probe

Xewo Nov. 104 15 (0.344) Sb (10,10.00 ). M1 [Ev-382738 1] (Gs.0.015,892:3000.0. 10.L0.RO}: Sb (10,10.00 ); Crn (1:35435.455) * TOF MSES-
OV 471070 Ted
100 :
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Figure 7.8 The negative electrospray ESI MS analysis of the purified BRAF probe, the purification of which is seen in Figure
7.7. The correct mass was seen at 4710.70 Da.
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7.2.2 Sequences of 173 base targets

Target with T base variant (healthy samples) (173-T):

TCC ACA GAG ACC TCA AGA GTA ATA ATA TAT TTC TTC ATG AAG ACC TCA CAG TAA AAA TAG GTG ATT TTG GTC TA
GCTACAGTGAAATCTCG ATG GAG TGG GTC CCA TCA GTT TGA ACA GTT GTC TGG ATC CAT TTT GTG GAT GGC ACC AGA
AGT CAT CAG AAT GCA AGA TAA A

Target with A base mutation (tumour samples) (173-A):

TCC ACA GAG ACC TCA AGA GTA ATA ATA TAT TTC TTC ATG AAG ACC TCA CAG TAA AAA TAG GTG ATT TTG GTC TA
GCTACAGAGAAATCTCG ATG GAG TGG GTC CCA TCA GTT TGA ACA GTT GTC TGG ATC CAT TTT GTG GAT GGC ACC AGA
AGT CAT CAG AAT GCA AGA TAAA

7.2.3 Polymerase chain reaction (PCR) of genomic samples

The contents of the agarose gels run in Figure 4.13 of Chapter 4 (Table 7.1). WT represents
the wild type samples, M represents the mutant samples, and L represents the Ladder. In lanes 10

to 17 in Gel F contained WT samples from lanes 10 to 13 and mutant from lanes 14 to 11.

Table 7.1 The DNA contents of the gels seen in Figure 4.13 of Chapter 4.

Lane

Gel 1 2 3 4 5 6 7 8 9 10 11

A WI WI WI WT WI L M ™M ™M M M
B L WT WI WI WI M M M M L -
C - WT O OWT WT  WT L L M M M M
D WI WI WI Wr L M M M M - .
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7.2.4 Sequencing results of the PCR products

The sequencing results from the PCR of both the wild type and mutant genomic samples used in

the fluorescence studies of Chapter 4.

Wild type sequence:

TYWGCTTTCTTTTACTTACTACACCTCAGATATATTTCTTCATGAAGACCTCACAGTAAAAATAGGTGATT
TTGGTCYAGCTACAGTGAAATCTCGATGGAGTGGGTCCCATCAGTTTGAACAGTTGTCTGGATYYRTKK

TGTGGTAGG

Mutant sequence:

CYYTGCTTTCTTTACTACTACACCTCAGATATATTTCTTCATGAAGACCTCACAGTAAAAATAGGTGATTTT

GGTCYMGCTACAGWGAAATCTCGATGGAGTGGGTCCCATCAGTTTGAACAGTTGTCTGGATYYWKTT

KKGTGGATT
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7.2.5 Fluorescence studies of the components of the unpurified PCR products

3000+

25004 — Probe + Formamide

— Probe + 2xQ mastermix
2000+ Probe alone

— Probe + NEB buffer
1500- — Probe + Reverse primer
— Probe + forward primer

— Probe + 5x Q-solution
1000+

Fluorescence Intesnity (AU)

5001

0+ T T T T T T T T T 1
370 390 410 430 450 470 490 510 530 550 570
Wavelength (nm)

Figure 7.9 The fluorescence emission data from the study of the probe with the components of the unpurified PCR product,
The Aex = 350 nm, room temperature (RT), Aem = 426 nm, room temperature.
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7.3 Chapter 5 Appendix

7.3.1 Purification of the PVY probes and targets
7.3.1.1 PVY probe 2 RP-HPLC purification analysis

MWD1 B, Sig=260,4 Ref=off (Aysha\Klaudia 2018-02-06 15-24-25\1846-1.D)
mAU 3
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Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

1 3.641 BB 0.0553 260.95428 73.67761 2.1439
2 12.894 BB 0.3056 1.19113e4  584.74969 97.8561

Totals : 1.21722e4  658.42731

Figure 7.10 The RP HPLC data of the purified PVY probe 2, eluted into MilliQ water, synthesised using solid-phase
oligonucleotide synthesis showing 98 % purity. The strand was purified using the Short Oligo method.

7.3.1.2 PVY probe 2 mass spectrometry analysis

Base Peak Mass (Da) . Intensity Spectrai Quality
75535 2.55E+005 ok

Figure 7.11 The negative electrospray ESI MS analysis of PVY probe 2 after the RP-HPLC purification seen in Figure
7.10. The correct mass was seen at 7553.5 Da.
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7.3.1.3 PVY target RP-HPLC purification analysis

[ NWDTB, Sig-2004 Ref=off (C ChemaZ 1 Data Ayshak rancia 2017-0e-08 16-272511701-20)
mAU ] e
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Signal 1: MWD1 B, Sig=260,4 Ref=off

Peak RetTime Type Width Area Height Area
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e BT e P Jmmeneeens e [=nnnens |
1 19.393 BV E ©.2931 973.14960 42.58192 2.0267
2 19.619 W R 0.2514 4.70438e4 2866.95972 97.9733

Totals : 4.80170e4 2909.54164

Appendices

Figure 7.12 The RP HPLC data of the purified PVY target, eluted into MilliQ water, synthesised using solid-phase

oligonucleotide synthesis showing 98 % purity. The strand was purified using the Short Oligo method.
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7.3.1.4 PVY target mass spectrometry analysis
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Figure 7.13 The negative electrospray ESI MS analysis of PVY target after the RP-HPLC purification seen in Figure 7.12.
The correct mass was seen at 7966.24 Da.
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7.3.1.5 Non-specific (NS) target RP-HPLC purification analysis

MWD1 B, Sig=260,4 Ref=off (C:\Chem32\1\Data\Aysha\Francia 2017-09-04 16-27-45\1702-1.D)
mAU ] %
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1 18.621 BV R 0.2770 5.34401e4 2855.32666 100.0000

Figure 7.14 The RP HPLC data of the purified NS target, eluted into MilliQ water, synthesised using solid-phase
oligonucleotide synthesis showing 100 % purity. The strand was purified using the Short Oligo method.
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7.3.1.6 NS target mass spectrometry analysis
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Figure 7.15 The negative electrospray ESI MS analysis of NS target after the RP-HPLC purification seen in Figure 7.14.
The correct mass was seen at 7971.3203 Da.
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7.3.1.7 PVA probe 2 RP-HPLC purification analysis

MWD1 B, Sig=260,4 Ref=off (Aysha\Klaudia 2018-02-07 16-55-09\1858-5.D)
mAU 5
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1 12.957 BB 0.3475 1.86755e4  779.48846 100.0000

Totals : 1.86755e4  779.48846

Figure 7.16 The RP HPLC data of the purified PVA probe 2, eluted into MilliQ water, synthesised using solid-phase
oligonucleotide synthesis showing 100 % purity. The strand was purified using the Short Oligo method.

7.3.1.8 PVA probe 2 mass spectrometry analysis

Base Peak Mass (Da) \ 7 Intensity Spectral Quality
7247.6 > 2.11E+006 ok

Figure 7.17 The negative electrospray ESI MS analysis of PVA probe 2 after the RP-HPLC purification seen in Figure
7.16. The correct mass was seen at 7247.6 Da.
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7.3.1.9 PVA target RP-HPLC purification analysis

MWD1 A, Sig=260,4 Ref=off (Aysha\Ed 2018-04-19 10-04-31\pva target.D)
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Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

1 19.991 BV E 0.1125 24.22713 3.34664 0.0802

2 20.452 VW R 0.2067 3.01116e4 2213.61011 99.6624

3 21.341 VB E 0.1876 77.78082 6.69339 0.2574
Totals : 3.02136e4 2223.65014

Figure 7.18 The RP HPLC data of the purified PVA target, eluted into MilliQ water, synthesised using solid-phase
oligonucleotide synthesis showing 99.7 % purity. The strand was purified using the Short Oligo method.

7.3.1.10 PVA target mass spectrometry analysis

Base Peak Mass (Da) . Intensity Spectral Quality
10852.9 3.23E+006 ok

Figure 7.19 The negative electrospray ESI MS analysis of PVA target after the RP-HPLC purification seen in Figure 7.18.
The correct mass was seen at 7553.5 Da.
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7.3.2 Sequencing results of plasmid transformation

The sequencing results for the plasmid containing the potato virus Y (PVY) coat protein
target can be seen below and the text in red showed the sequence was present within the

plasmid.

5'- ATC TCA AAT ACT CGA GCA ACT CAA TCA CAG TTG ATA CGT GGT ATG AAG CGG
TAC AAT TTG CAT ACG ACA TAG GAG AAA CTG AAATGC CAA CTG TGA TGA ATG GGC TTA TGG
TTT GGT GCA TTG AAA ATG GAA CCT CGC CAA ACA TCA ACG GAG TTT GGG TTA TGA TGG

ATG GAG ATG AAC AAG TCG AAT ACC CAC TGA AAC CAATCG TTG AGA -3
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7.3.3 RP-HPLC of Buffer D
All the RP-HPLC chromatograms in this appendix show a bump in the last 10 minutes of the

chromatograms. The chromatogram from the buffer D blank (Figure 7.20) shows that the bumps are

present within the buffer and not within the samples.

MWD1 F, Sig=260,4 Ref=off (C:\Chem32\1\Data\Aysha\AAB SH 08_05_17 2017-05-09 16-27-14\blank.D)
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Figure 7.20 The RP-HPLC chromatogram of the blank which is applicable to all the RP-HPLC analysis in this appendix.
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