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Abstract

The epidermal growth factor receptor protein (EGFR) promotes tumorigenesis in many cancers,
including breast, lung, colon and glioblastoma.! Deregulation of EGFR activity in cancer is mainly
due to point mutation, kinase domain deletion or gene amplification.? It is essential to have
EGFR-targeted therapies because it is among the most commonly altered genes in cancer.?
Aptamers are single-stranded oligonucleotide sequences that bind with high affinity and
specificity to diverse targets.* The recognition capacity of aptamers can be harnessed for
therapeutic agents. The chemistry of aptamers is largely limited to that of nucleic acids, and
although non-natural modifications of nucleic acids are known to enhance aptamer affinity,®
there is not yet a technology for selecting the right modifications amongst billions of

possibilities.

This project aims to develop the first general method for the discovery of nucleoside
modifications that increase aptamer binding efficacy. A library will be created of over 65,000
different chemical modifications on a known aptamer sequence (MinE07),® which binds to EGFR
protein. The modifications will use different types of chemistry to see how they will affect the
binding and folding of the aptamer MinEQ7, aiming to improve the binding between MinEQ7
and EGFR. These will be attached on beads such that each bead displays millions of copies of a
single aptamer sequence. The selection will then be carried out using a flow cytometer (FACS)
to separate out the aptamer sequences with the highest affinity for EGFR from the one-bead-
one-sequence aptamer library. These will then be identified using mass spectrometry. These
top selected aptamer sequences will be subjected to biophysical and biological testing. This
research provides a new method for synthesising and screening in a short space of time large
drug candidate libraries producing new drug candidates and impacting drug discovery

processes.
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Chapter 1

1.1. Aptamers

1.1.1. Aptamers

Aptamers are single-stranded oligonucleotides that mimic antibodies by folding into complex
3D shapes that bind with high affinity and specificity to diverse targets, non-covalently (figure
1.1).# Oligonucleotides are short nucleic acid molecules (15-60 nucleotides long) which are often
generated by solid-phase phosphoramidite chemistry.” There are three main types of aptamers,
ribonucleic acid (RNA), deoxyribonucleic acid (DNA) and peptide which all have similar

properties. They can be manufactured as single-stranded molecules with any chosen sequence.®

Single Stranded Oligonucleotide Folder Aptamer

Figure 1.1. Aptamer in Single Stranded and Folded Conformations

So far, aptamers have been selected against viruses,® proteins,® polysaccharides,! bacteria,?
toxins,’®* peptides,** small molecules,’> amino acids!® and whole cells.”” Aptamers can
discriminate their selected target with high precision; they have high binding affinity, high
specificity and binding to the target is non-covalent, but strong. This recognition capacity of
aptamers can be harnessed for therapeutic agents. Aptamers have a large range of potential
targets compared with other molecules such as antibodies because they structurally conform

to bind well.®® Aptamers can be chemically modified to introduce the site-specific addition of
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non-nucleotide linkers, fluorescent labels and different functionalities that help with
conjugation. Non-natural modifications of nucleic acids are known to enhance aptamer affinity,
however there is not a technology for selecting the right modifications amongst millions
of possibilities.

1.1.1.1. DNA and RNA Aptamers

The most common types of aptamers are RNA and DNA-based. They are selected from a large
pool of ~10%® nucleic acid sequences. Each stage of the aptamer selection process involves
binding, elution and finally amplification to identify selective, high-affinity aptamers that binds
to a specific target. For DNA aptamer selection the starting library consists of single-stranded
DNA oligonucleotides. RNA aptamer selection starts with a double stranded DNA library that is
then transcribed to create the starting RNA library. For RNA aptamers, reverse transcription
must be performed on each round of selection to facilitate polymerase chain reaction (PCR) of
DNA and subsequent transcription for the next round of selection.’ This means that DNA
aptamers are easier and cheaper to make and are more stable products than RNA aptamers.'®
RNA is less stable than DNA because it has a 2’-hydroxyl group on the pentose ring which is very
susceptible to hydrolysis (figure 1.2). RNA aptamers however can form more diverse and
complex 3D structures, which allow them to have a greater number of conformations compared

with DNA aptamers.?®
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Figure 1.2. DNA nucleotide Vs RNA nucleotide Structure

1.1.1.2. Peptide Aptamers

Peptide aptamers were first developed in 1996 and were yet another alternative to
antibodies,?! and a concept originally introduced by Roger Brent. Peptide aptamers are small
peptide molecules, 5-20 amino acids in length,?! with a loop region which is variable, and a
protein attached to both ends (figure 1.3). This loop region is where the peptide aptamer
interacts to its target. The flexibility of peptide aptamers is low because of the target being
joined to the loop region. This means that this aptamer is less effective than the DNA and RNA
aptamers. Peptide aptamers do however have very high specificity. Peptide aptamers can be
used to inhibit protein-protein interactions.’® The binding affinity of constrained aptamers can
be as much as 1000 times higher than the free peptide, attributed to the lower conformational
entropy of the restricted peptide loop.?? Peptide aptamers can be produced and selected in vivo
through yeast two-hybrid and similar techniques. This makes them ideal candidates for

interrogating intracellular targets in a physiological environment.?
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Protein scaffold with peptide aptamer

Peptide scaffold

Figure 1.3. Protein scaffold with peptide aptamer.2*

Table 1.1. Differences between DNA, RNA and Peptide aptamers.

aptamer

DNA Aptamers RNA Aptamers Peptide Aptamers
Complexity of | Form complex | Form complex | Structure constrained
structures secondary and tertiary | secondary and tertiary | by peptide and
structures structures protein scaffold
Diversity of 3D | Less diverse 3D | Form diverse 3D | 3D structure
structures structures than RNA | structures constrained by

protein scaffold

Binding capacity

Bind to target with the

entire sequence

Bind to target with the

entire sequence

Bind to target via

variable region only

Uses

Biosensor, Diagnostic,
Therapeutic

applications

Biosensor, Diagnostic,
Therapeutic

applications

Biosensor, Diagnostic,
Therapeutic

applications
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1.1.2. Aptamers Binding with their Targets

Nuclear magnetic resonance (NMR) spectroscopy and X-Ray crystallography have been used to
analyse several aptamers. The results revealed that specificity and high affinity are achieved by
the 3D structures of aptamers. Aptamers can be a variety of different structures, such as

hairpins, bulges, stems and pseudoknots (figure 1.4).

)

Hairpin Loop Bulge Loop Stems Pseudoknots

Figure 1.4. Hairpin loop, bulge loop structures?5, stems and Pseudoknot structures.2®

1.1.2.1. Binding forces that facilitate the aptamer—target interactions

Hydrogen bonding, electrostatic interactions, hydrophobic interactions, m—m stacking and Van
der Waals forces are the primary binding forces between aptamers and their targets.?’” The
binding affinity may vary between each aptamer and its target and many different binding
forces may be involved in one aptamer-target interaction. Conditions that may affect this

interaction include pH, temperature, metal ion strength amongst others.
1.1.2.1.1. Hydrogen bonding

Hydrogen bonding is the most common binding force between aptamers and their target
molecules (figure 1.5).2 RNA-to-protein interactions mostly comprise the side chains of
proteins, which act principally as hydrogen bond donors, and the negatively charged phosphate
groups of the backbone of the RNA, which act as an H-bond acceptors.?® Nagatoishi et al. studied

the thermal stability of DNA aptamers bound to thrombin by isothermal titration calorimetry
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(ITC) to demonstrate the dominant role of hydrogen bonding in the aptamer-target binding
process. The results confirmed that direct interactions with thrombin via hydrogen bonding are
the main reason for the stability of the DNA aptamer G-quadruplex structure.>® In 2000, Cowan
et al. applied ITC to compare the contributions that electrostatic interactions and hydrogen
bonding make to the binding and recognition of neomycin B molecules to the RNA aptamer.
The results show that the primary mechanism is hydrogen bonding. At physiological ionic
strength, around 80% of the binding energy originates from the hydrogen bonding in the A and
B rings of the neomycin B molecules.?* As well as facilitating the binding process, the inner
hydrogen bonding of the aptamer is essential to the stability of the aptamer.32 In 2008, Pagano
et al. discovered that in the inner part of the modified thrombin binding aptamer (mTBA), T7
base forms intramolecular hydrogen bonds with the guanine bases of tetrads. However, there
are none in the inner part of the non-modified TBA. mTBA has been shown to be more stable

than TBA by differential scanning calorimetric (DSC).33
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Figure 1.5. Hydrogen bonding between Nucleic Acids and Amino Acid Side Chains.
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1.1.2.1.2. Electrostatic Interactions

Electrostatic interaction is another force that facilitates the binding between aptamer and
target. The electrostatic interactions between nucleic acids and proteins occur due to the
negatively charged phosphate backbones of the aptamer and the positively charged amino acids
of the protein (figure 1.5).3* Some crystal structures have shown that RNA aptamers bind to
target proteins mainly via electrostatic forces.3>3 The electrostatic force is considered to result
in non-specific binding because of the lack of spatial directionality.3” In 2012 Rangnekar et al.
found that they were able to attach an ssDNA tail to a DNA aptamer and the aptamer activity
would increase compared to when the aptamer was free in solution.3® They concluded that this
was because of the electrostatic interactions between the negatively charged tail and the
positively charged amino acids on the surface of thrombin. The salt concentration in a reaction
can commonly affect the intensity of the electrostatic interactions. In 2011 Lin et al. discovered
a decrease in the affinity constant (K,) of a 15-mer DNA aptamer binding to its thrombin target
when more Na* ions were added to the solution. They concluded that the 15-mer aptamer
bound to the fibrinogen binding site of thrombin using a G-quadruplex structure primarily

through electrostatic interactions.

1.1.2.1.3. Hydrophobic Phenomena

Hydrophobic effects can contribute to the binding between aptamers and their targets and also
stabilise the aptamer 3D structure. In 2013 Chou et al. found that DNA sequences rich with
guanine form stable G-quadruplex structures via G-tetrad hydrogen-bonding and hydrophobic
stacking.?’ Lin et al. stated that a 29-mer aptamer bound to the heparin binding site of thrombin
using a duplex structure and was driven primarily due through hydrophobic effects.3® Slow off-
rate modified aptamers (SOMAmers) bind to targets by complementary shapes and
hydrophobic modifications at the binding interface. This is mostly done by hydrophobic

aromatic rings which mainly interact with the aliphatic side chains of the amino acid residues of
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the protein target as shown in the interaction between the PDGF-BB dimer complex and two

SOMAmers (figure 1.6).4

In 2017 Ren et al. discovered the functional interactions of cytokine IL-1a with modified DNA
aptamer SL1067 by solving the high-resolution structure of the binding complex.*? They
established that the interface of the binding complex consists of a network of hydrophobic
interactions. This alluded that the majority of the binding energy came from a cluster of
hydrophobic moieties on the surface of DNA aptamer SL1067 and the hydrophobic regions of
amino acids on the IL-1a surface. It was also found that hydrogen bonding was involved in the

binding.

PDGF-BB/SOMAmer complex

Figure 1.6. Crystal structure of SOMAmers bound to the PDGF-BB dimer (platelet-derived growth factor B).4!

1.1.2.1.4 ni—mt Stacking

T—Tt stacking is the stabilising non-covalent interaction commonly observed between parallel
aromatic rings. m—m stacking interactions transpire in a large variety of chemistry and are known
for influencing self-assembly processes, inserting molecules into DNA, involvement in host-
guest complexes and induction of side chain interactions in proteins.*® In 2011 Bernard et al.
reported that the malachite green aptamer (MGA) recognises and binds to its target, malachite

green molecule, mainly via m—t stacking and electrostatic interactions.* In the binding complex,
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a base quadruplet and a Watson-Crick base pair act as a stacking platform for malachite green.

The other residues next to the binding pocket act as anchors and linkers to enable the binding.
1.1.2.1.5. Van der Waals Forces

Van der Waals forces consist of distance-dependent attractions and repulsions between atoms
or molecules. They are non-directional noncovalent forces and are generally weaker than other
bonding forces such as hydrogen bonding and electrostatic interactions. It has been found that
Van der Waals forces are involved in aptamer to target binding. In 2014, Zhang et al. discovered
that both hydrogen bonding and Van der Waals forces were at work in the binding of
organophosphorus pesticides to their aptamer.* In 2010, Normura et al. investigated the
structural interactions between the Fc fragment of human IgG1 (hFcl) bound to an anti-Fc RNA
aptamer using a 2.15 A crystal structure of the complex. It was found that the binding between
hFcl and the RNA aptamer was facilitated primarily by multiple weaker interactions, such as

Van der Waals forces and hydrogen bonding, instead of electrostatic forces.*®

1.1.2.2. Aptamer Interactions with Proteins

U
D —
@

Target binding

Functional Aptamer Protein

Figure 1.7. Aptamers binding to Protein Targets.*’
RNA and DNA aptamers bind well with proteins because the phosphate back-bone of the
aptamer has conformational flexibility, which allows shape complementarity with the target

protein interface and so most aptamers bind to their targeted protein without any substantial
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change in their conformation (figure 1.7). Aptamers have greater affinities for their protein
targets than antibodies have for their antigen.*® It is the high affinity of aptamers for their target
that allows them to be used in applications such as protein purification, protein profiling clips,

recognising and targeting the chosen protein from a mixture of them.*

1.1.3. Aptamer Stability

DNA aptamers are more stable than RNA aptamers. In a controlled environment outside of a
living organism the half-life of an RNA aptamer in plasma is a few seconds compared to DNA
aptamers, which is approximately 30-60 minutes.>® RNA is a short term messenger in the cell
and is chemically unstable because of its 2’-hydroxyl group. The 2’-hydroxyl group makes RNA
susceptible to hydrolysis (figure 1.7).1° The 2’-hydroxyl group also allows for the catalysis of RNA
strand scission by endoribonuclease.®® Because of this, most RNA aptamers are chemically
modified by either the design of the library or during the selection amplification, which helps

enhance RNA aptamer stability.
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Figure 1.8. Hydrolysis of RNA

Protecting groups can be used on the 2'-hydroxyl position, an example is 2-hydroxyisophthalate

formaldehyde acetal (HIFA). This protecting group works since the bis ester is stable in acidic
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conditions that are used for the removal of dimethoxytrityl groups during chain elongation.
Then in the final deprotection step, which is in alkali conditions, there is chain cleavage from
the support, which removes the base and phosphate protecting groups. This compound is then
converted in to the bis carboxylate which can be removed rapidly when treated with mild acid.>?
Another example is O-tert-butyldimethylsilyl chloride as shown in figure 1.9. After such
modification, RNA aptamers are either equal or better than DNA aptamers in terms of stability.>
The most common modifications used for the therapeutic aptamers are the 2’-Fluoro and the
2’-0-Methyl. The 2’-Fluoro modifications enhance base pairing stability and produce aptamers

with better affinities as opposed to the 2’-amino aptamers.>

(0}
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Figure 1.9. Structure of N2-Acety|-2‘-O-tert-buty|d|methyIS|IyI-5‘-O-DMT-guanosine 3'-CE phosphoramidite.

1.1.3.1. Lifetime of an Aptamer

Aptamers are better if their lifetime in biological environments is longer as this helps with
therapeutic applications. One of the most effective ways of controlling the lifetime of DNA
aptamers in vivo is to bind the aptamer with polyethylene glycol (PEG), which then prolongs
their circulation in the bloodstream.>® Other ways that have been successful to improve the life
span are to coat the DNA aptamers in nanomaterials such as copolymers, liposomes and

nanoparticles.?
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1.1.3.2. Nuclease Degradation

As previously discussed, DNA and RNA aptamers are susceptible to break down by nucleases.
Nucleases are found in the body and can cleave phosphoester bonds, which can destroy the
structure of the nucleic acid. This can be resolved by chemically modifying the inter-nucleotide
linkages and nucleotide sugars. Another way this can be done is by capping the ends of the

chains or modifying nucleotides using the functional groups amino, o-methyl or fluoro.>®
1.1.3.3. Renal Filtration

Most aptamers are commonly only 5-15 kDa molecular mass. Due to their small size, aptamers
suffer high renal clearance, as the filtration cut-off of the glomerulous is 30-50 KDa, thereby
decreasing bioavailability. To challenge this, aptamers can be joined to a high molecular mass
polymer such as PEG, which can then stop aptamers being subject to metabolic processes and
renal filtration.>” This loss of the aptamers by renal filtration, limits their therapeutic
applications. PEG is an excellent tool for polymer-based drug delivery because it increases
stability and solubility and also reduces toxicity and immunogenicity.>® Macugen aptamer was
modified with 40 kDa PEG, which increased its half-life in the blood circulation to 9 hours

following intravenous injection from a time of 2 minutes before.>

1.1.4. Systematic Evolution of Ligands by Exponential enrichment

In 1990, A. D. Ellington and J. W. Szostak created a method that used combinatorial nucleic acid
libraries to select RNA aptamers that bind selectively and tightly to a chosen target. There were
studies on the interaction between the bacteriophage T4 DNA polymerase (gp43) protein and
the ribosome-binding site of the mRNA, which encodes the enzyme. The gp43 binding sequence
was selected from the RNA pool which was randomised at specific positions, a process called
Systematic Evolution of Ligands by Exponential enrichment (SELEX). In 1992, a successful

selection of single stranded DNA sequences from a chemically synthesised pool of random
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sequence DNA molecules was shown. These DNA aptamers were able to identify and bind the

ligands in the same way as the RNA aptamers.®°

SELEX is also known as in vitro selection, a common procedure which consists of selections and
amplification where large pools of nucleic acids (~10'* molecules of up to 100 nucleotides in
length®!) are required to bind to selected targets under set conditions.* The general SELEX
procedure is: binding, partition, elution, amplification and then conditioning.®® In RNA SELEX,
typically the library of single stranded RNA aptamers are prepared by the in vitro transcription
of double-stranded DNA templates, generally using T7 RNA polymerase.®? In DNA SELEX, the
library of single stranded DNA molecules is mostly prepared by the separation of double
stranded PCR products.®® Firstly, a nucleic acid sequence is bound to the selected target and
only the species capable of binding are then retained for the next step.®! In both cases, the
randomised DNA and RNA pool is incubated with the chosen target, the selection is designed to
identify those molecules that have the greatest affinity and specificity for that target. The
separation of the binding and non-binding aptamers is one of the most crucial aspects of the
aptamer selection process. The most common way of separation is the use of affinity
chromatography with immobilization of the target on the column material (agarose or
sepharose commonly used). However, a large amount of target is needed for the column.®*
Another way is the use of magnetic beads for target immobilisation. This method is good

t.%> Other methods of separation

because it requires only a very small amount of the targe
include ultrafiltration using nitrocellulose filters with molecular weight cut offs,% capillary

electrophoresis,®’ electrophoretic mobility shift assay® and flow cytometry.®

Next, the sequences retained are then amplified by PCR for DNA SELEX or by reverse
transcription PCR for RNA SELEX. The resulting double-stranded DNA is converted into a new
oligonucleotide pool by separating the significant single stranded DNA or by in vitro

transcription and then purifying the produced RNA. This new and enhanced pool of selected
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aptamers is used for a binding reaction with the target in the next round of SELEX (figure 1.10).
The number of rounds is dependent on the design of the starting aptamer library, the reaction
conditions, the features of the target, the concentration, the ratio of the aptamer and the target
and the efficiency of the separating procedure. The number of rounds is usually between 5 and

15.7°

Amplification is important because the library usually created is not very large because of the
selection step and so amplifying them enriches the aptamer pool. The last SELEX round is
stopped after amplification and the products are separated to give individual copies of the
aptamers from the selected pool. Modifications can now be made to the aptamer sequences to

enhance stability or for them to be experimentally used.®°

XDOPK XPOIX

XDOPK
Library Pool \ §
SELEX

)@W Incubation with Target

Amplification

Unbound Sequences
Bound Sequences W

Figure 1.10. Cycle of Aptamer Selection.”*
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1.1.4.1. Importance of SELEX

SELEX has become a standard procedure used by research groups for generating aptamer pools.
It is constantly being developed and new procedures added to make it more efficient. In 2018,
a research group from Germany discovered aptamers for Protein A by applying next generation
sequencing (NGS) to a selected aptamer pool which was obtained by SELEX using the FluMag-
SELEX procedure followed by cloning and sanger sequencing.”> FluMag-SELEX is a modified
version of SELEX. It is modified by using fluorescent labels for DNA quantification and by the use
of magnetic beads for target immobilization. These modifications are added to avoid radioactive
labelling and the immobilization on magnetic beads enables easy handling, use of small
amounts of target for the aptamer selection and rapid and efficient separation of bound and
unbound molecules.®® Sanger sequencing is the procedure of selective incorporation of chain-
terminating dideoxynucleotides by DNA polymerase during in vitro DNA replication.”® NGS is
one of several high-throughput approaches to DNA sequencing using the concept of massively
parallel processing. These technologies use miniaturized and parallelized platforms for
sequencing 1 million to 43 billion short strands of 50-400 bases each per run.”* NGS helps reduce
the time needed for the SELEX aptamer selection procedure, focusing only on a few selection
rounds. Through the use of SELEX, new sequence groups were found to have high specificity for

Protein A.”®

SELEX has been used along with a quartz crystal microbalance (QCM) to select aptamers that
are specific to acrylamide. Acrylamide is a small molecule that potentially causes cancer, so
finding an aptamer that can bind to it efficiently could be of great use in cancer research. This
selection was done by starting with a single stranded DNA library (10> molecules of 45
nucleotides) performing 14 rounds of positive selection. The acrylamide aptamer candidates

were enriched and two aptamer candidates were selected (A5 and C14) (figure 1.11).7®
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A5———TGGTCGTG—GTGAGGTGCGTG——TATGGGTGGTGG—ATGAG—TG——TGTGGC——————
C14————GCCGCCCCCAGTTGACCATGCCCACACCAT——GCCCTCA——C———CGCGCAC—————

Figure 1.11. Aptamer Candidates A5 and C14.7¢

1.1.4.2. Slow Off-rate Modified Aptamers

Slow Off-rate Modified Aptamers (SOMAmers) are short single-stranded DNA-based protein
affinity reagents selected in vitro from large libraries for their ability to bind to chosen targets.
SOMAmers are unlike aptamers in that they have dU residues that are uniformly functionalized
at the 5-position with different functional groups that can participate in interactions with target
molecules and also form novel secondary and tertiary structures within the SOMAmer (figure
1.11).”” Theoretically SOMAmers can be raised against multiple different biological substrates.
They are called Slow Off-rate Modified Aptamers because they have very low dissociation rate
constants.”® They are identified using SELEX, the aptamer selection technology (section
1.1.4.1).” Scientists have given them protein-like properties by adding functional groups that
copy the behaviour of amino acid side chains analogous to chemically modified nucleotides,
which expands their chemical diversity and also gives them greater target variety as well as high
affinity. SOMAmers are chosen because they have high affinity for their protein targets and also

because they have low dissociation rates with these targets.®°
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Figure 1.12. Structure of several modifications made at the 5-position of deoxyuridine available for SELEX and post-
SELEX optimization.”®
The hydrophobic modification made to SOMAmers regents on the 5-position of deoxyuridine
nucleotides increases the resistance to degradation compared with other aptamers (figure
1.12). This, however, also depends on the nature of the modification at the 5-position and the
sequence. Nuclease degradation can also be inhibited by such modifications as adding a
phosphorothioate bond, which then substitutes a sulphur atom for a non-bridging oxygen in the
phosphate backbone of an oligonucleotide. Most of the time this modification helps the
internucleotide linkage too because this is more resistant to nuclease degradation. It has been
recommended that three phosphorothioate bonds attached at 5 and 3’ ends will inhibit
degradation. The disadvantage to this modification is that it may also increase toxicity.®
SOMAmers are claimed to have both high specificity and higher affinity for their protein targets
and are less vulnerable to degradation by nucleases.®2 SOMAmer reagents are attractive for use
in nearly every protein measurement application because of these great qualities along with

their stability and easy production. The method to generate these SOMAmers is still very time
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consuming, and researchers are currently working on new methods. This research project is the

nest along from SOMAmers.

1.1.5. Aptamers Versus Antibodies

As aptamers have the ability to selectively interact with a particular target, they are often
compared to antibodies. Monoclonal antibodies play a huge role in therapeutics and
diagnostics. A large amount of research has been conducted into improving the performance of
monoclonal antibodies for therapeutic uses. Generally antibodies are effective for most
applications however aptamers are increasingly an attractive alternative.® In terms of
selectivity, aptamers are easily selected against non-immunogenic molecules and molecules
that are toxic to antibody producing cells. In terms of size aptamers are roughly ten times
smaller than antibodies which allows them greater and easier access into cells and tissues.®*
Aptamers, unlike antibodies, can be selected under non-physiological conditions,® such as
extremely high or low temperatures, or pH conditions. Aptamers can be readily chemically
synthesised with minimal batch to batch variations as well as in large quantities, because of
their smaller size compared with antibodies and the fact that many antibodies are still produced
through biological routes in mammalian cells using recombinant DNA technology.®® Aptamers
provide complex folded tertiary structures with sufficient recognition surface areas to rival and
even better antibodies. In addition, they are easily selected and can withstand organic solvent
and show low immunogenicity. These properties, shown in Table 1.2, demonstrate the huge

potential that aptamers have in the biomedical field.®
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Table 1.2. Aptamers vs. Antibodies.?’

Aptamers

Antibodies

Target Range

Can be produced against

almost anything

Limited to targets that
produce an immune

response

Development Time

Several weeks

Several months

Synthesis and Manufacture

Produced in vitro (no
animals used)

Low batch-to-batch
variability

Chemically synthesised

Produced in animals and
then by recombinant
methods

Poor batch-to-batch
reproducibility

Expensive reactors required

Handling and Storage

Stable at ambient
temperatures

No freezing or refrigeration

Refrigeration/ freezing

Easily denatured

be frozen
Can be reused in some

applications

needed

Stability Refrigeration/Freezing Made from protein. Easily
Can withstand repeated denatured losing structure,
round of denaturation function under wide range
without loss of function of conditions.

Shelf Life Long — several years it can Limited to 6 months and

single usage
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In vivo complications

No intrinsic immune

response

Can cause immune response

if used as a drug

Down Stream Applications/

Assay Development

Functional under a broader
range of conditions defined
by the customer based upon

the intended end use

Will only work under near

physiological conditions

Affinity and Specificity

High affinity and greater

potential for specificity due

High affinity and good

specificity

to the nature of the isolation

process

However, the development of clinical therapeutic aptamers is lagging far behind therapeutic
antibodies,®8 which are still dominating the global medicine market place.*® There are several
factors causing this: the lack of medicinal chemistry support, the production costs, reluctance
to break from conventional approaches, delay and suppression of clinical translation and

distribution of therapeutic aptamers.

1.1.6. How are Aptamers Used?

1.1.6.1. Aptamers as therapeutics

Aptamers have the potential to treat illnesses and disease that currently have no cure. There
are several ways in which aptamers can do this: act as a drug delivery agent, act as an agonist
and finally act as an antagonist. Aptamers can work as drug delivery agents because the aptamer
has such high affinity and specificity that it can target cells with high accuracy to deliver the
desired drug. Aptamers can act as an agonist by activating cell-surface receptors. They can also
be designed to can act as antagonists, by inhibiting protein-protein interactions or receptor-
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ligand interactions.” For example, Centauri Therapeutics, is a UK-based biotechnology company
focused on the discovery and development of novel aptamers to treat life threatening diseases.
They are using aptamers to target specific pathogens such as antimicrobial resistant microbes
and also cancer cells, to elicit an immune response in the patient, which will eliminate the

threat.’?

Inrecent research, aptamers have been isolated against therapeutically relevant targets to treat
such diseases including human immunodeficiency virus (HIV), cardiovascular diseases, hepatitis
C virus (HCV), neurodegenerative diseases, influenza and some cancer linked targets. The first
aptamer approved for therapeutic use by the USA Food and Drug Administration (FDA), was in
2004 and called pegaptanib. It is an RNA aptamer that consists of 28 nucleotides®? and is used
for macular degeneration (figure 1.13).% Pegaptanib (commercial name Macugen) is provided
as a solution for injecting into the eye and is used to treat adults with the wet form of age-
related macular degeneration to improve vision. It has a 2’fluorophyridine modification that
does not interfere with amplification using reverse transcriptase.’*® Its target is vascular
endothelial growth factor (VEGF).% This disease affects the middle part of the retina at the back
of the eye, and is caused by abnormal growth of blood vessels.®®> However, monoclonal

antibodies have been developed that are more effective clinically for this purpose.®®

Aptamers can be used for therapeutic purposes in a similar way to antibodies. Antibody therapy
is a form of immunotherapy that uses monoclonal antibodies to bind to certain cells or proteins.
This is done with the aim to stimulate the patient’s immune system to attack those cells.”” No
organisms are needed for the in vitro selection of oligonucleotides, a big advantage when
manipulating molecules.®® Aptamer therapeutics can be developed for intracellular,
extracellular and cell-surface targets. Aptamers have advantages over protein therapeutics in
terms of synthetic accessibility, modifications and size.* Targeting proteins in extracellular or

cell-surface targets removes the need for the therapeutics to cross the cell membrane,” which
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has been a challenge because of the protective lipid bilayer. Theoretically aptamers can be used
as therapeutics in any disease for which extracellular blockade of protein — protein interaction

is needed.®®
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Figure 1.13. Chemical Structure of Pegaptanib Aptamer.

There are other oligonucleotide-based therapies that are approved for therapeutic use or in
clinical trials. Currently, there are several antisense oligonucleotide-based drugs that have
entered phase Il clinical trials such as Alicaforsen, ALN-TTR02, and QPI-1002.%° Alicaforsen as
an example, was identified using SELEX technology, helps stop the production of ICAM-1 which
is a cell surface receptor involved in the process of inflammation (figure 1.14). In inflammatory
bowel disease, the immune system incorrectly activates inflammatory processes. In this
situation, ICAM-1 is highly expressed, and this correlates with inflammation in the bowel.
Alicaforsen binds to ICAM-1 mRNA, and then ICAM-1 expression is reduced. Clinical trials of
Alicaforsen have shown reduced levels of inflammation, a reduction in symptoms for the patient

and an improvement to the health of the tissue shown by endoscopy.®
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Alicaforsen

Figure 1.14. Chemical Structure of Alicaforsen Aptamer.

1.1.6.2. Aptamers used for Drug Delivery

As well as serving as direct therapeutics, aptamers have also been developed to deliver drugs
to the cytoplasm or the surface of human cells.’® Aptamers can function as targeted drug
delivery carriers that may increase the efficacy of a drug and also reduce the destructive side
effects of other non-targeted approaches such as treatments for cancer patients like
radiotherapy and chemotherapy. This aptamer-based drug delivery approach was explored with
human prostate-specific membrane antigen (PSMA), which is a transmembrane protein that is
linked with prostate cancer and is overexpressed on the surface of solid tumours.®* This
method of aptamer-based drug delivery has now been tried with nanoparticles. This works by
having nanoparticles that contain therapeutic agents, which are then coated with aptamer

recognition elements for aptamer facilitated internalisation and drug release.®

Another significant application of aptamer-based drug delivery systems involves developing
strategies to treat infection with HIV. Viral entry of HIV into immune cells occurs when envelope
glycoprotein gp120, a glycoprotein located on the exposed surface of the viral particle,
encounters the CD4 receptor and CC-chemokine receptor 5 (CCR5) on the outside of the host
cell.’* Work has been done to develop a gp120 targeted aptamer that works by inhibiting the
interaction between the gp120 and the CD4 receptor. The gp120 targeted aptamer can also act

as a cell-type specific delivery agent for siRNA (Figure 1.15).1% Research has shown that the
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gp120 aptamer has been able to deliver anti-HIV siRNA into HIV infected cells and inhibit HIV
activity in vitro. Further studies in a humanised mouse model demonstrated that administration
of the gp120 aptamer-drug suppressed HIV replication in vivo.1% This shows that aptamer—drug

conjugates have great potential for treatment of HIV patients.
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Figure 1.15. HIV gp120 Aptamer-tat/rev siRNA Chimera.105

1.1.6.3. Aptamers in Diagnostics

Aptamers could be selected for developing diagnostic tools for a range of diseases. This works
as long as the appropriate targets such as pathogens or biomarkers are available. Signals can be
generated by a conformational change in the aptamer, induced by the presence of a ligand
which is ideal for the creation of sensors used in diagnostic applications. The ease of conjugation
and labelling of aptamers allows them to be combined with other advanced technologies such
as flow cytometry,'%” microfluidics,'® cell separation,'® endogenous nucleic acid analysis> and
nanoparticle based sensing.!'® This makes aptamers a potential tool for diagnostics.® The key
to effective treatment is an accurate and early diagnosis. Effective early diagnosis is only
possible if the method is sensitive and involves small detecting agents, which is why aptamers
are good candidates. Aptamers have been used in the detection of parasital, bacterial and viral-
mediated diseases, along with cancer. Some of the existing diagnostic methods are in need of

expensive equipment and skilled people, which when leads to high cost.®
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Research has identified DNA aptamers that have been selected against cancer cells, which then
can be utilised to diagnose and image cancer tissue.!'! This has been done with cells from liver,
colon, pancreatic, prostate, and breast cancer, amongst others. This research has been helped
by the use of the SELEX method.'*? Biomarker molecules that are specifically expressed or
overexpressed on cancer cells were used for the selection of diagnostic DNA aptamers. Example
biomarkers are vascular endothelial growth factor (VEGF),'*® prostate-specific membrane

antigen (PSMA)'* and epidermal growth factor receptor variant Il (EGFRvIII).1*

A DNA aptamer can be developed into a biosensor by chemical modifications with luminophores
or linkage to nanoparticles to bind to a disease-related biomarker or a pathogen.'® For
example, research was conducted to develop a DNA aptamer, selected by SELEX and then PCR
amplified to bind to and detect non-pathogenic Sterne strain Bacillus anthracis spores. This
utilised an aptamer-magnetic beads-electrochemiluminesence sandwich assay scheme. At least
three distinctly different populations of single-stranded DNA aptamers were identified. In the
low DNA to spore ratio population, the aptamers were liberated from spore pellets by heating
at 96° for 5 minutes after each round of SELEX. High affinity spore surface bound aptamers were

detected by their 5'-biotinylated tails using a labelled avidin.'’

1.1.7. Aptamer Limitations

The use of aptamers for applications is fraught with problems and limitations, which researchers

are still working on to find solutions for. The main limitations are described below.
1.1.7.1. Aptamer Degradation

The rapid degradation of aptamers by nucleases in biological media, such as blood, is a large
problem that puts limitations on their practical applications. Oligonucleotides can decay in
blood within a few minutes to several tens of minutes, depending on the concentration and

conformational structure of the molecule. This short time scale is undesirable in most
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therapeutic applications, and because of this, several methods for protecting aptamers against
degradation by nucleases have been developed. As discussed earlier (section 1.1.3),

118,119 21

modifications such as 2’-amino pyrimidine, -fluoropyrimidine,?° 2’-0-methyl purine and

121

2’-0-methyl pyrimidine*** are used for this purpose.

1.1.7.2. Aptamer excretion from the bloodstream by renal filtration

Aptamer excretion from the bloodstream by renal filtration can complicate their therapeutic
use. The kidneys can remove substances with a molecular weight below 30-50 kDa, and many
aptamers are within this range. Conjugating aptamers with PEG with the molecular weight of
20-40 kDa is one of the most common solutions to this problem.?? This method is currently
being used to increase the circulation time in the blood stream of oligonucleotides, peptides
and proteins.'?® The excretion of the PEG-conjugated aptamers from the bloodstream is much
slower, taking up to several days, and they do not lose their specificity. These PEG-conjugated
aptamers are more effectively delivered to tissues and organs.?*1%> Aptamers can also be

conjugated with cholesterol molecules which prolongs their circulation in the bloodstream.?

1.1.7.3. Control of the duration of action

The pharmacokinetic parameters of a drug are essential to its therapeutic applications. The
period of action depends on factors such as: degradation, their involvement in metabolic
processes, renal excretion and many more. Many of these factors limit the drugs therapeutic
applications. The use of aptamers as drugs or drug delivery vehicles can often solve the
problems associated with controlling the period of action. One possibility is to synthesise a
complementary oligonucleotide creating an antidote. The hybridisation of the therapeutic
aptamer with the antidote then causes the aptamer conformation to change and it will lose the
ability to bind to the target molecule. This approach has seen success in animal models, where

an aptamer was delivered into the bloodstream and showed therapeutic effects. The antidote
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was then injected into the bloodstream and the aptamer action stopped.'?”'2¢ The high
efficiency of aptamer hybridization with its antidote in the bloodstream offers a unique method
to be able to control the duration of therapeutic action. This makes the application of aptamers
preferable over antibodies as it is currently very difficult to control the duration of action of

antibodies.

1.1.7.4. Interaction of aptamers with intracellular targets

Most aptamers have been selected using targets found on the cell surface or in the
bloodstream. This theoretically makes their applications easy, as they just need to be delivered
to the bloodstream to trigger therapeutic effects. However, recently there have been some
advances in the intracellular delivery of aptamers. Special expression systems can generate

aptamers inside cells and ensure they are accumulating in the cytoplasm or nucleus.

This can be done by transfection of cells with a recombinant vector expressing the aptamer
sequence under a U6 promoter and has allowed specific inactivation of nuclear target
proteins,’?>13% while aptamer expression under tRNA promoter control ensures predominantly
cytoplasmic localisation of aptamers.’3! Cell-type-specific aptamer synthesis can be done by
directional viral expression systems that deliver vectors to certain cells.’*>!33 The concentration
of the aptamers which are called intramers can be increased by using strong promoters and
limiting the rate of aptamer degradation by nucleases through protection of the 3’ and 5’ ends
with additional structures such as hairpins.’3* Aptamers can also be delivered to intracellular
targets by the transfer of aptamers from the bloodstream to cells through receptor-dependent
endocytosis.’®>13¢ Endocytosis of an aptamer binding to PSMA has been shown to provide
specific and effective delivery of conjugated drugs to cancer cells expressing this antigen on

their surface.'37138
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1.1.7.5. Aptamer cross-reactivity

Aptamers have high specificity for their chosen target. However, they can also bind to other
similar molecules. Four aptamers that were generated against DNA polymerase B have been
shown to also bind to and inhibit DNA polymerase k which belongs to another DNA polymerase
family.’3® This aptamer cross-reactivity can be an obstacle to their therapeutic application
because potential side effects can occur when the aptamers interact with other proteins. This
problem can sometimes be avoided by adding a negative selection step in SELEX methods. This
was proved by using SELEX to generate an aptamer that binds with high specificity for DNA

polymerase t and does not bind to DNA polymerases k or to .4
1.1.7.6. Automation of aptamer generation

The protocol for the generation of aptamers is relativity simple, although in real time it is a time
and labour consuming process. The aptamer selection by SELEX does not always have the best
affinity and specificity due to a sub-optimal SELEX procedure. New methods have been designed
to reduce these limitations such as automated SELEX'*"'%2 which can be done in a few days and
capillary electrophoresis SELEX (CE-SELEX). CE-SELEX includes a modified stage of selection.
Non-equilibrium capillary electrophoresis of equilibrium mixtures is used for aptamer
fractioning. This procedure takes 1-2 days and allows for more stringency for aptamers binding

to a chosen target.143144
1.1.8. Aptamer Modifications

1.1.8.1. Modifications made to Aptamers

Modifications have been made to aptamers to enhance their therapeutic suitability and to
increase their half-lives. Some of the main problems with aptamers are that they are susceptible

to nuclease degradation and renal filtration; this is caused by the small size of the aptamers and

50



if not modified can create short half-lives. For example, the half-life of an RNA aptamer in blood
can be only 2 minutes long, and this can cause problems when using aptamers as
therapeutics.® However, there are advantages to aptamers having short half-lives, as it means
when aptamers are used as drugs in the body they do not need to have additional modifications

to accelerate excretion from the body and they will not cause negative side effects.>’

One of the most valuable modifications that can be made to aptamers for analysis is adding
different fluorophores. These fluorophores can be added to either the 5" or 3’ end of the
aptamer allowing for the aptamer interactions to be monitored when they change. The target
can then also be visualised if the aptamers have fluorophores attached, this allows them to be
used more effectively than antibodies in methods such as western blotting. Because there are
a large variety of fluorophores, many different targets can be looked at all at once on a single
sample. Confocal microscopy can be used to visualise aptamers in tissues or be used to follow
the binding of aptamers and targets. Aptamers that are labelled can also be used in
fluorescence-activated cell sorting (FACS) analysis, which can identify particular cell types in a

mixed sample.4®

Light-up aptamers have been designed that allow the tagging of RNAs with a fluorescent probe:
this provides a simple way of live-cell imaging of RNAs by fluorescence without using protein
(figure 1.16).1% These light-up aptamers being composed of RNA have great advantage over
GFP, because RNA is highly modular'*® and its sequence can be quickly enhanced by cycles of
transcription, selection and reverse transcription.8%1491%0 [ight-up aptamers provide a direct
measure of gene transcription at the RNA level and can be used to give a more accurate
observation of RNA localisation.*’ Light-up aptamers can now be used for RNA trafficking in
vitro,'>! protein sensing RNA,’? metabolite sensing via a transducer linked to metabolite-
sensing aptamers,’> ribonucleoprotein (RNP) purification®® and ribozyme cleavage

monitoring.>®
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Figure 1.16. Light-up aptamers.14?

1.1.8.2. Aptamer Conjugation

If an aptamer is joined to another molecule, this can change the properties of the aptamer itself.
Conjugation can be used to bridge the gaps between the target and the aptamer, and can help
form additional bonds. Aptamers can be used as drug delivery systems when joined to drugs.
This is a good method because aptamers have such high specificity and affinity that they bind

only to their desired target and do not touch healthy cells and tissue.*®

On a fluorescently labelled aptamer, a fluorophore is conjugated at one end and a quencher at
the other end of the aptamer. If the aptamer is without its target it will fold into a hairpin
confirmation which positions the fluorophore close to the quencher. When a ligand binds the
base pair, interactions are interrupted and the aptamer goes back to the open conformation.
The fluorescent signal is used for detection and quantitative measurement of the target

concentration (figure 1.16).1%®

1.1.8.3. Evolution of sequence-defined highly functionalized nucleic acid polymers

David Liu and colleagues have designed a new genetic code to offer a high degree of codon and
side-chain diversity to evolving polymers.’>” This has been done by a ligase-mediated DNA-
templated polymerization system and in vitro selection system to create Highly Functionalised
Nucleic Acid Polymers (HFNAPs) made from 32 building blocks of eight chemically diverse side

chains on a DNA backbone (figure 1.17). It does so without the constraints that are added by
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using polymerases or ribosomes. Through iterative cycles of polymer synthesis, selection and
reverse translation, they have discovered HFNAPs that bind proprotein convertase
subtilisin/kexin type 9 (PCSK9) and interleukin-6, which are two protein targets implicated in
human inflammatory diseases.’® This evolved polymer potently inhibited the interaction
between PCSK9 and the low-density lipoprotein receptor. Structure—activity relationship
studies revealed that specific side chains at defined positions in the polymers are required for
binding to their respective targets. The DNA-templated, ligase-based translation system
supports selection of polymers with diverse side chains, including side chains that mimic the
repertoire of amino acid side chains found in proteins. PCSK9-binding and IL-6-binding polymers
both exhibit position dependent and side-chain dependent structure activity relationships that
mimic those of proteins. The PCSK9-binding polymers are strongly dependent on the presence
of multiple side chains with different physical properties, consistent with the importance of
chemical diversity to the functional potential of these polymers. The limitation to this method

is that the variation is only in the side chains on particular nucleotides.’
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Figure 1.17. Structures of 5’-phosphorylated trinucleotide building blocks for HFNAP library synthesis.1>’

Gawande and colleagues have performed selections for PCSK9 aptamers from modified DNA
libraries. These libraries had one or both pyrimidines altered to side-chain-functionalised
variants.’®® High-affinity aptamers were enriched from doubly modified libraries where
hydrophobic or phenolic side chains appeared on average on 50% of the nucleobases. Liu’s
findings are consistent with this; the highest affinity binder from their HFNAP library, roughly
containing an equal mix of hydrophobic and hydrophilic side chains installed at 33% total
frequency, has Kq =3 nM for PCSK9. The flexibility of the side chains also allows for the possibility
of creating evolution experiments with libraries with different side chains to discover the
relationship between the structure of building blocks in a genetic code and the biological

potential of the polymers. Other modifications may be suitable for other applications.

The evolution of these sequence-defined synthetic polymers made of building blocks beyond

those compatible with polymerase enzymes or the ribosome, has the potential to generate new
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classes of receptors, catalysts and materials. Liu’s findings expand the chemical space of
evolvable polymers to include densely functionalized nucleic acids with diverse, researcher-
defined chemical repertoires. It enables researchers to generate and select HFNAPs with side

chains tailored towards specific applications.®’

1.2. Combinatorial Chemistry

1.2.1. Combinatorial Libraries

The synthesis of combinatorial compound libraries is being used more and more to lead to the
identification of novel compounds that have targets with activities of high interest. These
chemical libraries are intentionally made with a selection of different molecules prepared
biosynthetically or synthetically and are be screened for a specific biological activity. There are
a number of different library types: libraries of soluble molecules, peptide libraries on biological

display vectors, libraries of compounds bound to resin beads, and other solid supports.t°

Since the 1990’s, combinatorial chemistry has become very popular in both academia and
industry, because it can assist in drug discovery. It has been regarded as one of the most
important new advances in medicinal chemistry.'! Every combinatorial library method has
three steps. Firstly the preparation of the library, secondly the screening of the library and finally
the determination of the chemical structures of active compounds. These libraries involve
synthetic chemistry and can include oligomers, oligonucleotides,* peptides,®? synthetic amino

acids and small molecules.

The idea of combinatorial chemistry was first developed in the mid 1980’s with Houghten’s tea
bag technology to synthesise thousands of peptides on a solid support in parallel followed by
Geysen et al. with multi-pin technology.’®® In 1991 Lam et al. introduced a combinatorial

chemistry approach called the one-bead-one-compound (OBOC) method of combinatorial
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4 and Houghten et al. demonstrated the solution phase mixtures of

peptide libraries!®
combinatorial peptide libraries.’®2 Bunin and Ellman reported the first combinatorial library of
small molecules in 1992.%% In a similar fashion, the phage-display peptide library method was
designed in 1985 by Smith.’®® This method displays one-page one-peptide similar to OBOC
library methods. Each M13 phage displays 5 copies of one unique peptide. In the 2000’s,
Frankel et al.,*®” Josephson et al.'®® and Murakami et al.?®® all described creating mRNA display
macrocyclic peptide libraries using building blocks of unnatural and D-amino acids. In 2009,
Heinis et al. presented the method of post-translational chemical modifications of phage-
displayed peptide libraries.!’® These approaches enable peptide libraries to have greater

chemical diversity and more resistance to proteolysis which makes them potentially better as

drug candidates.

Recent advances have introduced DNA-encoded libraries (DEL) which allow researchers to
create and decode very diverse small molecule, peptide or macrocyclic libraries.”® This
technology is a novel ligand identification strategy that allows the synthesis and screening of
highly chemical diverse libraries more efficiently than the original method.'’? This was
conceptually designed by Brenner and Lerner in 1992.1® This method connects molecular
biology and organic chemistry disciplines by using synthetic chemistry cycles to introduce
diverse small molecules encoded by unique DNA tags.'’* There are then several cycles of
selection, usually involving an immobilised target protein and a pool of libraries. This results in
a mixture of compounds which are top binders of the target protein.'’”® There is then
amplification of the DNA region by PCR methods and subsequent next generation sequencing
(NGS) allows for the identification of the binding molecules structure.'’® The progress over the
last two decades has made DEL a powerful tool for pharmaceutical companies to identify new

ligands for biological targets.'”” 17
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1.2.2. One-Bead One-Compound Libraries

The OBOC combinatorial library method is very efficient; millions of compounds can be
screened thoroughly, simultaneously.?’® The concept is based on the idea that a combinatorial
bead library can be prepared by the ‘split and mix method’ which results in a single bead
carrying many copies of a unique compound.*® This method has been successful in identifying
ligands and a great number of biological targets. The OBOC combinatorial library approach has
some key unique features. (1) The very quick synthesis of a large library of very high structural
diversity is enabled by the ‘split and mix” method. (2) All compounds can be tested and screened
simultaneously but independently of each other against a target of interest because the
compounds are spatially separable.’® (3) This allows for rapid identification of the most active
compounds whose chemical structures can be identified on the bead. (4) On-bead binding,
functional assays and solution-phase assays can all be used in this method (figure 1.18). Once
identified, the chemical structure of the compound on a positive bead may be determined
directly or by an encoding strategy. The OBOC library method has not been used to its full
potential due to technical obstacles such as screening millions of beads by conventional
methods, for example by using a microscope to manually remove ‘hits’, which is unfeasible for

a large library.
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Figure 1.18. One-bead One-compound Combinatorial Libraries.

The OBOC library technique was first used successfully on over a million peptide beads used to
isolate peptide ligands that interact with anti-a-endorphin monoclonal antibody using an

enzyme-linked colorimetric detection technique.'®? Over the years, this OBOC technique has

183 184

been successfully used on a number of different targets such as antibodies,'®* protein kinases,
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bacteria,'® G-protein coupled receptors,'® whole cells’®” and small organic dyes. In recent

research, Lam and colleagues used the OBOC method when looking into avB3 integrin

188

ligands.'®® avP3 integrin ligands are of great interest because they have the potential to be used

in cancer imaging and targeted therapy. avp3 integrin is expressed on the surface of numerous

cancer and non-cancerous cells.'®

It is involved in various processes such as the formation of
new blood vessels (angiogenesis), bone resorption, metastasis of human tumours and the death
of cells (apoptosis), which is why it could play a key role in cancer therapy. This research team
designed OBOC combinatorial libraries containing the arginine-glycine-aspartic acid (RGD)
motif.»*® This library was then screened against K562 myeloid leukaemia cells that had been

transfected with the human avp3 integrin gene. The team compared the binding strengths of
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LXW?7 (a cyclic peptide) ligand, the biotinylated form of LXW7 ligand and biotinylated RGD
cyclopentapeptide ligands to avp3. The cyclic peptide LXW7 was found to be the most suitable
ligand, binding to avp3 with an affinity of ICso= 0.68 + 0.08 umol/L. The biotinylated form of
LXW?7 ligand produced a similar binding strength to the LXW7 against avp3 integrin and the
biotinylated RGD cyclopentapeptide ligands showed the weakest binding affinity. When further
research was undertaken, it was shown that the LXW?7 ligand was also able to bind to the A375M
melanoma and to the U87MG glioblastoma cells. Both of these cell lines express high levels of
avB3 integrin. The research team also ran in vivo and ex vivo optical imaging studies in which
they delivered biotinylated LXW7/streptavidin-Cy5.5 complex in mice with A375M or U87MG
xenografts. This revealed that biotinylated LXW7 is preferably taken up into these tumours. This
was compared with biotinylated RGD cyclopentapeptide ligands and demonstrated that
biotinylated LXW?7 has a higher tumour uptake but a lower liver intake. This study shows that
the OBOC combinatory library method is a powerful tool to discover and advance specific
ligands against cell surface receptors. The conclusion of the report shows that a peptide ligand
LXW7 with a RGD motif was discovered using one-bead-one-compound combinatorial
chemistry. LXW7 has potential to be an effective peptide ligand that can be used for drug

delivery.?!

A recent research paper published in 2018 by a team led by Thomas Kodadek discusses the use
of OBOC libraries to screen serum samples to identify the ligands to antibodies in the mixture.*?
This research was focused on the discovery of serum biomarkers for the diagnosis of disease
and for the prediction of drug efficacy. The immune system is an attractive source of these
biomarkers,'®® because disease states induce the production of antibodies against disease-

specific antigens. They have developed an approach called epitope surrogate technology to
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discover these antibodies'™* using one-bead-one-compound combinatorial library,'® with ‘split

and mix’ synthesis. The combinatorial library was then incubated with a pool of control serum
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samples and then the 10 uM beads that show antibody ligands are stained with a fluorescently
labelled secondary antibody. This is then repeated with the real serum samples. These beads
can be passed through a flow cytometer and the fluorescent hit beads, which contain the ligand,
are separated from non-ligand beads. All the beads that fluoresce contain the ligands that are
potential antibody biomarkers, separated from the control population. Extra experiments can
be run on these antibodies such as immunoprecipitation (a technique that precipitates a protein
antigen out of solution using an antibody that specifically binds to that protein) to work out

their native antigens in a suitable tissue extract.®

1.2.3. Combinatorial Chemistry in Drug Discovery

Over that last decade, combinatorial libraries have been successfully applied to many
applications, including drug discovery. Table 1.3 below displays some of the different
approaches and applications of combinatorial libraries.!”* Blakskjaer et al. describes a screening

method named ‘binder trap enrichment’ which screens libraries homogenously.?

Building
blocks are spatially confined in the centre of the DNA junction which they have named
Yoctoreactor, which facilitates both the chemical reaction between the building blocks and the
library encoding. This screening can be performed in a single binding tube. This method has

become an increasingly popular technology for the identification of small molecules targeting

proteins.}”?

Table 1.3 Examples of recent application of combinatorial chemistry for drug discovery.'’*

Library Type Library Structure Screening Type

DNA Encoded Chemical bE4
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H )
Library mNYN

121+630=76,230 O
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1.3. Flow Cytometry

1.3.1. Flow Cytometry

Flow cytometry is a technology that rapidly analyses single cells and particles as they flow past
several lasers, in a buffered salt-based solution. Each particle is analysed for visible light scatter
and fluorescence characteristics. The visible light scatter is measured in two different directions;
Forward Scatter (FSC) provides the relative size of the cell or particles, and Side Scatter (SSC)
displays the internal complexity of the cell or particles. This light scatter is independent of the

fluorescent intensity. Flow cytometry is a powerful tool that has interdisciplinary applications.

205 206 7

These consist of cancer biology,?® immunology,*® virology,?®” molecular biology, infection

208

disease monitoring*®® and cell drugging analysis. It is very effective for the study of the immune

system and its response to infectious diseases and cancer. It allows for simultaneous

characterisation of mixed cell populations that can be separated into single cell populations.?®

1.3.2. Fluorescent Activated Cell Sorter

A fluorescent activated cell sorter (FACS) is a specific type of flow cytometry instrument which
is used to analyse the chemical and physical characteristics of particles in a liquid as it passes
through one or more lasers. Importantly, it can also purify and select out cells and particles for
further analysis. Cells are labelled fluorescently and then lasers are used to excite the
fluorescent label either on or within the cells, which then emit light at varying wavelengths. This
process can sort a heterogeneous mixture of cells into different containers depending on the
fluorescent characteristics and the specific light scattering of the cells. The cell sorter allows the
user to select and gate off a particular population of cells or particles which is positive or

negative for the desired parameters and then direct those cells or particles into the chosen
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container.?® This instrument is very useful because it is fast and provides quantitative and

210

objective monitoring of fluorescent signals of cells.
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Figure 1.19. Flow Cytometry Schematic.
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1.3.2.1. Hydrodynamic Focusing

A FACS instrument works by having the cell suspension in a narrow stream. The sample flow is
focused such that the cells pass one by one through the laser beam. The stream is comprised of
a constant flow sample stream and a constant flow sheath fluid (buffered salt-based solution)

stream. Both streams are introduced into the microfluidic channel flow down either side of the
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channel. The streams stay this way if they are coordinated on viscosity and hydrophobicity. The
sheath fluid stream pushes on the sample stream to make it narrow; if the pressure is increased
the sample stream widens. The sample stream is affected by sheath speed and conical tapering
of the cuvette. The stream should be ~10 microns in diameter. The flow is arranged so that

there is an effective separation between cells relative to the cell diameter.?!!

Sheath Sheath

Sample

Figure 1.20. Hydrodynamic Focusing in the FACS.

Streams stability is essential to the precision of sorting cells. Many things can disrupt the stream
such as drop delay (if incorrect will lead to the wrong event being charged at the break off
point), temperature changes and blockages in the lines. Larger nozzle sizes can produce less

stable streams and stream characteristics can change over the course of a long sort.

1.3.2.2. Detectors

Key parameters which this instrument measures include forward scatter, side scatter and
fluorescence emission signals (figure 1.21). Forward scatter is the light that is refracted by a cell
in the forward direction; it is typically 20° off from the laser beam’s original axis. The FSC
detector measures scatter along the path of the laser and uses that to approximate the size of
the cells or particles. Usually, bigger cells will produce more forward scatter than smaller ones

and so a stronger signal. Side scatter is the light that is refracted by cells and travels in a different
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direction to the original path. It is measured at a 90° relative angle to the excitation line of the
laser. This detector can provides information on the type of cell and its cellular complexity, e.g.
T cells can be distinguished from B cells in splenocytes.?*? It is affected by shape and size of cells
and sensitive to cytoplasm, membranes, nucleus. This allows FSC and SSC to be used to

distinguish between different cell populations based on their type, liveness and size.?*?

Forward Scatter (FSC)

Sample —— ’ Side Scatter (SSC)

Laser

Figure 1.21. Detector on the FACS.

1.3.2.3. Lasers

The FACS can contain one or several lasers. A common three are those with excitation
wavelengths of 488 nm, 405 nm and 561 nm also known as blue, purple and green lasers
respectively. Each laser has filters at different emissions in the range of the excitation. Cell
populations can be sorted based on their FSC and SSC, but cells can also be sorted by their
fluorescent signal (figure 1.22). The fluorophore used for the detection emits light after
excitation by a laser of compatible wavelength. Each different type of fluorescent dye or tag has

its own characteristic excitation and emission level which is important for designing flow
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cytometry experiments. Fluorescent samples can be prepared for flow cytometry analysis
through several methods, such as transfection and expression of fluorescent proteins, for

214 staining with fluorescent dyes such as propidium

example Green Fluorescent Protein (GFP),
iodide or with fluorescently conjugated antibodies such as CD3 FITC, or chemically binding a
fluorescent tag like rhodamine B to a particle.?’® There is a large range of fluorophores available:
the Alexa Fluor family of fluorophores, allophycocyanin (APC), cyanine5.5 NHS ester (Cy5.5),
fluorescein isothiocynate (FITC), peridinin-chlorophyll-protein (PerCP) etc. When the
fluorescent cells pass through the interrogation point and interact with the laser, they create a
pulse of photon emission over time. They will then be detected by the photomultiplier tubes
and converted by the electronics system to a voltage pulse which is then registered as an event.

The total height and area of the pulse is measured, and this directly correlates to the fluorescent

intensity for that event.

When planning flow cytometry experiments there are key features to consider when picking a
fluorescent tag: maximum excitation wavelength, maximum emission wavelength, extinction
coefficient (the capacity for the fluorochrome to absorb light at a given wavelength),
fluorescence quantum yield (the number of photons emitted per absorbed photon), fluorescent
decay time (time interval after which the number of exciting fluorescent molecules is reduced),
brightness, stokes shift (the difference between the maximum emission wavelength and the

maximum excitation wavelength), which laser line to use, filter sets available and photostability.
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Figure 1.22. Lasers on the FACS (488 nm).

1.3.2.4. Vibrating Mechanism

The cell sorter separates cells by oscillating the sample stream of liquid at a high frequency to
generate drops. At the place where the stream breaks into droplets an electrical charging ring
is inserted, giving the droplets either a negative or positive charge. Charged droplets then go
through an electrostatic deflection system which directs the droplets into a specific container

based on their charge.?™® The containers can be tubes or plates (96-well plates are common).

1.3.2.5. Sample Preparation

The most essential requirement for all flow cytometry practices is to have the cells or particles
in a single-cell suspension.?® It is very important to obtain this to avoid blocking the flow system
with clumps of cells. The concentration of the sample is important, if too concentrated the
purity will be compromised, if too dilute the sort rate will be very low. Most samples are

prepared in sheath fluid (bdbiosciences.com/sheath-fluid).
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1.3.2.6. Data Analysis

The data for each event are plotted independently to represent the signal intensity of light
detected in each detector for every event.?!® Data can be visually represented in several

different ways, most commonly: contour diagrams, density plots, dot plots and histograms.?’

1.3.2.6.1. Histograms

Histogram plots only measure one parameter. The y-axis is usually the event number that shows
a level of fluorescence, and the x-axis is the relative fluorescent intensity detected for a single
laser with a certain filter (figure 1.23). Many events that are detected at a specific intensity will
be represented as a peak on the histogram. Flow analysis is often performed on a mixed
population of cells and so produces multiple peaks on the histogram. This makes it important
to have a negative control so that the positive data can be identified by the shift in intensity

between the negative and positive.

Positive Samples,

Count

Negative
Control

Fluorescence Intensity (nm)

Figure 1.23. Histogram Graph showing positive samples against negative controls.

Sometimes the peaks on a histogram can appear as a doublet, this usually occurs when two cells
or particle passes through the laser beam at the same time (figure 1.24). It can also sometimes

be caused by having the voltage too high, amplifying the baseline. These doublets can
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potentially have negative effects on the results, especially when sorting. The area and the width
of the doublet peaks are larger than that of a single cell, this is because two cells will spend a
longer time passing through a laser beam than one cell, but the height of the two peaks are very
close. A way to overcome this is to run a doublet discrimination before running for samples or
if your samples have a tendency to stick together than add in some extra steps to get a single

suspension before analysis.?!®

Count

Fluorescence Intensity (nm)

Figure 1.24. Histogram Graph showing doublet peaks caused by two cells or particles going through the laser at the

same time.

1.3.2.6.2. Dot Plots and Density Plots

Dot plots and density plots often compare 2 parameters instantaneously where each event is
represented by a single dot (figure 1.25). The dot plot shows the relationship between different
variables against each other, for example FSC vs SSC or 513/17 nm vs 548/29 nm. The density
plot was developed to show the relative number of events in a given region. Intensity
measurements of different channels are represented along the axes showing that events with
similar intensities will group together in the same region of the plot. Density plots are useful for

observing rate of occurrence of sub-populations.
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Figure 1.25. FACS Density and Dot Plots. Density is used to see how similar your population is and to spot outliers

from the main populations. Dot plots are mostly used for sorting, to gate correctly the populations you want.

1.3.3. Flow Cytometry for Drug Discovery

In drug discovery, flow cytometry has been used at many stages.?!® Being a high content assay
technology providing a large amount of information with multi-parametric analysis makes flow
cytometry an important tool for drug discovery.?? The development of faster and automated
sampling processes to be used with flow cytometers has made flow cytometry more attractive
to drug discovery and screening platforms.??! Over the past decade, various flow cytometry
screening applications have been undertaken, for example screens with yeast,??? ligand-binding
assays for screening novel G-protein-coupled receptor ligands,?* and phenotypic screening, for
example in a 1536-well plate of cytotoxic T lymphocyte lytic granule exocytosis.??* As well as cell
applications, bead based immunoassays have been performed to screen secreted cytokines and
proteins in a multiplexed format.??>%26227 Flow cytometry has many advantages over imaging
based screening. For example, it can be used to analyse and physically separate individual cells
from a mixed population without having to develop complex data analysis procedures, required
with image-based screening. Flow cytometry is also optimal for screening suspension cells as

well as adherent cells, after they have been detached from flasks or plates, however imaging
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assays are only really suitable for adherent cell screening.??® Below are examples of

High-throughput screening using flow cytometry.

1.3.4.1. High throughput Flow Cytometry to identify inhibitors of the Racl GTPase

AstraZeneca has in place a large range of high throughput flow cytometry applications. This
consists of High throughput screening (HTS), multiplex profiling and phenotypic to structure
activity relationship (SAR) screening.??° HTS is the principal hit-finding strategy at AstraZeneca.
Essential factors in generating a successful screen are the quality, size and content of the
compound library being screened. Safety-related concerns are the lead cause of drug discovery
projects failing. Between 2005-2010, 82% preclinical drug discovery projects closed because of
the unacceptable level of toxicity in compounds.??® AstraZeneca worked to identify small
molecules that act as inhibitors of the Ras-related C3 botulinum toxic substrate 1 (Rac1) GTPase
to help prevent allergic airway hyper responsiveness (AHR). Asthma is a heterogeneous
inflammatory disorder in which airways narrow and swell, this producing symptoms of difficulty
breathing, coughing and wheezing.?° It is a major public health problem as 5.4 million people
in the UK are currently receiving treatment for asthma,?! and asthma affects 262 million people
worldwide.?®? AHR is the excessive contraction of the airway muscle cells, it is also seen in
chronic obstructive pulmonary disease, which has limited treatments available.?®® A 348-well
plate bead based flow cytometry assay for small GTPases has been published previously.?*
AstraZeneca worked with the biology company Intellicyt to reproduce this assay in a 1536-well
plate format, as this is both cost- and time-effective. Beads coated in Glutathione were used to
capture Glutathione S-transferase (GST)-tagged Racl. Bodipy-labelled guanosine-5'-
triphosphate (GTP) was used to detect the compounds that were competing with its binding to
the GTPase which would then result in a decrease in fluorescence signal. Using iQuelScreener
HD flow cytometer with laser excitation at 488 nm and emission at 530/30 nm, it was possible

to detect the bead population, identify single beads and work out the fluorescence median on
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the beads. The plates were then sealed and read (0.5 seconds sip time with 6 mL/well). The first
screen was performed at 12.5 mM against a wide range of diverse compounds (500,000). The
hits were tested in a ten-point concentration response (100-0.003 mM) against Racl, along
with the related GTPases Ras homolog gene family member A (RhoA) and cell division control
protein 42 homolog (CDC42) for selectivity. Multiple compounds were selective for Racl. A
further panel of cellular assays is currently underway. Figure 1.26 shows dose-response curves
of the three top hits, Racl (circles), Rho (squares), and CDC42 (triangles). These compounds
were tested in a ten-point concentration response from (100-3 nM). The target coated-beads,
bodipy-GTP and all 3 compounds were incubated together for 2 hours at room temperature.

The final concentration of fluorescent GTP was 100 nM.220
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Figure 1.26. Dose-response curves of top three hit compounds.?2°

1.3.4.2. Directed Evolution of Aptamer Discovery Technologies

In 2022, H. Tom Soh et al. published a manuscript where flow cytometry was used to efficiently

235
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This thereby minimised selection bias and reduced the excess material entering the final
aptamer pool. They did this by having solution phase aptamers on particles and screening them
by FACS to quantitatively isolate individual aptamer particles based on their affinity. They had
a second method where they used a multiparametric particle display method. This used two-
colour FACS to isolate aptamer particles with high affinity and specificity. This produced
aptamers that demonstrated excellent target binding to protein glycoforms even in complex
mediums such as serum.?* This method is similar to the design of the project presented in this
thesis, which was planned before this paper was published. The success of this method
demonstrates that the use of FACS for identifying novel drug candidates can help drug discovery

processes.

1.3.4. Flow Cytometry in Diagnostics

Flow cytometry can be used in clinical settings to characterise specific diseases.?® Fluids such
as bone marrow aspirate, cerebrospinal fluid and peripheral blood can all be analysed by flow
cytometry. However, if the sample does not contain viable cells, then the analysis will not be
successful. It is most commonly used for malignant and benign hematologic samples and can
aid with diagnostics, treatment plans, monitoring progression of a disease or the success of
treatment.?” 238 Measuring levels of DNA content in a sample was one of the earliest uses of
flow cytometry for diagnosis in 1983. If there was a 67% increase in DNA, the cells were defined
as being malignant compared to non-malignant cells.?®® Malignant cells also show abnormalities
in their chromosomes and this can also be quantified by flow cytometry.?*® The DNA
abnormalities can then be retrospectively studied comparing their survival duration in
patients.?*! Phenotyping is another common use for flow cytometry in oncology. There are
many phenotypes used to differentiate between cancerous cells and healthy cells. Tumour cells

often express distinguishable surface receptors.
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Flow cytometry has also been used to examine the immune function of the carers of Alzheimer’s
disease patients.?*? It has been used to examine natural killer and T-cell function in patients with

3

irritable bowel syndrome in correlation to psychological distress?*®> and to examine the

immunosuppression of women during pregnancy and the immune state of postpartum women

over time.?*

1.4. Cancer

1.4.1. What is Cancer?

In the UK, the predicted number of cancer caused deaths in 2021 has reached 176,400 with age-
standardised rates being 89.2/100,000 for women and 114.6/100,000 for men.2* In the
European Union, the predicted number of cancer caused deaths in 2021 was 1,267,000.
Corresponding to age standardised rates of 81.0/100,000 for women and 130.4/100,000 for
men.? The American Cancer Society Estimates that there were 1,898,160 new cancer cases
and 608,570 cancer deaths in the United States, in 2021.2% There is some uncertainty in the
predictions related to the effect of the coronavirus disease 2019 (COVID-19) which may have
caused an increase in cancer mortality because of delay in diagnosis and interruption to
treatment.?*”?*® Cancer mortality worldwide continuously increased during the 20™ century
until 1991, after which it declined through to 2018 by 31%.2% This was due to the reduction in
smoking and improvements in early diagnosis and more successful treatments. This amounts to

3.2 million fewer cancer deaths than would have followed if the trend had persisted.?*

Cancer is a collection of diseases in which normal cells become abnormal, exhibit uncontrolled
growth and division of cells and acquire the ability to spread to other parts of the body, a
process known as metastasis (figure 1.27).2°° The characteristics that distinguish cancer cells

from noncancerous calls are the lack of differentiation, tendency towards tissue invasion,
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metastasis and uncontrolled division.?! These cells then start to become increasingly resistant
to the controls that maintain normal tissue, and because of this they divide faster and become
less dependent on signals from other cells.?>? Cancer cells can evade cell death which occurs as
a normal and controlled part of an organism’s development and growth, despite the fact that
they are a prime target for apoptosis. In the later stages of cancer, cells break through normal

tissue boundaries and metastasize to new sites in the body.??

Cancer is caused by genetic mutations. The high proofreading abilities of the cell’s replication
mechanism generally prevent replication errors, however rare mistakes do happen. There is
approximately one mistake per 107 nucleotides copied, and 99% of these replication errors are
corrected by DNA mismatch. This increases the overall accuracy to one mistake per 10°
nucleotides copied. When copying mistakes are made, a miss-paired nucleotide is left behind,
and if this is not corrected it will result in a permanent mutation in the next round of DNA
replication. Mismatch repair proteins see the error, remove that portion of the DNA strand, and
then resynthesize the missing DNA. This repair mechanism restores the correct sequence.
People who inherit one damaged mismatch repair gene are unaffected until the undamaged
copy of the same gene is randomly mutated in a somatic cell. This mutant cell is then lacking in
mismatch repair and will then accumulate mutations more rapidly than a normal cell. This cell

then has a greater chance of becoming cancerous. Mismatch repair plays an important role in

preventing cancer.??

75



Normal Cells Cancerous Cells

Figure 1.27. Cancerous cells

1.4.1.1 The Hallmarks of Cancer

Six hallmarks of cancer were proposed by Hanahan and Weinberg in 2000.2>* They discussed

the notion that as normal cells evolve progressively to a neoplastic state they acquire a

succession of these hallmarks. Human tumour pathogenesis is a multistep process which by

emerging cancer cells begin to acquire traits that allow them to become tumorigenic and

malignant.?*> Over the decade following, this research has developed and extended to reveal

that the biology of tumours is more than that traits shown by the cancer cells but also must

incorporate that contributions of the tumour microenvironment to tumorigenesis. The original

six hallmarks include sustaining proliferative signalling, evading growth suppressors, resisting

cell death, enabling replicative immortality, inducing angiogenesis, and activating invasion and

metastasis. This list has been enhanced to include a more up to date picture of cancer which

can see seen in figure 1.28.
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Figure 1.28. Therapeutic Targeting of the Hallmarks of Cancer Drugs that interfere with each of the acquired

capabilities necessary for tumour growth and progression.2>>

The progression in the idea of the hallmarks of cancer has produced suggested therapeutic

targets such as EGFR inhibitors (figure 1.28).

77



1.5. Epidermal Growth Factor Receptor and Cancer

1.5.1. The Epidermal Growth Factor Receptor

EGFR

Extracellular Domain <ntracellular Domain

Figure 1.29. EGFR Transmembrane Protein.

EGFRis a transmembrane protein that is a receptor for members of the epidermal growth factor
family of extra cellular protein ligands (170 kDa) (figure 1.29).%°! It is a member of the ErbB
family of receptors which is a subfamily of four closely related receptor tyrosine kinases.?*® EGFR
an important role in determining structure and 3D conformation of the EGFR protein.?’ Kinase
is activated by the binding of EGF (figure 1.30) to the receptor and this proceeds to receptor
autophosphorylation. The autophosphorylation is crucial for the interaction of the receptors

and its substrates. EGF binds to the receptors by the SH2 domain.#

Figure 1.30. The Crystal Structure of EGF Protein.2%°
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EGF together with EGFR also play a vital role in wound healing through stimulating epidermal
and dermal regeneration.?®® EGFR signalling can also regulate several functions such as
differentiation, motility, apoptosis and cell proliferation.?®* EGFR and members of its family are
the key contributors of a multifaceted signalling cascade that controls growth, migration,
differentiation, signalling, adhesion, and survival of cancer cells. Owing to their
multidimensional role in the progression of cancer, EGFR and its family members have emerged
as attractive candidates for anti-cancer therapy.?%? Specifically, the aberrant activity of EGFR has
been shown to play a key role in the development of growth and tumour cells, where it is

involved in numerous cellular responses including proliferation and apoptosis.?3

1.5.2.1. The ErbB Family

The ErbB family of receptor comprises four known members namely ErbB/EGFR/human
epidermal growth factor receptor (HER1), ErbB2/HER2/Neu, ErbB3/HER3 and ErbB/HER4. They
are all transmembrane receptor tyrosine kinases with molecular weights ranging from 170 to
185 KDa.?* Structurally, the ErbB family members consist of a cysteine-rich extracellular N-
terminal ligand binding domain and a dimerization arm, a hydrophobic transmembrane domain
and an intracellular, highly conserved, cytoplasmic C-terminal tyrosine kinase domain with
several tyrosine residues that are the target of autophosphorylation. The extracellular region of

EGFR is subdivided into four domains (I, I, [ll and 1V) (figure 1.31),26>266

Transmembrane Domain

N’ C-terminal tail (o4
i - Region of homology
Plasma Membrane Deletion of Exon 19/21

o ~46% cancers
Cysteine Rich

Figure 1.31. Schematic of EGFR receptor tyrosine kinase.
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The crystal structure of the ectodomains of EGFR, HER3 and HER4 reveal two distinct

conformations:

1. Aclosed inactive conformation. In the closed conformations, domains Il and IV interact
with each other at the intermolecular level, thus preventing domains | and lll from

interacting with their cognate ligand.?¢” 268

2. Anopen, active conformation. The open conformation is facilitated by the moving away
of domains Il and IV, thereby enabling domains | and Il to expose their ligand-binding
pocket and react with their corresponding ligand. As a result the dimerization arm in
domain Il then interacts with an identical dimerization arm of another receptor

molecule to form a homodimer.2%>266

Both the open and closed conformation remain in equilibrium with each other.?®® However, the
binding of a ligand shifts the equilibrium and stabilises the open conformation, further enabling
the accumulation of active homodimers and maintaining active receptor signalling. EGFR
promotes heterodimerization with other members of the HER family including HER1, HER3 and
HER4. EGFR may initiate cellular signalling cascades by itself through homodimerisation or
through transactivation with other HER family members. EGF can induce heterodimerization of
EGFR with HER2, HER3 or HER4.?”° ErbB family members can be activated by 13 known ligands
which include EGF, transforming growth factor receptor alpha (TGF-a), amphiregulin (AR),
betacellulin (BTC), heparin-binging EGF-like growth factor (HB-EGF), epiregulin (EPR), epigen

(EPG) and neuregulin’s 1-6 (NRG).?7% 271

1.5.2.2. Tyrosine Phosphorylation and De-phosphorylation

Protein tyrosine kinases catalyse the transfer of the y-phosphate from ATP to the hydroxyl
group of tyrosine residues. Protein tyrosine phosphatases remove the phosphate group from
phosphotyrosine (figure 1.32). EGFR binds to its cognate ligand EGF, which further induces
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tyrosine phosphorylation and receptors dimerization with other family members leading to
enhanced uncontrolled proliferation.?’? Activation of EGFR signalling is triggered by ligand-
induced receptor dimerization. Tyrosine residues present in the intrinsic kinase domain of one
receptor will then cross phosphorylate specific residues in the C-terminal tail of the partnering
receptor. This provides a scaffold for the recruitment of effector proteins.?’> 2’* This happens
by the Src homology 2 (SH2) and phosphotyrosine binding domain on the effector proteins and
the phosphotyrosine motif on the intracellular tyrosine kinase domain of the receptor. After
dissociation, the activated adaptor and effector proteins will then stimulate their corresponding
signalling cascades. This pathway includes the KRAS-BRAF-MEK-ERK, phosphoinositide 3-kinase
(PI3K), phospholipase C gamma protein pathway, and anti-apoptotic AKT kinase pathway and
the STAT signalling pathway. This all leads to cell migration, survival, proliferation, adhesion and
angiogenesis.?’% 27> These cell processes are generally deregulated in malignant cells. This is
because of the several mutations concealed in various genes are also integrated in these

pathways.
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Figure 1.32. Scheme of Tyrosine Phosphorylation and Dephosphorylation.
1.5.2.3. EGFR Signaling Pathway
EGFR is a particularly important protein as it is involved with and activates many signalling

cascades (figure 1.33). The ligand induced receptor dimerization and the successive

autophosphorylation of tyrosine residues creates docking sites for numerous membrane
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targeted proteins.?’® The cytoplasmic mediators that bind to EGFR phosphotyrosine residues
are either adaptor proteins or enzymes such as the sarcoma viral oncogene human homolog (c-
Src) and phospholipase C gamma 1 (PLC). As seen in Figure 1.30, examples of adaptor proteins
are SHC transforming protein 1 (SHC), growth factor receptor-bound protein (GRB2), Cas-Br-M
ecotropic retroviral transforming sequence (c-Cbl) and NCK adaptor protein 1 (NCK). The
adaptor proteins SHC and GRB2 convert the guanine nucleotide exchange factor son of
sevenlees homolog 1 (SOS) and form the complex SHC-GRB2-SOS. Once the SOS is activated, it
in turn activates small GTPase v-Ha-ras Harvey rat sarcoma viral oncogene homolog (Ras) by its
change from the inactive GDP-binding state to the active GTP-binding state. Activated Ras
stimulates v-Raf-1 murine leukemia viral oncogene homolog 1 (Raf), mitogen-activated protein
kinase kinase 1 and 2 (MEKK1 and MEKK2), mitogen-activated protein kinase 1 and 3 (ERK1/2)
kinase cascade. This results in activation of the transcription factors ELK1, a member of ETS
oncogene family and v-Myc myelocytomatosis viral oncogene homolog (c-Myc) and v-Fos FBJ
murine osteosarcoma viral oncogene homolog (c-Fos).?”” The adaptor NCK couples EGFR
stimulation to the activation of MAPL cascade called the JNK kinases cascade NCK1 then recruits
p21-actviated kinases 1 (PAK1). The NCK/PAK1 complex binds Mitogen-activated protein kinase
kinase kinase 10 (MLK2) which then activates the JNK cascade with consists of MLK2, MKK4/7
and Mitogen-activated protein kinase 8 and 9 (JNK1 and JNK2). The employment of this cascade
to the activated membrane receptor then localises MLK2 on the plasma membrane where it is
activated by known upstream effectors such as Racl. The stimulation of JNK cascade allows the
activation of the transcription factors Elk1 and c-Jun.?’® Phosphatases 1 and 4 (MKP-1 and MKP-
2) reduce the effect of the JNK cascade.?”® GRB2 binds with its SH3 domain to the proline-rich
regions of the c-Cbl protein. c-Cbl is a tyrosine phosphorylated by tyrosine kinases when
stimulated with EGFR. The EGF stimulation prompts the connection between c-Cbl with the
regulatory p85 subunit of phosphatidylinositol 3 kinase (PI3K reg class IA (p85)).28° Once PI3K

reg class IA is activated it converts Phosphatidylinositol 4,5-biphosphate (Ptdins(4,5)P2) to
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Phosphatidylinositol 3,4,5-triphosphate (PtdIns(3,4,5)P3).28! PtdIns(3,4,5)P3 works with the
inner surface of the plasma membrane. It stimulates the recruitment of proteins with pleckstrin
homology domains. One of these proteins is the serine/threonine kinase AKT. This protein is an
essential mediator of important cell processes, such as apoptosis, cell cycle, protein synthesis
and the regulation of metabolism.?®2 EGFR recruits the phosphorylase PLC-gamma 1.27° This
phosphorylated PLC-gamma 1 then produces Diacylglycerol (DAG) and Inositol-1,4,5-
trisphosphate form PtdIns(4,5)P2.228 DAG activates many forms of Protein Kinase C (PKC) such
as alpha, beta and gamma, which then phosphorylate and activate c-Raf-a which leads to
amplification of kinase cascades Ras/MEK1 and MEK2/ERK1/2.2428> PKC family members also
activate the Nuclear factor NF-kappa-B inhibitor kinase (IKK) which then activates the Nuclear
factor NF-kappa-B (NF-kB) inside the nucleus.?® The cytoplasmic tyrosine kinase c-Src, which is
employed in many important cellular processes, for example cytoskeletal organisation and
mitogenic signalling. c-Src can be stimulated by EGF locking to EGFR and then stimulates Shc,
Signal transducer and activator of transcription 3 (STAT3), cytoskeletal components and some
other proteins.?®” EGFR will induce cell migration via janus kinase 1 and 2 (JAK1/2) with STAT1
and STAT3.2®” EGF moderates the epithelial-to-mesenchymal transition (EMT). Too much
stimulation of EGF can lead to EMT during tumour development.?® 28 Generally, EGF increases
Transforming growth factor beta (TGF-beta) signalling and encourages EMT only when
combined with TGF-beta 1.2902912%2 EGF dependent EMT commonly uses the pathways
ERK1/2%%% 23 gnd PI3K activation.?® EGF activates Integrin-linked kinase (ILK) signalling
Glycogen synthase kinase 3 beta (GSK3 beta) and AKT-dependent activation of Cyclin E and

Cyclin-dependent kinase 2 (Cdk2) via PI3K, which promotes proliferation during EMT.
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Figure 1.33. EGFR Signaling Pathway.

1.5.2.4. Why is EGFR a good drug target?

Several lines of evidence have identified EGFR as a good drug target for anticancer therapy.?*
It is connected to the control of cell survival, metastasis, proliferation and angiogenesis?®® as
seen by the signalling pathways. EGFR is a good target because it often is expressed at a high
level in many solid tumours such as neck, breast, and head, and is also seen in prostate cancer.

In some tumours deregulation of EGFR function has been associated with tumours in an
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advanced stage?® and resistance to hormone therapy, chemotherapy and radiation. In over
5000 patients with breast cancer, the mean percentage of EGFR positivity was 45% with a range

of 14-91%.%"

These frequent somatic mutations and overexpression of EGFR in cancerous cells provides a
therapeutic window for targeting the receptor.? The oncogenic pathways driven by EGFR are in
a complex that regulate the activity of pathway components in response to interactions.
Because of this there are many potential targets within these pathways, there is the potential
that direct inhibition of one protein will affect the activity of another protein and pathway and
neutralise the growth suppression caused by the inhibition of the targeted pathway.? As an
example c-Raf in Ras-MAPK pathway is negatively regulated by activated AKT which causes
PI3K/ARK inhibitors to drive activation of MAPK signalling.2°®%%° Therefore, individual targeting
of the downstream effectors of EGFR is challenging and may need a combinatorial approach
which targets several areas in the pathways. EGFR is located at the peak of this complex
signalling network; this is an advantage for direct targeting of the functions of the receptor
instead of other components of the pathways it activates. Moreover, as it is a cell-surface
receptor and a druggable kinase that is over-expressed and genetically altered in cancer cells, it

makes EGFR is a very attractive therapeutic target for cancer therapy.

1.5.2.5. EGFR Targeted Therapies

EGFR is functionally involved in diverse cellular processes. Several approaches have been
developed that target and interfere with the EGFR mediated effects. Two different therapeutic
approaches currently employed for targeting EGFR in various human malignancies are the use
of monoclonal antibodies and small molecule tyrosine kinase inhibitors. The distinct mechanism
of actions is that anti-EGFR antibodies bind to extracellular domains and tyrosine kinase

inhibitors that target the intracellular tyrosine kinase domain.3®
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1.5.2.5.1. Anti-EGFR monoclonal antibodies

The monoclonal antibodies against EGFR were specifically designed to be directed against the
extracellular region of EGFR. This creates a ligand competitive inhibition which then prevents
auto-phosphorylation receptor dimerization, and downstream signalling.3** As well as inhibiting
EGFR signalling, these monoclonal antibodies induce receptor internalization, ubiquitination,
degradation and prolonged downregulation.>® There are two other proposed mechanisms,
where the binding of the monoclonal antibody can lead to the induction of antibody dependent
cell mediated cytotoxicity, which results in endocytosis.3® Cetuximab is an example of a
monoclonal antibody against EGFR. Cetuximab is a human-murine chimeric anti-EGFR
monoclonal antibody approved by the US Food and Drug Administration (FDA) for treatment of
advanced bowel cancer, head and neck cancers and the start of mouth and throat cancer (figure
1.34).3% Cetuximab binding to domain Ill of EGFR blocks downstream signalling by stimulating
receptor internalisation and hindering ligand receptor communication. Of people who have
KRAS wild type tumours in colorectal cancers, 60% of them respond successfully to Cetuximab
treatment.3% It is generally used in patients who have failed with other types of chemotherapy
such as irinotecan and oxaliplatin.?® The tumour regression rate was 10.8% in patients using
cetuximab with the tumour growth delayed by 1.5 months.3” A recent study trialled a combined
therapy of cetuximab with oxaliplatin and capecitabine, however this did not show any benefit
to patients with wild type KRAS tumours.3% 3% |n 2004 the FDA approved cetuximab combined
with a platinum-based therapy for the treatment of patients with squamous cell carcinoma of
the head and neck with metastatic disease and alongside radiation therapy for locally advanced
cancer®, |n 2008 the Committee for Medical Products for Human Use (European Medicines
Agency (EMA)) approved cetuximab for patients with advanced colorectal cancer who had 75%
EGFR positive expression and wild type K-Ras in their tissues and who been unsuccessful with

oxaliplatin or irinotecan chemotherapy.3'! In 2021 the FDA approved a new dosage regimen for
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cetuximab of 500mg/m?as a 120 minute intravenous infusion every two weeks for patients with
K-Ras wild type, EGFR expressing colorectal cancer or squamous cell carcinoma of the head and

neck.3?2

Figure 1.34. Protein Crystal Structure of Cetuximab.313

1.5.2.5.2. Small molecule tyrosine kinase inhibitors

Small molecule inhibitors (SMls) are some of the most effective drugs for targeted cancer
therapy. There is an increasing amount of approved SMis of receptor tyrosine kinases (RTKs)
such as tyrosine kinase inhibitors (TKIs) in clinical oncology. This increase shows that this
becoming a popular therapeutic tool.3* Gefitinib (figure 1.35)3'> approved in 2003 and
Erlotinib®!® approved in 2004 are some of the first TKIs created for the selection of EGFR-TKIs
for non-small cell lung cancer patients.3”318 Erlotinib in 2005 was also approved for the
treatment of patient with metastatic pancreatic cancer when partnered with Gemcitabine.3*

The anti-tumour effects of both drugs have been researched in other cancer types such as

|320 |321

cervical®®, esophageal®?, gastric®?? hepatocellular carcinoma3?® and renal cell carcinoma.??*
Erlotinib has been shown to be successful as a first line treatment in gastroesophageal cancer,
however is has no clinical benefits in gastric cancer.3?2 These drugs are first generation of EGFR

inhibitors. In 2022, research is now moving forward on to fourth generation EGFR inhibitors.
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Figure 1.35. Chemical Structure of Gefitinib.

1.5.2.5.3. The progression of EGFR inhibitors

EGFR tyrosine kinase inhibitors have revolutionised the treatment of EGFR-mutant non-small
cell lung cancer (NSCLC); however, secondary resistance limits their efficacy, emphasizing the
need for newer approaches.?* TKls against EGFR are now standard treatment in the clinic for

patient with advanced EGFR mutant NSCLC.3%¢

First-generation EGFR TKIs, of which bind competitively and reversibly to the ATP-binding site
of the EGFR tyrosine kinase domain, have produced significant improvement in the outcomes
for NSCLC patients with activating EGFR mutations L858R and Del19.3? However, after 12
months of treatment, all patients developed tumour resistance. In over half of these patients,

this was due to the development of the EGFR T790M resistance mutation.3*

The second-generation EGFR/HER TKls were developed to help treat this resistant disease,
targeting T790M and EGFR-activating mutations and wild-type EGFR.32° They exhibited
promising anti-T790M activity in vitro and in vivo, however failed in clinical trails because of

dose-limiting toxicity due to simultaneous inhibition of wild-type EGFR.33°

The third-generation of EGFR TKIs target EGFR T790M selectively and irreversibly, showing
promising effectiveness in NSCLC resistant to the first- and second-generation EGFR TKls.33!
These EGFR TKIs also appear to have lower incidences of toxicity due to the limited inhibitory

effect on wild-type EGFR. Currently, Afatinib has been approved for first-line treatment of

NSCLC with activating EGFR mutations.33?
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In the third-generation EGFR TKls, Osimertinib is currently the only drug approved by the FDA
the EMA for treatment of metastatic EGFR T790M NSCLC patients who have progressed on or
after EGFR TKI therapy.3** EGFR TKIs research is still ongoing, paving the way for fourth-

generation TKls, leaving space for more EGFR targeted research and development.

1.5.2.5.4. Current Anti EGFR Aptamers

Aptamers have been selected for EGFR, such as J18 aptamer (K4 of 7 nM),3** E03, EO4 and EO7
aptamers, having EQ7 as the most successful, binding tightly to the wild type receptor with a Kq
of 2.4 nM (figure 1.36). EO7 aptamer has been shown to compete with EGF for binding to EGFR.
It also binds to a novel epitope of EGFR and a deletion mutant EGFRvIIl. EGFRvIIl is commonly
found in breast, lung and grade IV glioblastoma multiforme (which is currently unresponsive to
other therapies). EO7 aptamer binds to cells that express EGFR, it blocks the receptor

autophosphorylation and also prevents proliferation of tumour cells.®
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Figure 1.36. Binding constants for Aptamers E03, EO4, and EQ7. Binding was done using 0.1 nM aptamer and varying
amounts of human EGFR or mouse EGFR. Binding assays were carried out in triplicate and the average value and

standard deviation are shown.®
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EO07 was then remodelled into a short aptamer, MinEO7. MinEQ7 still retained the good binding
affinity for EGFR. MinEO7 and Cetuximab were run on a cell growth assay, and the results
showed that a much larger dose of MIinEO7 was needed to achieve the same results a
Cetuximab. This aptamer is a very promising therapeutic candidate or drug delivery vehicle,
however a lot more research needs to be done to achieve its full potential, which produces a

need for this research project.

1.6. Project Aims

Itis vital to have EGFR-targeted therapies because it is among the most commonly altered genes
in cancer.> EGFR promotes oncogenesis in many cancers, such as breast, lung, colon and

glioblastoma.!

The recognition capacity of aptamers can be harnessed for therapeutic agents. Aptamers
chemistry is mainly limited to that of nucleic acids, and although non-natural modifications of
nucleic acids are known to enhance aptamer affinity,> there is not yet a technology or method

for selecting the right modifications amongst billions of possibilities.

This project aims to develop the first general method for the discovery of nucleoside
modifications that increase aptamer binding efficacy. A library will be created of over 65,000
different chemical modifications on a known aptamer sequence (MinE07)®8, which binds to EGFR
protein. The modifications will use different types of chemistry to see how they will affect the
binding and folding of the aptamer MinEQ7, aiming to improve the binding between MinEQ7
and EGFR, these modifications will be different from the standard nucleobases found in RNA.
This library will be attached on beads such that each bead displays millions of copies of a single
aptamer sequence. The selection will then be carried out using a flow cytometer (FACS) to
separate out the aptamer sequences with the highest affinity for EGFR from the one-bead-one-

sequence aptamer library. These will then be identified using MS/MS technology. These top
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selected aptamer sequences will be subjected to biophysical and biological testing. This project
has potential impacts for: a new method for synthesising and screening large drug candidate
libraries, accelerating the drug discovery processes and proof of concept potentially providing

new aptamer drug candidates or delivery vehicle targeting EGFR protein.

1.6.1. Project Objectives

This research project has six main objectives shown below to achieve the project aims of
creating the first general method for the discovery of nucleoside modifications that increase
aptamer binding efficacy as well as proving a now potential EGFR targeting therapy.

1. Selection technique development involving flow cytometry and one-bead-one-compound
methods

2. Nucleic acid modification design and synthesis

3. Synthesis of aptamer library

4. Selection of top aptamer sequences using flow cytometry

5. Identification of top selected aptamers using MS/MS technology

6. Biophysical and biological testing on selected aptamer sequences
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Chapter 2

Selection Technique Development

involving Flow Cytometry and the
One-Bead-One-Compound Method




Chapter 2

2.1. Introduction

2.1.1. Solid-Phase Synthesis

Solid-phase synthesis is a method where molecules are covalently bound on to a solid support,
allowing them to be built step by step followed by cleavage from the solid support (figure 2.1).
There is a wide range of materials being used as solid supports. The synthesis is generally step-
by-step in a single container applying protection group chemistry. This method produces high
yields by using excess reagent. Compared with liquid state synthesis it has a number of benefits
such as high efficiency and throughput, increased speed and simplicity.3*® Impurities and excess
reagents are washed away so no further purification is needed after. The process can also be
automated on computer-controlled synthesisers. This is useful in drug discovery processes to

synthesise small organic molecules on to a solid support to produce high yields.33¢

335 337 and other

Solid-phase synthesis has been used for the synthesis of DNA, RNA, peptides
small molecules. This method is now used in combinatorial chemistry. It was developed first in

1950’s by Robert Bruce Merrifield for synthesis of peptide chains,**® 33° winning him a Nobel

prize in 1984 3%

Functional
Solid support Linker Addition Group Addition

Figure 2.1. Solid-Phase Synthesis
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2.1.1.1. Solid Supports

Solid supports are insoluble particles. They have a typical diameter of 10-200 um, which the
compounds can bind to during the synthesis. There are many variations of solid support that

have been used, such as controlled pore glass and polystyrene.

2.1.1.1.1. Controlled Pore Glass

Controlled pore glass (CPG) is non-swelling and rigid. It has deep pores for the synthesis of
molecular chains within the beads, greatly increasing the surface area. 500 A pore glass supports
are used for the synthesis of short oligonucleotides. Larger pore glass supports are more fragile,
however 1000 A can be used for oligonucleotides up to 100 bases.3*! It is well-established that
CPG is a suitable support for automated DNA synthesis,?* because this material is chemically
inert and is stable in the presence of solvents and reagents during synthesis. Its porosity offers

a large surface area, which allows high loading capacity of functional groups or biomolecules.3*3

2.1.1.1.2. Polystyrene

Polystyrene beads that are highly cross-linked work well for oligonucleotide and peptide
synthesis because they have good moisture exclusion properties. Satisfying yields can be
obtained using the copolymer of polystyrene and polyethylene glycol, commercially known as
Tentagel®, in stereoselective solid-phase glycosylations.3** For oligonucleotide synthesis, solid
supports are typically made with a loading of 20-30 umol of nucleoside per gram of resin.3*> At
higher loading, oligonucleotide synthesis becomes less efficient because of steric hindrance
between adjacent DNA chains attached to the resin.?*® However, polystyrene supports with
loadings of up to 350 umol/g can be used in some applications, such as short oligonucleotide

synthesis, and it enables the synthesis of large quantities of oligonucleotides.?*’
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2.1.1.1.3. Disadvantages of Solid Supports

Although a powerful technique, solid-phase synthesis also has some limitations. The primary
limitation being the need for high coupling yields at every step in the synthesis. This is because
the overall yield rapidly decreases, the more steps there are. Such that the yield of a
trinucleotide chain with 90% vyield at each step is 73% (0.9 x 0.9 x 0.9 x 100% = 73%). The
consequence of the exponential relationship between overall yield and average coupling
efficiency is that long oligonucleotides can only be prepared to a good standard with every step
producing a high yield, and this is the major reason why solid-phase oligonucleotide synthesis
was not successful until the early 1980s.3*® High coupling efficiencies are now achieved and have

allowed for oligonucleotides to be synthesised as long as 200 bases.

2.1.2. Chapter Aims

The aim of this chapter is to explain the choice of solid support for the synthesis of the aptamer
library by showing it is suited for organic synthesis, is homogenous in size and compatible for
sorting in the FACS and has the synthetic capacity to hold a concentration high enough to be
observed by mass spectrometry. The homogeny of size will be shown visually by Scanning
Electron Microscopy (SEM) and optical microscope. Its suitability for use in organic synthesis
will be demonstrated by linkers, fluorescent tags being bound successfully to the solid support
followed by synthesis of the parent aptamer. The fluorescently tagged solid supports will be run
through the FACS to check the stability of the solid support and also the stringency of the FACS

picking out different levels of fluorescence.
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2.2. Materials and Instrumentation

2.2.1. Materials

TentaGel® M NH, Monosized Amino TentaGel Microspheres were purchased from Rapp
Polymere. Sheath Fluid was purchased from BDBiosciences. Micro glass spheres were
purchased from Sigma Aldrich. [3-(2-aminoethylamino)propyl]trimethoxysilane], 6-
carboxyfluroescein, 10-hydroxydecanoic acid, boric Acid, DCM, DMF, EDTA, ethanol, KCN,
nbutanol, N,N’-Dissopropylcarbodiimide, ninhydrin, rhodamine B, PBS, phenol, pyridine, tris
base were purchased from Thermo Fisher Scientific. Synthesiser reagents: oxidizer (0.02M
iodine, 20% pyridine), Cap A Mix (THF/Pyridine/acetic anhydride 8:1:1), Cap B Mix (10%
methylimidazole in THF), deblock (3% trimethylamine in DCM) and ETT activator solution (0.25
M, 5-ethylthio-1H-tetrazole in acetonitrile) were purchased from Link Technologies. N2-acetyl-
2'-O-tert-butyldimethylsilyl-5'-O-DMT-guanosine 3'-CE phosphoramidite, N6-benzoyl-2'-O-tert-
butyldimethylsilyl-5'-O-DMT-adenosine 3'-CE phosphoramidite, N4-acetyl-2'-deoxy-5'-O-DMT-
2'-fluorocytidine 3'-CE phosphoramidite and 2'-deoxy-5'-O-DMT-2'-fluorouridine 3'-CE

phosphoramidite were purchased from CarboSynth.
2.2.1.1. Buffers

10 x tris-borate buffer (TBE): tris Base (108 g), boric Acid (55 g), EDTA (7.45 g), dH,Oto 1 Lat 8.3

pH.

10 x TAMg buffer (TAMg): tris base (54.51 g), Mg(OAc),.4H,0 (26.8 g) dH,O to 1 L at 7.8 pH.
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2.2.2. Instrumentation

2.2.2.1. Expedite™ 8909 DNA Synthesiser

All library components were synthesised on an Expedite™ 8909 Nucleic Acid Synthesiser system
provided by Biolytic. Phosphoramidites were dissolved in dry acetonitrile to the concentrations
as suggested by the supplier, solvents were used as provided. Oligomers were synthesised on a

1 uM scale.
2.2.2.2. Fluorescence Activated Cell Sorter

Flow cytometry data was collected on a BD FACSJazz™ Cell Sorter by Becton Dickinson. All flow

cytometry data was processed using BD FACS™ Sortware sorter software.
2.2.2.3. Fluorescence Microscope

Leica DMR microscope equipped with a Leica DFC9000 GT digital camera. The illumination
source was a CoolLED pE-300""" fluorescence microscopy lllumination System. Images were
acquired using Leica Application Suite X software. Excitation 495nm and emission 525/50 nm.

Excitation 515-560 nm and emission long pass 560-590 nm.
2.2.2.4. Scanning Electron Microscopy

SEM images were obtained on a Hitachi S-3400N, using a 10 kV electron beam and secondary

electron detector.
2.2.2.5. UV-Visible Absorption Spectra

UV- visible absorption spectra were recorded on a NanoDrop One UV-Vis spectrophotometer

by Thermo Fisher Scientific.
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2.3. Experimental

2.3.1. Imaging of micro glass spheres by optical microscopy

A small sample of micro glass spheres in water was smeared onto a microsphere glass slider.

This was placed on the microscope platform and visualised and images were taken.
2.3.2. Imaging of micro glass spheres using SEM

SEM images were obtained on a Hitachi S3400N, using a 10 kV electron beam and secondary
electron detector. The sample was deposited on carbon tabs placed on aluminium sample
holders. The images were visualised on ImageJ and the data analysis was done using Origin Lab

software.
2.3.3. Stability of micro glass spheres in solution

Samples of micro glass spheres were put into 4 different solvents; autoclaved water, which was
reverse-osmosis purified to a resistance of 18.3 megohms/cm (AC water), tris-borate buffer
(TBE), TAMg buffer (TAMg) and phosphate buffered saline (PBS), sonicated and left-over night

(Table 2.1).
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Table 2.1. Micro glass sphere samples in different buffers

Amount of Micro glass spheres (g) Buffer Used Amount of Buffer (mL)
0.1 AC Water 10
0.01 AC Water 10
0.001 AC Water 10
0.1 TBE 10
0.01 TBE 10
0.001 TBE 10
0.1 TAMg 10
0.01 TAMg 10
0.001 TAMg Buffer 10
0.1 PBS Buffer 10
0.01 PBS Buffer 10
0.001 PBS Buffer 10

2.3.4. Kaiser Test?*°

Reagent A: KCN (16.50 mg) was dissolved in distilled water (25.00 mL). 1.00 mL of this was then
diluted with 49.00 mL of pyridine. Reagent B: Ninhydrin (1.00 g) in 20 mL of n-butanol. Reagent
C: Phenol (40.00 g) in 20.00 mL of n-butanol. A few drops of reagent A, B and C were all added

on to the sample. If a purple colour is seen, there are free primary amines present in the sample.

2.3.5. Amination of micro glass beads

Micro glass spheres (1.60 g) together with [3-(2-aminoethylamino)propyl]trimethoxysilane]
(1.74 g) were suspended in ethanol (20.00 mL) and left to stir for 16 hours. The product was

then collected by vacuum filtration and washed with ethanol (20.00 mL x 3). This produced a
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white powdered solid (0.86 g, 53.4% ~11 — 22 um sized beads), (0.17 g, 10.2%, ~2 — 10 um sized

beads yield). A Kaiser test was run on the product, showing a positive result.

2.3.6. Fluorescent tagging of the amine modified micro glass spheres

N,N’-Dissopropylcarbodiimide (0.63 g) was dissolved in dimethylformamide (20.00 mL). 6-
carboxyfluroescein (1.08 g) and amine modified glass spheres (0.20 g) were added to the
solution. The mixture was stirred for 3 hours. The product was centrifuged and the DMF
supernatant removed. The product was washed with DMF (20.00 mL x 2) and with ethanol
(20.00 mL x 2). The product was dried under vacuum filtration to produce an orange power

(0.076 g, 38%).

2.3.7. 6-carboxyfluorescein micro glass spheres on the microscope

A small sample of 6-carboxyfluorescein tagged micro glass spheres in water were smeared onto
a microsphere glass slide. This was placed on the microscope platform and visualised using a

fluorescent lamp. Images of the sample was taken.

2.3.8. The Binding Capacity of the Micro Glass Spheres

Ten free amine samples of [3-(2-aminoethylamino)propyl]trimethoxysilane dissolved in water

were made up as per Table 2.2. Ninhydrin (1.00 g) was dissolved in 20.00 mL of ethanol.
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Table 2.2. Concentrations and amounts for the 10 free amine samples

Concentration (%) Water (mL) Grams of Amine (g)
100 25 0.0257
50 25 0.0129
20 25 0.00514
10 25 0.00257
5 25 0.00129

2 25 0.000514
1 25 0.000257
0.5 25 0.000129
0.2 25 0.0000514
0.1 25 0.0000257

100.00 pL of each amine solution was then added with 50.00 pL ninhydrin dye and vortexed.
These samples were then measured on the Nanodrop UV-Vis spectrophotometer in triplicate
and calibration graph was plotted. A 100.00 pL sample of amino tagged micro glass spheres was
then added with 50.00 pL ninhydrin dye and vortexed. This sample was then run on the

Nanodrop UV-vis spectrophotometer in triplicate.

2.3.9. Amidation of 10-hydroxydecanoic acid with TentaGel® M NH, Monosized Amino

TentaGel Microspheres

N,N’-Dissopropylcarbodiimide (0.20 g) was dissolved in dimethylformamide (10.00 mL). 10-
Hydroxydecanoic Acid (0.40 g) was added to the solution. TentaGel microsphers (0.10 g) were
swelled in dimethylformamide (10.00 mL) and then added to the solution. This solution was

stirred for three hours at room temperature. It was spun down and cleaned with
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dimethylformamide (10.00 mL x 3) and then with ethanol (10.00 mL x 2). A white power was

produced (0.95 g, 95%). A Kaiser test was conducted producing a yellow colour (successful).

2.3.10. Synthesis of MInEO7ARP on TentaGel® M NH, Monosized Amino TentaGel

Microspheres

MiInEO7ARP:5'-rGrGrAfCrGrGrAfUfUfUrArAfUfCrGfCfCrGfUrArGrArArArArGfCrAfUrGfUfCrArAr

ArGfCfCrGrGrArAfCfCrGfUfCfC-3’.

The Expedite™ 8909 DNA synthesiser was used to synthesise the MinEQ7 parent aptamer
(MinEO7ARP) on the TentaGel microspheres. The G, A, C, and U phosphoramidites (1.00 g) being
used were dissolved in 20.00 mL DCM and put in bottles, and then screwed into the synthesiser
lines. The other reagents put on to the machine are oxidizer, cap A, cap B, deblock and activator.
A leak test was run to check nitrogen is not leaking from the lines. If passed, the lines were then
flushed with the new reagents added to them. —OH modified TentaGel microspheres (0.021 g)
are added to the column, which is then placed on the synthesiser, which is then flushed with
acetonitrile several times. The sequence and protocol are then selected using Expedite 8909
software connected to the Expedite™ 8909 DNA synthesiser. The aptamer sequences are then
run and monitored using the trityl monitor. The protocol for coupling was extended 10x more
than a standard DNA 1 umol protocol.

2.3.11. Fluorescent tagging of TentaGel® M NH, Monosized Amino TentaGel Microspheres

2.3.11.1. 6-Carboxyfluorescein

N,N’-Disopropylcarbodiimide (0.32 g) was dissolved in dimethylformamide (10.00 mL). The
amine modified TentaGel microspheres (0.05 g) were swelled in dimethylformamide (10.00 mL),
this was added to the solution along with 6-carboxyfluroescein (0.05 g). The solution was stirred
for 3 hours at room temperature. It was spun down and cleaned with dimethylformamide
(10.00 mL x 3) and then with ethanol (10.00 mL x 2). The product was then air dried and an
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orange powered was collected (TGCFluorl00) (0.074 g, 74%). Samples TGCFluorl00,

TGCFluor73 and TGCFluor36 are made per amounts in table 2.3.

Table 2.3 Amount of 6-Carboxyfluorscein for samples TGCFluor100/73/36. Calculations made

by data given from TentaGel.

Experiment

Percentage of 6-Carboxyfluorescein

Amount of 6-Carboxyfluorscein

TGCFluor 100 100% 0.050 g (in excess, enough to cover
e®® binding locations on the
microspheres)
TGCFluor 73 73% 0.025 g (enough to cover e®binding
locations on the microspheres)
TGCFluor 36 36% 0.013 g (enough to cover e*binding

locations on the microspheres)

2.3.11.2. Rhodamine B

N,N’-Dissopropylcarbodiimide (0.15 g) was dissolved in dimethylformamide (10.00 mL). The

amine modified TentaGel microspheres (0.05 g) were swelled in dimethylformamide (10.00 mL),

this was added to the solution along with Rhodamine B (0.05 g). The solution was stirred for 3

hours at room temperature. It was spun down and cleaned with dimethylformamide (10.00 mL

x 3) and then with ethanol (10.00 mL x 2). The product was then air dried and a pink powered

was collected (TGRhodB100) (0.03 g, 60%). Samples TGRhodB100, TGRhodB73, TGRhodB36,

TGRhodB17 an TGRhodB1.7 are made per amounts in table 2.4.
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Table 2.4. Amount of Rhodamine B for samples TGRhod100/73/36/17/1.7. Calculations made

by data given from TentaGel.

Experiment

Percentage of Rhodamine B

Amount of Rhodamine B

TGRhodB100

100%

0.050 g (in excess, enough to
cover e®® binding locations

on the microspheres)

TGRhodB73

73%

0.025 g (enough to cover e®
binding locations on the

microspheres)

TGRhodB36

36%

0.013 g (enough to cover e*
binding locations on the

microspheres)

TGRhodB17

17%

0.005 g (enough to cover e*?
binding locations on the

microspheres)

TGRhodB1.7

1.7%

0.0005 g (enough to cover
e%19 binding locations on the

microspheres)
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2.3.12. 6-carboxyfluorescein tagged TentaGel® M NH,; Monosized Amino TentaGel

Microspheres on the fluorescent microscope

A small sample of 6-carboxyfluorescein tagged TentaGel microspheres in water were smeared
onto a microsphere glass slide. This was placed on the microscope platform and visualised using

a fluorescent lamp. Images of the sample was taken.

2.3.13. Flow Cytometry analysis of tagged TentaGel® M NH, Monosized Amino TentaGel

Microspheres

2.3.13.1. 6-Carboxyfluorescein

The FACSJazz lasers were calibrated before the samples were run with the 8 peak BD beads.
Plain microspheres were dispersed in 5 mL sheath fluid and put through the machine to check
the calibration. Then samples TGCFluorl00, TGCFluor73 and TGCFluor36 were ran through the
FACS dispersed in 5 mL sheath fluid, being observed on laser 488 nm with filter 513/17 nm. All

data was collected and analysed on BD FACS Sortware program.

2.3.13.2. Rhodamine B

The FACSJazz lasers were calibrated before the samples were run with the 8 peak BD beads.
Plain microspheres were dispersed in 5 mL sheath fluid and put through the machine to check
the calibration. Then samples TGRhodB100, TGRhodB73, TGRhodB36, TGRhodB17 and
TGRhodB1.7 were ran through the FACS dispersed in 5ml sheath fluid, being observed on laser
488 nm with filter 585/29 nm. All data was collected and analysed on BD FACS Sortware

program.

2.3.13.3. MinEO7ARP

The FACSJazz™ lasers were calibrated before the samples were run with the 8 peak BD beads.

Plain microspheres were dispersed in 5 mL of sheath fluid and put through the machine to check
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the calibration. Then sample MinEO7ARP was run through the FACS, dispersed in 5 mL sheath
fluid, being observed on laser 488 nm with filter 585/29 nm. All data was collected and analysed

using the BD FACS™ Sortware sorter software program.

2.4. Results and Discussion

2.4.1. Micro Glass Spheres

2.4.1.1. Characterisation of the micro glass spheres

The first beads analysed as a potential solid support candidate were micro glass spheres (9-11
um). These were chosen to study first because of their success rate in being a solid support for
oligonucleotide synthesis.?*”3%0 To characterise the size distribution of the micro glass spheres,
they were analysed by optical microscopy and SEM. The images captured from the microscopy
studies (figure 2.2) showed that the size range of the micro glass spheres was 2.4-21.5 um
instead of the stated 9-11 um. Figure 2.2 shows that there were items in the samples that were

not spheres. They may have been broken micro glass spheres, or some other foreign objects.

0 um 10 0 um 50

SEM of micro glass spheres Micro glass beads under a Spheres

Figure 2.2. Microscopy images captured from SEM and Optical Microscope of the micro glass spheres.

A sample of micro glass spheres diameters were measured using SEM images (figure 2.3). A

Gaussian distribution curve (figure 2.4) was constructed using these results to demonstrate the
106



wide range of sphere lengths. The sample gave a mean of 7.0 um and a standard deviation of

3.9 um.

100 pm

Figure 2.3. Microscopy images captured from SEM of the micro glass spheres.

s/

0 5 10 15 20

Length (um)
Figure 2.4. Gaussian distribution curve of the diameters of the micro glass spheres.

The micro glass spheres were put into 4 different solvents (water, TAMg buffer, tris-borate
buffer and phosphate buffered saline) to check their compatibility and ability to make a stable

suspension. The spheres sat on the surface of all four of the solvents. Having a solid support
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that behaves as a stable suspension is important for the aptamer synthesis, these results show

that these spheres are not suitable.

2.4.1.2. Amine Modification of the Micro Glass Spheres

~
Ethanol 0, NH
. N /O\Sii/\/\N/\\/NHz e (O-/Si/\\/\N/\‘/ >
o) 2 "
~

Figure 2.5. Amine modification of micro glass spheres.

The micro glass spheres were reacted with [3-(2-aminoethylamino)propylltrimethoxysilane] to
give them amine functionality, scheme shown in figure 2.5. This was done to check the spheres
were able to be chemically modified. This product was separated into two sizes: ~2-10 um and
~11-22 um by using filter paper with pore size of 10 um. The Kaiser test**® was run on both
samples to check for the presence of a primary amine. The Kaiser test gives a dark purple colour
when positive, which was visible in the products of these reactions. Microscopy images were
captured of these products (figure 2.6). Filtering the smaller sized spheres out of the product
did not appear to make them significantly more uniform in size, and it did not stop their being

other non-spherical items in the samples.

0 upm 50 0 pm 50

~11-22 um ~2-10 um

Figure 2.6. Microscopy images captured of the amine modified micro glass spheres.
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2.4.1.3. Fluorescent Amine Modification of the Micro Glass Spheres
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Figure 2.7. Scheme of the 6-carboxyfluorescein modified amine micro glass spheres.

The amine modified micro glass spheres were tagged with 6-carboxyfluorescein, which is a
fluorescent dye with the absorption wavelength of 495 nm and an emission wavelength of 517
nm (figure 2.7). Fluorescent microscope analysis of the tagged micro glass spheres shows the

reaction was successful (figure 2.8).

Figure 2.8 shows that the fluorophore binding was only to the outside of the spheres. The
background is not jet black as expected meaning the fluorescent tag is not bound tightly. Again,
there are other objects in this microscope image, impurities that are not being fluorescently

tagged so are potentially not silica.

0 pm 50

Figure 2.8. Fluorescent Microscopy images captured of the 6-carboxyfluorescein tagged amine modified micro

glass spheres.
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2.4.1.4. The binding capacity of the micro glass spheres

The binding capacity of the micro glass spheres was calculated by working out how many [3-(2-

aminoethylamino)propyl]trimethoxysilane] molecules could potentially bind to the surface of

the averaged size micro glass sphere (11 um) (table 2.4).

Table 2.4. Predicted Binding Capacity of the Micro Glass Spheres.

Per Micro | Number of potential | Number of beads | Mol Potential Binding
Glass Spheres | binding sites per gram Capacity
Predicted 95033177.8 5.40E+8 1.58E-16 mol | 8.5E-5 mmol/g

To test these predictions a quantitative amine test was carried out by creating a set of free

amine solution standards, running them on the Nanodrop UV-vis spectrophotometer and then

plotting a calibration graph. Ninhydrin dye was used to show the concentration of the free

amine in the standards by visible colour and by absorbance detection (figure 2.9).

Log Absorbance of Ninhydrin

Calibration Graph of

Ninhyrdin Concentrion vs UV Absorbance

y=1.0981x - 2.4091

Log Concentration of Ninhyridin

215

Figure 2.9. Log-Log Calibration Graph of the Quantitative Amine Test. Absorbance vs Concentration.

Using the equation of the calibration graph y = 1.0981x - 2.4091, y representing ninhydrin

absorbance and x representing the concentration of free amine.
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Log(0.02625) = 1.0981(logx) — 2.4091. x = 5.68

The binding capacity of the micro glass spheres is 5.7% of what was predicited (table 2.4). Table

compares both results.

Table 2.5. Predicted and Experimental Binding Capacity of the Micro Glass Spheres.

Per Micro Glass | Number of potential | Number of | Mol Potential Binding
Spheres binding sights beads per gram Capacity
Predicted 9.50 x 107 5.40 x 108 1.58 x 107 | 8.5x10° mmol/g
mol
Experimental 5.89 x 10° 5.40 x 108 1.58 x 10 mol | 5.29 x 10°®
mmol/g

In conclusion, the glass micro spheres are not compatible for this project. The experimental

binding capacity is too low, especially for the limit of detection in the mass spectrometer. The

larger size range could potentially be problematic when running them through the FACS as the

FACS tubing is not built to allow anything over 20 um to pass through. The aptamer selection

process would also achieve more accurate results if the aptamer library has been synthesised

on homogenous beads because it will give them the same chance to bind with high affinity to

EGFR, as each new aptamer in theory will have the same number of strands synthesised on their

solid support. Having a bead size range of 2.4-21.5 um may disadvantage new aptamers that

are synthesised on the smaller beads in this range. A different solid support will be tested and

characterised for all future work.
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2.4.2. TentaGel® M NH> Monosized Amino TentaGel Microspheres

2.4.2.1. Characterisation of TentaGel® M NH, Monosized Amino TentaGel Microspheres

@

Figure 2.10. Structure of TentaGel® M NH, Monosized Amino TentaGel Microspheres

TentaGel® M NH, Monosized Amino TentaGel Microspheres have a polystyrene backbone with
a polyethylene glycol (PEG) spacer attached via alkyl linkage3>!. The structure of the surface of
the TentaGel microspheres is shown in figure 2.10. This linkage is not sensitive to acids or bases,
so will be suitable to be used in phosphoramidite chemistry. The TentaGel microspheres are

mono-sized, mono-spherical and are 10 um when dry.

A Kaiser test was run on the TentaGel microspheres, resulting in a positive result as shown by
the production of a purple colour, indicating the presence of a free primary amine. The TentaGel
microspheres were observed using the optical microscope to compare the size distribution with
the previous micro glass spheres. Figure 2.11 shows that they are homogenous in size and that

when the microspheres are swollen in water their diameter expands a little above 10 um.

0 um 50

Figure 2.11. Microscopy images captured of the TentaGel® M NH, Monosized Amino TentaGel Microspheres.

A sample of the TentaGel microspheres diameters were measured using SEM images (figure

2.11). A Gaussian distribution curve (figure 2.12) was made from these results to demonstrate
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the range of sphere lengths. The sample gave a mean of 12.1 um and a standard deviation of

0.66 um.

30

Count
o

101 \
L A

10 11 12 13 14
Length (um)

Figure 2.12. Gaussian distribution curve of the diameters of the TentaGel microspheres.

The size distribution of the TentaGel microspheres is much smaller than the micro glass spheres

which makes them a better solid support for the synthesis of the aptamer library.

2.4.2.2. Binding Capacity of TentaGel® M NH, Monosized Amino TentaGel

Microspheres

The binding capacity of the TentaGel microspheres is 0.28 mmol/g, as experimentally
determined by Rapp Polymere. When these results were compared with the modified micro
glass spheres, the TentaGel microspheres have a much better binding capability by a factor of

10° (table 2.6).

113



Table 2.6. Binding Capacity of the Micro Glass Spheres Vs TentaGel® M NH, Monosized Amino

TentaGel Microspheres.

Number of potential | Number of beads | Mol Potential Binding
binding sites per sphere | per gram Capacity
TentaGel 1.17 x 101! 1.49 x 10° 1.94x 10 mol | 2.80x 10*
Microspheres mmol/g
Micro Glass | 5.89 x 10° 5.40 x 108 1.58 x 10*® mol | 5.29 x 10°®
Spheres mmol/g

After running the same characterisation tests on both solid supports and comparing the binding
capacities, the TentaGel microspheres are found to be the better solid support and will be used in
the next stage of the project. Their homogenous nature and their higher binding capacity makes
them the better candidate along with the elasticity of them making them more compatible for tubing

in the FACS.

2.4.2.3 Synthesising Oligonucleotides on to TentaGel® M NH, Monosized Amino

TentaGel Microspheres

MinEOQ7ARP:5’-rGrGrAfCrGrGrAfUfUfUrArAfUfCrGfCfCrGfUrArGrArArArArGfCrAfUrGfUfCrArAr

ArGfCfCrGrGrArAfCfCrGfUfCfC-3’.

MinEQ7 was synthesised on the TentaGel Microspheres to see if this solid support was suitable
for oligonucleotide synthesis. All the aptamer synthesis will follow the same steps and synthetic
reaction scheme (figure 2.13). Step 1: Deblocking. 3’-5" nucleotide addition first requires
removal of the dimethoxytrityl (DMT) protecting group on the 5’ carbon of the first nucleotide.
This is accomplished by introducing a deblocking reagent, which leaves the first nucleotide with

a free 5’ -OH group that can then react with the next nucleotide. The trityl monitor detects the
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acid-labile DMT protecting group removal. The amount of DMT released from the column is an
indication of the success of the addition of the last monomer to the growing oligonucleotide
chain. The DMT group is orange in the acidic deblocking solution which the trityl monitor is set
to detect as it passes through a flow cell. There is a light source on the trityl monitor emitting
at 470 nm which DMT absorbs. Data from the trityl monitor is displayed in a bar graph. Each bar
is an indication of the success of the previous coupling. It represents the cumulative
photometric data collected from the trityl monitor during the deblocking step. Response value
for the highest trityl bar (excluding the first bar) that is a qualitative indication of coupling
efficiency. The overall appearance of the bar graph can appear rough. This irregularity can be
caused by deblock solution out-gassing within the flow cell or the DMT deblocking rate

differences for various monomers.

Step 2: Coupling. As a new nucleotide is introduced to the first nucleotide, it reacts with a weak
acid to form a phosphoramidite intermediate. This allows the nucleotide to interact with the
unblocked -OH group on the 5 end of the receiving nucleotide, producing a covalent

attachment by a phosphite triester bond.

Step 3: Capping. There is never 100% coupling efficiency. Some nucleotides will not couple with
the added nucleotide, leaving a free 5’ -OH group. If not capped, this group can couple to the
nucleotide added in the next cycle, which will produce an oligonucleotide with a deletion in its
sequence. To avoid this happening, a capping step is used to prevent any uncoupled molecules

from further reaction.

Step 4: Oxidation. The newly bound nucleotide must be stabilised. This is done by adding a
mixture of iodine and water. The mixtures oxidise the phosphite into phosphate, resulting in a

stable phosphotriester bond between the oligonucleotide and its new nucleotide.
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Step 5: Phosphoramidite addition repeats until the desired sequence is complete. Once the last
nucleotide is attached, oligonucleotides undergo a removal of protecting groups that are still
attached. After these groups are removed, oligonucleotides are cleaved from the solid support

and desalted to remove any additional contaminants.
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Figure 2.13. Aptamer Synthesis Synthetic Reaction Scheme.

The Expedite™ DNA synthesiser was used to generate the MinEQ7 parent aptamer (MinEO7ARP)
on the TentaGel microspheres (0.2 umol). The first coupling was not successful, which is
believed to be because of the —NH; group on the TentaGel microspheres was not coupling well
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with the first base. A linker was chosen to change the functional group to an —OH which will

couple more efficiently.

o —>D|C (0] i OH
OH \/\NH ~ JJ\/\/\/\/\/

Figure 2.14. Addition of 10-hydroxydecanoic linker to TentaGel® M NH, Monosized Amino TentaGel Microspheres.

10-hydroxydecanoic acid was the chosen linker to attach to the TentaGel microspheres (figure
2.14). Ninhydrin dye was used to verify that the reaction was successful. The results of the Kaiser
test were negative (yellow in colour), so the reaction was successful as no primary amines were
shown to be present. MinEO7ARP was synthesised onto the —OH modified TentaGel
microspheres. The protocol for coupling was extended 10x more than a standard DNA 1 umol
protocol. This was to allow more time and reagents to permeate through the polystyrene in the

TentaGel microspheres. The protocol change can be found in figure 2.15, highlighted below.
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B Cycle A (dAdenosine) Tumol x10 time ARP

/- __________________________________________________________________________________ A/
i Function Mode Amount Time (sec) Description x/
Vi /Argl /Arg2 x/
/- __________________________________________________________________________________ A/
$Deblocking

144 /*Index Fract. Coll. %/ NA 10 0 "Ewvent out ON"

0 /*Default */ WAIT 0 15 "Wait"

141 /*Trityl Mon. On/Off */ NA 10 10 "START data collection”

16 /*Dblk */ PULSE 300 0O "Dblk to column”

16 /*Dblk %/ PULSE 500 490 "Deblock"

16 /*Dblk %/ PULSE 500 390 "Deblock"

38 /*Diverted Wsh A %/ PULSE 400 0 "Flush system with Wsh A"

141 /*Trityl Mon. On/Off */ NA 0 10 "STOP data collection"

38 /*Diverted Wsh A */ PULSE 400 0 "Flush system with Wsh A"

144 /'Index Fract. Coll. */ NA 20 0 "Event out OFF"

|
=

1 1 50 0
2 *Act 50 )
18 *A + Act 50 0
18 *h + Act / 20 160
2 *Act 30 240
1 /*Wsh 70 560
1 /*Wsh 80 )
S$Capping
12 /*Wsh A %/ PULSE 200 0 "Flush system with Wsh A"
13 /*Caps */ PULSE 80 0 "Caps to column"
12 /*Wsh A */ PULSE 60 150 "Cap"
12 /*Wsh A */ PULSE 140 0 "Flush system with Wsh A"
$0xidizing
15 /*Ox */ PULSE 150 0 "Ox to column"
12 /*Wsh A */ PULSE 150 0 "Flush system with Wsh A"
$Capping
13 /*Caps %/ PULSE 70 0 "Caps to column”
12 /*Wsh A */ PULSE 300 0 "End of cycle wash"

Figure 2.15. 1 umol 10x Protocol for the synthesis of MinEO7ARP on TentaGel Microspheres.

This method was still unsuccessful, so the solvent the bases were dissolved in was changed from
acetonitrile to DCM (better permeability of the TentaGel), this worked a lot better and the full

length MinEO7ARP was synthesised. The trityl monitor progress report is shown (figure 2.16).
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Figure 2.16. Trityl Monitor Report of the synthesis of MinEO7ARP on modified TentaGel® M NH, Monosized Amino

TentaGel Microspheres.
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The step wise coupling efficiency is 96.9% as shown in the synthesis report (figure 2.17), To get
the overall average yield: 0.969% = 0.221. This gives a 22.1% overall synthetic yield, which is

good enough to carry forward for more experiments.

Trityl Histogram for synthesis: AlixRNAaptamer 48 mer.
Efficiency(Stepwise Yield by base leveling): 96.9%
Final Yield (by rolling average): 100.0%

Figure 2.17. Aptamer Synthesis Report of the Synthesis of MinEO7ARP on modified TentaGel® M NH, Monosized

Amino TentaGel Microspheres. Monomer T as uridine, monomer 5 as guanine.
2.4.3. Flow Cytometry of fluorescently tagged TentaGel® M NH-
Monosized Amino TentaGel Microspheres

2.4.3.1. Synthesising Fluorescently Tagged TentaGel® M NH, Monosized Amino

TentaGel Microspheres

To check the compatibility of the TentaGel microspheres in the FACS and to analysis the
sensitivity of its fluorescent detector a range of fluorescently tagged TentaGel microspheres
were synthesised. 6-carboxyfluorescein was the first fluorescent tag used, TentaGel
microspheres with different percentages of 6-carboxyfluorescein (100%, 73% and 36%)

attached were synthesised (figure 2.18).
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Figure 2.18. Scheme of the 6-carboxyfluorescein taggaed TentaGel® M NH, Monosized Amino TentaGel
Microspheres.
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The 100% 6-carboxyfluorescein tagged TentaGel microspheres were analysed by optical
microscope, images (figure 2.19). The images show that the binding of the 6-carboxyfluorescein
was successful as the fluorescent is very bright and the background is showing no fluorescent
activity meaning the 6-carboxyfluorescein tag is attached to the microspheres and not in the

supernatant.

0 pm 50

Figure 2.19. Microscopy images captured of the 6-carboxyfluorescein tagged TentaGel® M NH, Monosized Amino
TentaGel Microspheres.

Rhodamine B was also tried as this uses a different laser on the FACS. TentaGel microspheres

with 100%, 73% 36%, 17% and 1.7% tag attached were synthesised. The 100% rhodamine B

tagged TentaGel microspheres were analysed by optical microscope, images (figure 2.21).
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Figure 2.20. Scheme of the Rhodamine B tagged TentaGel® M NH, Monosized Amino TentaGel Microspheres.
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The images show that the binding with the rhodamine B was also successful as the fluorescent
is very bright and the background is showing no fluorescent activity meaning the rhodamine B

tag is attached to the microspheres and not in the supernatant.

0 um 50

Figure 2.20. Microscopy images captured of the Rhodamine B tagged TentaGel® M NH, Monosized Amino TentaGel
Microspheres.
2.4.3.2. Flow Cytometry Analysis of Fluorescently Tagged TentaGel® M NH, Monosized

Amino TentaGel Microspheres

The fluorescent microsphere samples TGRhodB100, TGRhodB73, TGRhodB36, TGRhodB17,
TGRhodB1.7, TGCFluor100, TGCFluor73 and TGCFluor36 were put through the FACS to detect
the level of fluorescence compared with the plain microspheres. The aim was to see if the
difference in the level of fluorescence on the different microspheres was visibly distinguishable.
The 6-carboxyfluorescein tagged microspheres were detected in the FACS using the laser with
the excitation of 488 nm and emission of 517/17 nm. The FACS data (figure 2.22) shows there
is a difference in fluorescence between the tagged microspheres and the non-tagged
microspheres. The histogram shows that for TGCFluor100, TGCFluor73 and TGCFluor36 there
was not a huge visual different between the three tagged samples. Potentially this is because
the reactive is not working as well as would have wanted, even though the microscopy images

show a successful conjugation (figure 2.19).
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Figure 2.22. FACS data of 6-carboxyfluorescein tagged TentaGel® M NH, Monosized Amino TentaGel Microspheres.

The rhodamine B tagged microspheres were detected in the FACS using the laser with the

excitation of 561 nm and the emission of 585/29 nm. Figure 2.23 showing the FACS data shows

that there is a difference in fluorescence between the 5 tagged microsphere samples and the

non-tagged microspheres. This data proves that the FACS can distinguish between levels of

fluorescence using rhodamine B.
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Figure 2.23. FACS data of Rhodamine B tagged TentaGel® M NH, Monosized Amino TentaGel Microspheres.
Doublet at 0% tagged caused by two microspheres going through the laser simultaneously.
2.4.4.3. Flow Cytometry Analysis of MinEO7ARP Tagged TentaGel® M NH, Monosized

Amino TentaGel Microspheres.

The MInEO7ARP tagged TentaGel Microspheres were put through the FACS to see if they
displayed any fluorescence. They were compared with plain microspheres, TGRhodB100 and
TGCFluor100 microspheres. This was done to check that there was not any fluorescence
intensity higher than the plain microspheres. They were detected in the FACS using the laser
with the excitation of 488 nm and the emission of 517/17 nm (figure 2.24). The MinEO7ARP
microsphere signal overlapped with the plain microsphere signal demonstrating that they did

not fluoresce.
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Figure 2.24. FACS data of MinEO7ARP tagged TentaGel® M NH, Monosized Amino TentaGel Microspheres. Doublet

caused by two microspheres going through the laser simultaneously.

2.5. Conclusion

In conclusion, the TentaGel Microspheres have been experimentally validated as a suitable solid
support for the synthesis of the MIinEQ7 aptamer library followed by flow cytometry. The
TentaGel microspheres can have fluorescent tags bound to them, visible on the optical
microscope. Different amounts of fluorescence tagged on to the TentaGel microspheres is
distinguishable in the FACS using the rhodamine B tag, which proves that sorting by
fluorescence intensity using flow cytometry methods will work with these microspheres on the
FACS. The carboxyfluorescein microspheres should be re-synthesised and tried again on the
FACS. The microspheres are capable of being chemically modified to include a linker allowing

for the MinEQ7 aptamer to be successfully synthesised on the surface of the microspheres.

Finding a successful solid support is vital to this method, having one that is chemically

compatible for aptamer synthesis and works in the FACS is essential.
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Chapter 3

3.1. Introduction

3.1.1. Nucleic Acid Modification

3.1.1.1. Nucleic Acid Chemistry

Nucleic acids are fundamental molecules of life, carrying the genetic information of all living
organisms. Their main function is to store and transmit genetic information with sufficient
stability, flexibility and accuracy to the next generation of each living organism .32 The
chemistry behind these structures was first uncovered by Franklin, Wilkins, Watson and Crick in
1953 who brought to light the nature of the double helical structure of deoxyribonucleic acid
(DNA).353 Nucleic acids take part in predictable and programmable interactions, they can easily
denature and then refold themselves and they are water-soluble. These characteristics allow
them to be used for a number of applications including therapeutics, diagnostics,

biotechnology, nanotechnology, synthetic biology and material science.3>*
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Figure 3.1. Nucleotide Structure.
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A nucleotide consists of a phosphate, a pentose sugar and a nitrogenous base.>* In nature, the
nitrogenous bases are made up of purines and pyrimidines. Purine nucleotides consist of
adenine and guanine. Pyrimidine nucleotides consist of cytidine, uridine (only for RNA) and
thymidine (only for DNA),*® the structures of these can be found in figure 3.1. The difference
between RNA and DNA is the atoms at the C-2 position. In DNA there is just a hydrogen (H) atom
and in RNA there is a hydroxyl (OH) group instead. The phosphate group attaches by a
phosphoester bond making the nucleoside turn into a nucleotide. The phosphoester bond is
linked by 5’-hydroxyl group of the pentose sugar and a phosphate group. Each of these three
components displayed in figure 3.1 play their own individual and vital role in the structural

design, synthesis and modifications of oligonucleotides.?*’

3.1.1.2. Nucleic Acid Modifications

Over the last 40 years there has been an increase in the use of nucleic acids as therapeutics.3>®

These are normally found in the form of aptamers®*° (see chapter 1), small interfering RNAs,3%°
antisense oligonucleotides (ASOs),%*! microRNAs*®? and mRNA vaccines.?** Nucleic acids allow
for a unique therapeutic intervention such as gene expression, to generate a specific mRNA or
protein that cannot be readily achieved by small molecule or biological drugs.3** However, the
natural chemistry of nucleic acids prevents them from reaching their full potential in medicine

because of their limited chemical diversity and their poor biological and chemical stability.3>*

To try to reach the full potential of nucleic acids, researchers have designed various
modifications at the different points of the structure. In small molecule drug discovery, it is
normal practice to have a wide range of structural diversity to produce libraries of potential
compounds. The creation of this type of diverse library is to make structural, functional and
property refinements.3®* Structural differences define functional diversity in oligonucleotides.

The types of diversity can be split into five different structural groups (figure 3.2).3%
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Nucleobase or sequence diversity: the change in nucleobase which then changes the
whole sequence. Modification of nucleobases has a large effect on the helix formation,
especially when there is substitution of their hydrogens.3%®

Nucleoside diversity: the difference in the chemical structure of the nucleosides which
then varies the oligonucleotide.

Backbone diversity: the variation in the linkage structure between the nucleotides,
including differences in the phosphorothioate linkages or its chiral orientation.
Architectural diversity: differences in design and the arrangement and order of the
nucleotides in the oligonucleotides.

Macromolecular structure diversity: the difference in structure and topology of the
complete molecule.?®’

The properties of the oligonucleotide are determined by the position of each structural
unit in the situation of the complete molecule. The macromolecular structural diversity
considering the overall structure and so can relate to the shape of the structure, the
way the chain folds and its aptameric binding properties. With one single change, it will
be possible to attain many different shapes and binding orientations, each representing

different energy levels.3¢’
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Figure 3.2. Examples of Nucleic Acid Modification Positions.
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The approved anti-VEGF aptamer drug, pegaptanib, has modifications to the sugar, having

either an OH, F or OCHjs in the 2’ position (Figure 1.12, chapter 1).3%8

3.1.1.3. Fluorine in Medicinal Chemistry

Fluorine atoms do not cause significant steric constraints since the fluorine atom is compact.
Fluorine makes strong bonds to other elements which creates good chemical stability. Changing
a hydrogen for a fluorine can cause change in the bond polarity, solubility and the possibility of
creating hydrogen bonds with another molecule.®*® C-F bonds can have a bond dissociation of
up to 130 kcal/mol whereas C-H bonds are somewhere around 105 kcal/mol.3”° Fluorinated
compounds are useful in material chemistry and in medicinal chemistry. Many pharmaceuticals
and biologically active molecules contain fluorine which has been shown to be essential for their

activity.3”?

Of all drugs in pharmaceutical production, 20-25% of them contain at least 1 fluorine atom. This
is fascinating considering that organofluorine compounds are generally not found in natural
products.®’* One of the first fluorinated drugs was 5-fluorouracil which is an antineoplastic
agent (figure 3.3). It is an antimetabolite and was first synthesised in 1957.372 It has high
anticancer activity by inhibiting the enzyme thymidylate synthase which then prevents the

cellular synthesis of thymidine.

Figure 3.3. Chemical structure of 5-fluorouracil.

Fluorine substitution is often used in medicinal chemistry because it improves metabolic
stability, bioavailability and protein-ligand interactions.3”® This strategy of using fluorine

substitution in drug design has led to production of some key drugs on the market. Drugs such
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as Fluoxetine®* (an antidepressant), Faslodex3” (anticancer), Flurithromycin®’® (antibacterial)
and Efavirenz®”” (antiviral). These four drugs cover a wide range of different medical areas,

which have all benefited from fluorine chemistry (figure 3.4).3%
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Figure 3.4. Chemical structure of fluorine containing drugs.

The uridine molecule that will be modified during this project will have a fluorine at the 2’
position, 2’-fluoro-2’-deoxyuridine, as the parent MinEQ7 aptamer has this structure. This will
be carried forward from previous research as it has been proven that this modification helps

with stability and prevents degradation.
3.1.2. Types of Chemistry used for Nucleotide Modification

3.1.2.1. Suzuki-Miyaura Cross Coupling Reaction

The discovery of reactions using palladium catalysts forming carbon-carbon bonds has been

important in the development of synthetic organic chemistry.3”® The advantages of the Suzuki

130



Miyaura cross coupling reaction are that it has high region- and stereoselectivity, it works with
a large variety of functional groups, and the conditions are mild.3”° Miyaura’s team worked on
the coupling of alkylboron compounds with different organic halides with the catalysis
PdCl,.CH,Cl,in the presence of a base for example K,COs or KsPOj (figure 3.5) 3 These reactions
have proved extremely useful as a method for synthesis of biologically active and natural
compounds.®! Use of boronic acids and boronate esters in these reactions also have many
limitations of use such as high expense, purification difficulties and sometimes air and moisture

sensitivity.382
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Figure 3.5. Suzuki-Miyaura reaction mechanism scheme.383
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Palladium(ll) acetate ‘Pd(OAc),’ is often used with triphenylphosphine to create an active
catalyst species.®® This is done by converting Pd(0) to Pd(ll) (figure 3.6).3> Amatore and Jutand
have demonstrated that phosphine-induced reduction of ‘Pd(OAc),’ goes via trans-
[Pd(OAc),(PPh3),]. These intermediate species have been observed by 3P NMR spectroscopic

studies. The results showed that Pd°(PPhs), were created from these reaction.*® Studies leading
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on from this showed that increasing the Pd/PPhs ratio to 1:3 lead to the formation of
Pd°(PPhs),(OAc) with the side product being O=PPh33” Pd°(PPhs), and Pd°(PPhs),(OAc) both

react with organohalides by oxidative addition (figure 3.6).38
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Figure 3.6. Reaction mechanism scheme of palladium acetate using triphenylphosphine.383

3.1.2.2. Stille Coupling Reaction

A Stille cross coupling reaction using tetravinyltin along with
tetrakis(triphenylphosphine)palladium(0) as the catalyst can be used to create a vinyl
modification. A Stille reaction is a cross coupling reaction of organic electrophiles with
organostannanes. This was first done by Eaborn3®® and Kosugi-Migita.3® Stille then developed
the mechanism and catalytic cycle causing it to be called the Stille3® reaction. The advantages
of the Stille reaction are that it is compatible with a large variety of functional groups and it is
mild process. These advantages mean it is often used in the synthesis of highly complex
molecules.®! Organostannanes are not very sensitive to moisture and oxygen, which allows for
harsher reaction conditions. Sn contamination can still be a concern for this reaction, especially
when it is used to produce pharmaceuticals. This is down to the toxicity of Sn, the commonly
used derivatives of tri-n-butyltin have a LDsp in the range of 100-300 mg kg*.3%? Toxicologists

require a upper limit of Sn to be ~20 ppm.3%
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Pfizer used a stille reaction in one of the steps to synthesise [2-(3- Methyl-3H-imidazol-4-yl)-
thieno([3,2-b]pyridin-7-yl]-(2-methyl1H-indol-5-yl)-amine (figure 3.7). When looking to do a
large scale preparation of imidazolethienopyridine for use in pharmaceutical processes, their
research shows that a Stille reaction was the most suitable for this.3¥* Other coupling routes
were trailed however the Stille was most suited because it provides a robust method that can

be easily up scaled.
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Figure 3.7. Reaction mechanism scheme of the synthesis of [2-(3- methyl-3H-imidazol-4-yl)-thieno[3,2-b]pyridin-7-
yl]-(2-methyl1H-indol-5-yl)-amine.3%4
In a standard Stille reaction there are 3 main steps: oxidative addition, transmetalation and

reduction elimination. This is the same for most Palladium crossing coupling reactions.

1. Oxidative addition
This step works well with aryl iodide and Pd® complexes with good donor ligands.
Bromides do not work as well, and chlorides normally fail. Complexes with bulky donor
ligands such as phosphines are more reactive.3%

2. Transmetalation
This mechanism requires a good bridging anionic ligand such as a halide and a ligand
that leaves easily, which will help transmetalation move faster.3®® Oxidation of

Pd(PPhs)s can cause a phosphine to be free which can be damaging, this can be fixed

with a CuX salt.3%”
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Reductive Elimination

Reductive elimination occurs through a three-membered transition state. The

palladium catalyst needs to have two groups involved, and for them to both be cis. This

requires isomerisation of the products from transmetalation who have trans

stereochemistry. The couplings activation energy depends on the group being coupled.

More electron rich carbons require higher activation energies.3®

mechanism can be found in figures 3.7 and 3.8.

F OH

A
HN N @ Ho. ©

O}\N | P PdO -
HO. . @ 4 k ;

The reaction

OH

o] L% @%p{ow
@QJE e ) A

S

~ /\s/

n
_ ~

Figure 3.8. Stille Coupling Reaction Mechanism Scheme.

3.1.3. Chapter Aims

The aim of this chapter is to design, synthesis and analyse the modified urdine phosphoramidite
compounds that will give suitable diversity such that it will effectively modulate the aptamer

affinity. These compounds will be synthesised ready to be used in the aptamer library synthesis.
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3.2. Materials & Instrumentation

3.2.1. Materials

2’-fluoro-2’-deoxyuridine, 4,5-dicyanoimadazole, acetic anhydride, ammonia methanol,
ammonium cerium (IV)nitrate, caesium carbonate, dioxane, nitrosonium tetrafluoroborate,
tetrakistriphenylphophine palladium (0) and tetravinyl tin were purchased from Acros Organic.
4-(aminomethyl)phenylboronic acid pinacol ester, 4-carboxyphenylboronic acid pinacol ester,
ammonia solution, sodium bicarbonate and sodium sulfate were purchased from Alfa Aesar.
Dichloromethane, diethyl Ether, dimethylformide, ethanol, ethyl acetate, magnesium sulfate,
methanol, pyridine, sodium chloride and triethylamine were purchased from Fisher Scientific
International. 1,1’bis(diphenylphosphineo)ferrocenepalladium(Il) dichloride, 4,4’'-
dimethoxytrityl chloride, diisoproplethylamine, (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)methanamine hydrochloride, 4-dimethylaminopyridine and palladium acetate were
purchased from Fluorochem. 2-cyanoethyl-diisopropl-chlorophosphoramidite was purchased
from Link Technologies. Fluorenylmethoxycarbonyl, iodine, phenylboric acid pinacol ester and

triphenylphosphine were purchased from Sigma Aldrich/MERCK.

All NMR samples were run in DMSO-ds purchased from Goss Scientific

3.2.2. Instrumentation

3.2.2.1. Expedite™ 8909 DNA Synthesiser
Specification can be found in Chapter 2 section 2.2.2.1 Expedite™ 8909 DNA Synthesiser
3.2.2.2. NMR

NMR spectra were obtained on a Bruker AVII 400 MHz spectrometer and were calibrated to the
centre of the set solvent peak and chemical shifts were reported in parts per million (ppm).
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3.2.2.3. Mass Spectrometer

Electrospray mass spectra were recorded on a Bruker micrOTOF-Q |l mass spectrometer. The
samples were analysed by injecting 2 pL of 0.1 mg/mL solutions into a flowing stream of 95%
methanol, 10 mM ammonium acetate at a flow rate of 20 pL/min. The samples were analysed
in both positive and negative ion modes. All themasses are mono isotopic

and lock mass corrected and therefore should be within 5 ppm of the calculated mass.

3.3. Experimental Methods

3.3.1. Step 1: Acetyl protection of 2’-fluoro-2’-deoxyuridine (3.1)>*°

2’-fluoro-2’-deoxyuridine (3.1) (3.00 g, 12.19 mmol) was dissolved in pyridine (150.00 mL) and
then cooled to 0°C. Acetic anhydride (12.39 g, 121.36 mmol) was added, and the reaction was
stirred for 1 hour at 0°C, then for an additional hour at room temperature. The reaction was
monitored by TLC (ethyl acetate/MeOH 20:1). The solvent was then removed in vacuo. The
residue was then dissolved in methanol (100.00 mL) and the solvent was removed in vacuo
again. A white powdered solid was collected, 2’-Fluoro-3’,5’-di-O-acetyl-2’-deoxyuridine

(3.2) (3.82 g, 98.7%).

IH NMR (DMSO-de): 6 11.47 (s, 1H); 7.71-7.73 (d, 1H); 5.90 (dd, 1H); 5.68-79 (dd, 1H); 5.62 (ddd,
1H); 5.24-5.48 (ddd, 1H); 4.33 (dd, 1H); 4.24 (ddd, 1H); 4.12 (dd,1H); 2.12 (s, 3H); 2.04 (s,

3H). MS: m/z: caled for C13His F N, O7 ([M + Na]*): 353.09, found 352.70
3.3.2. Step 2: lodination of 2’-fluoro-3’,5’-di-O-acetyl-2’-deoxyuridine (3.2)3%°

3.2 (1.50 g) was dissolved in acetonitrile (100.00 mL). After addition of iodine (1.14 g, 8.98
mmol) and (NHa),[Ce(NOs)e] (2.49 g, 5.32 mmol) the reaction was heated to 95°C and stirred for

3hours under reflux. The reaction was monitored by TLC (ethyl acetate/MeOH 20:1). The
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solvent was removed in vacuo and a silica column was run (Ethyl Acetate/MeOH 20:1) to

product an orange oil 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-iodo-uridine (3.3) (1.5 g, 73.04%).

'H NMR (DMSO-ds): 6 11.87 (s, 1H); 8.20 (s, 1H); 5.84-90 (dd, 1H); 5.46-61 (ddd, 1H); 5.23-31
(ddd, 1H); 4.33-37 (dd, 1H); 4.27-31 (ddd, 1H); 4.17-21 (dd,1H); 2.11 (s, 3H); 2.08 (s, 3H). MS:

m/z: calcd for Ci3 H14 FIN2 O7 ([M + H]*): 456.98, found 456.9 ([M + Na]*): 479.98, found 479.8.

3.3.3. Step 3U-Ph: Addition of functional group U-Ph to 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-

5-iodo-uridine (3.3) using Suzuki-Miyaura cross coupling reaction*®

To a solution of 3.3 (1.51 g), Cs,C03 (2.39 g, 7.35 mmol), phenylboronic acid pinacol ester (0.63
g, 3.11 mmol) and PPhs (0.302 g, 1.15 mmol) in dioxane (50.00 mL) and water (4.50 mL) was
added to Pd(OAc), (0.63 g, 2.82 mmol) at 25°C under N, current. The mixture was refluxed at
90°C and stirred for 16 hours. The reaction was monitored by TLC (ethyl acetate/MeOH = 20:1).
The black palladium precipitate was filtered off. The reaction mixture was diluted with water
(10.00 mL) and extracted with ethyl acetate (20.00 mL x 2). The organic layers were then washed
with saturated aqueous NaCl (10 mlL), dried over MgSOs and filtered. This was then
concentrated under reduced pressure to give a residue. 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-

phenyl-uridine was produced as a sticky yellow oil (3.4) (1.53 g, 87.5%).

'H NMR (DMSO-ds): 6 11.71 (s, 1H); 7.94 (s, 1H); 7.32-7.74 (m, 5H); 5.86-6.01 (dd, 1H); 5.48-69
(ddd, 1H); 5.28-36 (ddd, 1H); 4.33-38 (dd, 1H); 4.26-31 (ddd, 1H); 4.16-21 (dd,1H); 2.13 (s, 3H);

2.08 (s, 3H). MS: m/z: caled for Ci9H1s FN, O7 ([M + Nal*): 429.12, found 429.00

3.3.4. Step 3U-Vi: Addition of functional group U-Vi to 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-

iodo-uridine (3.3) using Suzuki-Miyaura cross coupling reaction®®

To a solution of 3.3 (0.10 g), Cs,CO5 (0.16 g), Trans-1-propenylboronic acid pinacol ester (0.04
g) and PPh3 (0.02 g) in dioxane (50.00 mL) and water (4.50 mL) was added to Pd(OAc), (0.04 g)

at 25°C under N; current. The mixture was refluxed at 90°C and stirred for 16 hours. The reaction
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was monitored by TLC (ethyl acetate/MeOH = 20:1). The black palladium precipitate was filtered
off. The reaction mixture was diluted with water (10.00 mL) and extracted with ethyl acetate
(20 mL x 2). The organic layers were then washed with saturated aqueous NaCl (10.00 mL), dried
over MgS0, and filtered. This was then concentrated under reduced pressure to give a residue.

The desired product was not achieved.

3.3.5. Step 3U-Vi.2: Addition of functional group U-Vi to 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-

5-iodo-uridine (3.3) using Stille cross coupling reaction®**

3.3 (1.00 g), tetravinyltin (0.49 ml, 1.15 mmol) and tetrakistriphenylphosphinepalladium(0)
(0.19 g, 0.16 mmol) in 15.00 mL of DMF was stirred under nitrogen at 75°C for 17hours under
N, current. The reaction was monitored by TLC (DCM/MeOH = 10:1). The black palladium
precipitate was filtered off. The reaction mixture was diluted with water (25.00 mL x 2) and
extracted with diethyl ether (25.00 mL x 2). The diethyl layers were combined and dried over
MgSO,, filtered, and concentrated under reduced pressure to give a residue. 3',5'-di-O-acetyl-

2'-desoxy-2'-fluoro-5-vinyl-uridine was produced as a yellow oil (3.6) (0.37 g, 35.0%).

'H NMR (DMSO-d¢): 6 11.62 (s, 1H); 7.88 (s, 1H); 6.33-41 (dd,1H); 5.85-99 (g, 1H); 5.50-65 (dd,
1H) 5.25-5.33 (m, 2H); 5.17-5.19 (dd, 1H); 4.33-37 (dd, 1H); 4.28-31 (ddd, 1H); 4.17-22 (dd,1H);

2.11 (s, 3H); 2.03 (s, 3H). MS: m/z: calcd for Cis H17 FN, O7 ([M + Nal*): 379.10, found 379.0

3.3.6. Step 3U-NH,.1: Addition of functional group U-I to 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-

5-iodo-uridine (3.3) using Suzuki-Miyaura cross coupling reaction*®

To a solution of 3.3 (0.10 g), Cs,CO; (0.16 g), 4-(aminomethyl)phenylboronic acid pinacol ester
(0.056 g) and PPhs (0.02 g) in dioxane (5.00 mL) and water (4.50 mL) was added to Pd(OAc),
(0.04 g) at 25°C under N, current. The mixture was heated to 90°C and stirred for 16 hours. The
reaction mixture was diluted with water (10.00 mL) and extracted with ethyl acetate (20.00 mL
x 2). The organic layers were then washed with saturated aqueous NaCl (10.00 mL), dried over
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MgS0,, filtered, and concentrated under reduced pressure to give a residue. *H NMR, *C NMR

and mass spectrometry were run on the product. The desired product was not achieved.

3.3.7. Step 3U-NH,.2: Synthesis of Fmoc protected 4-(aminomethyl)phenylboronic acid

pinacol ester

Fmoc (0.11 g) and 4-(aminomethyl)phenylboronic acid pinacol ester (0.10 g) were dissolved in
5.00 mL of ethanol. This solution was sonicated for 20 minutes at room temperature. *H NMR

was run on the product, Fmoc-4-(aminomethyl)phenylboronic acid pinacol ester (3.8).

iH NMR (DMSO-d,): & 8.60 (s, 1H); 7.85-87 (d, 2H); 7.67-71 (q, 2H); 7.50-52 (d, 2H); 7.36-37 (d,

2H); 7.30-31 (d, 2H); 4.55 (s, 2H); 4.14 (s, 1H); 4.02-04 (d, 2H)

3.3.8. Step 3U-NH,.3: Addition of functional group U-NH; to 3',5'-di-O-acetyl-2'-desoxy-2'-

fluoro-5-iodo-uridine (3.3) using Suzuki-Miyaura cross coupling reaction*®

To a solution of 3.3 (0.12 g), Cs,C03 (0.17 g), 3.8 (0.23 g in excess) and PPhs (0.02 g) in dioxane
(100.00 mL) and water (9.00 mL) was added to Pd(OAc), (0.05 g) at 25°C under N, current. The
mixture was heated to 90°C and stirred for 16 hours. The reaction was monitored by TLC (ethyl
acetate/MeOH = 20:1). The reaction mixture was diluted with water (10.00 mL) and extracted
with ethyl acetate (20.00 mL x 2). The organic layers were then washed with saturated aqueous
NaCl (10.00 mL), dried over MgS0,, filtered, and concentrated under reduced pressure to give
a residue. 'H NMR and mass spectrometry were run on the product. The desired product was

not achieved.

3.3.9 Step 3U-NH,.4: Addition of functional group U-NH; to 3',5'-di-O-acetyl-2'-desoxy-2'-

fluoro-5-iodo-uridine (3.3) using Suzuki-Miyaura cross coupling reaction

Method 1%°: To a solution of 3.3 (0.12 g), Cs,COs (0.17 g), 4-Carboxylphenylboronic acid pinacol

ester (0.05 g) and PPhs (0.02 g) in dioxane (100.00 mL) and water (9.00 mL) was added to
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Pd(OAc), (0.05 g) at 25°C under N3 current. The mixture was heated to 90°C and stirred for 16
hours. The reaction was monitored by TLC (ethyl acetate/MeOH = 20:1). The reaction mixture
was diluted with water (10.00 mL) and extracted with ethyl acetate (20.00 mL x 2). The organic
layers were then washed with saturated aqueous NaCl (10 mL), dried over MgSQ, filtered and

concentrated under reduced pressure to give a residue. The desired product was not achieved.

Method 2%92: To a solution of 3.3 (0.05 g), Cs,COs (0.07 g) and 4-Carboxylphenylboronic acid
pinacol ester (0.01 g) in dioxane (50.00 mL) and water (4.5.00 mL) was added to 1,1
bis(diphenylphosphino)ferrocenepalladium (I1) dichloride (0.07 g) at 25°C under N, current. The
mixture was heated to 90°C and stirred for 16 hours overnight. The reaction was monitored by
TLC (ethyl acetate/MeOH = 20:1). The reaction mixture was diluted with water (10 mL) and
extracted with ethyl acetate (20.00 mL x 2). The organic layers were then washed with sat.
aqueous NaCl (10.00 mL), dried over MgSQ,, filtered, and concentrated under reduced pressure
to give a residue. *H NMR and mass spectrometry were run on the product. The desired product

was not achieved.

3.3.10 Step 3U-NH,.5: Addition of functional group U-NH; to 3',5'-di-O-acetyl-2'-desoxy-2'-

fluoro-5-iodo-uridine (3.3)*%

3.3 (0.05 g, 1 mmol) was dissolved in 50.00 mL of DMF and then treated with nitrosonium
tetrafluoroborate (0.29 g, 5.70 mmol) for 24 hours. The reaction was terminated by the addition
of water (1.00 mL). The reaction mixture was diluted with ethyl acetate (50.00 mL) and washed
with sodium bicarbonate. The organic layer was separated and dried over sodium sulfate. Crude
product was purified on silica gel column using ethyl acetate/hexane (1:1). *H NMR and mass
spectrometry were run on the product. 'H NMR and mass spectrometry were run on the

product. The desired product was not achieved.

140



3.3.11. Step 3U-NH..6: Addition of functional group U-NH; to 3',5'-di-O-acetyl-2'-desoxy-2'-

fluoro-5-iodo-uridine (3.3)**

3.3 (0.04 g) was treated with 15.00 mL of ammonia solution (35%) at 55°c, in a sealed screw-
cap bottle. The solution was cooled and concentrated under reduced pressure. 'H NMR and

mass spectrometry were run on the product. The desired product was not achieved.

3.3.12. Step 4U-Ph: Removal of acetyl protecting groups from 3',5'-di-O-acetyl-2'-desoxy-2'-

fluoro-5-phenyl-uridine (3.4)

3.4 (1.53 g) was dissolved in an NH3/MeOH solution (7N, 15.00 mL) and stirred at room
temperature for 20 hours. The reaction was monitored by TLC (ethyl acetate /MeOH 20:1). The
solvent was removed in vacuo and a solid of 2'-desoxy-2'-fluoro-5-phenyl-uridine was collected

(3.15) (0.98 g, 81.1%).

IH NMR (DMSO-de): 6 11.71 (s, 1H); 7.94 (s, 1H); 7.32-7.74 (m, 5H); 5.86-6.01 (dd, 1H); 5.48-69
(ddd, 1H); 5.28-36 (ddd, 1H); 4.33-38 (dd, 1H); 4.26-31 (ddd, 1H); 4.16-21 (dd,1H). MS: m/z:

calcd for Ci9H19FN2 O7 ([M + Nal*): 345.10, found 345.0

3.3.13. Step 4U-Vi: Removal of acetyl protecting groups from 3',5'-di-O-acetyl-2'-desoxy-2'-

fluoro-5-vinyl-uridine (3.6)

3.6 (0.37 g) was dissolved in an NH3/MeOH solution (7N, 15.00 mL) and stirred at room
temperature for 20 hours. The reaction was monitored by TLC (ethyl acetate /MeOH 20:1). The
solvent was removed in vacuo and a solid of 2'-desoxy-2'-fluoro-5-vinyl-uridine was collected

(3.16) (0.25 g, 92.6%).

IH NMR (DMSO-ds): 6 11.53 (s, 1H); 8.28 (s, 1H); 6.36-39 (d, 1H); 6.30-32 (d, 1H); 5.92-94 (t, 1H);
5.28-36 (t, 1H); 5.42-65 (dd, 1H); 5.11-14 (g, 1H); 4.99 (s,1H); 4.20-30 (dd,1H); 3.82-89 (t,1H);

3.64-74 (t,1H); 3.61 (s,1H). MS: m/z: calcd for Ci11 H13 FN2 Os ([M + H]*): 272.08, found 272.91.
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3.3.14. Step 4U-I: Removal of acetyl protecting groups from 3',5'-di-O-acetyl-2'-desoxy-2'-

fluoro-5-iodo-uridine (3.3)

3.3 (1.53 g) was dissolved in an NH3/MeOH solution (7N, 15.00 mL) and stirred at room
temperature for 20 hours. The reaction was monitored by TLC (ethyl acetate/MeOH 20:1). The
solvent was removed in vacuo and a solid of 2'-desoxy-2'-fluoro-5-iodo-uridine was collected

(3.17) (1.21 g, 96.8%).

IH NMR (DMSO-de): 6 11.75 (s, 1H); 8.55 (s, 1H); 5.83-5.87 (d, 1H); 5.63-5.64 (t, 1H); 5.43 (s, 1H);
4.97-5.11 (dd, 1H); 4.14-4.18 (dd, 1H); 3.88-3.90 (t, 1H); 3.81-3.83 (t,1H); 3.58(s,1H). MS: m/z:

calcd for CoHioFN; Os ([M + H]*): 372.96, found 373.90. ([M + Na]*): 395.10, found 394.85.

3.3.15. Step 5U-Ph: Addition of 4,4’-dimethoxytrityl protecting group to 2'-desoxy-2'-fluoro-

5-phenyl-uridine (3.15)

3.15 (0.06 g) and DMAP (0.0013 g, 0.0105 mmol) were dissolved in pyridine (10.00 mL). 4,4'-
Dimethoxytrityl chloride (0.077 g, 0.23 mmol) was added in portions over 1 hour dropwise at
0°C. After complete consumption of the starting material (18 hours), MeOH (2.00 mL) was
added, and the resulting mixture was concentrated under vacuum. The product was purified by
column chromatography using a basic alumina stationary phase and eluted with DCM/MeOH

(100:1) to produce a yellow oil (3.18) (0.14 g, 186.0%).

IH NMR (DMSO-de): 6 9.89 (s, 1H); 8.19 (s, 1H); 7.27-7.31 (m, 3H); 7.19-7.23 (m, 9H); 7.06-7.10
(m, 2H) 6.84-6.89 (m, 4H); 6.22 (s, 1H); 3.91 (g, 1H); 3.87 (t, 1H); 43.66 (s, 1H); 3.55 (d, 1H); 3.07-

3.07 (dd,2H). MS: m/z: calcd for CsgH33 FN2 O7 ([M + Na]*): 647.23, found 647.20

3.3.16. Step 5U-Vi: Addition of 4,4’-dimethoxytrityl protecting group to 2'-desoxy-2'-fluoro-5-

vinyl-uridine (3.16)

3.16 (0.07 g) and DMAP (0.0013 g, 0.011 mmol) were dissolved in pyridine (10.00 mL). DMTCI

(0.13 g, 0.40 mmol) was added in portions over 1 hour dropwise at 0%. After complete
142



consumption of the starting material (18 hours), MeOH (2.00 mL) was added, and the resulting
mixture was concentrated under vacuum. The product was purified by column chromatography
using a basic alumina stationary phase and eluted with DCM/MeOH (100:1) to produce a yellow

oil (3.19) (0.20 g).

IH NMR (DMSO-de): 6 11.56 (s, 1H); 8.31 (s, 1H); 7.25-7.36 (m, 11H); 6.86-6.88 (m, 4H); 6.36-
6.41 (d, 1H); 6.30-6.33 (t, 1H); 5.72-5.96 (dd, 2H); 5.49-5.50 (q, 1H); 5.12-5.13 (t,1H); 5.01 (s,1H);
4.12-4.22 (dd,1H); 3.86-3.92 (dd, 2H); 3.72 (s, 6H). MS: m/z: calcd for Csz Hs1 FN> O7 ([M + H]*):

574.21 , found 574.00.

3.3.17. Step 5U-I: Addition of 4,4’-dimethoxytrityl protecting group to 2'-desoxy-2'-fluoro-5-

iodo-uridine (3.17)

3.17 (0.12 g) and DMAP (0.02 g, 0.02 mmol) were dissolved in pyridine (10.00 mL). 4,4'-
Dimethoxytrityl chloride (0.24 g, 0.70 mmol) was added in portions over 1 hour dropwise at 0°C.
After complete consumption of the starting material (18 hours), MeOH (2.00 mL) was added
and the resulting mixture was concentrated under vacuum. The product was purified by column
chromatography using a basic alumina stationary phase and eluted with DCM/MeOH (100:1) to

produce a yellow oil was (3.20) (0.333 g).

'H NMR (DMSO-dg): 6 11.79 (s, 1H); 8.58 (d, 1H); 7.08-7.37 (m, 11H); 6.84-6.91 (m,4H); 5.83-
5.90 (d, 1H); 5.45-5.67 (dd,1H); 4.99-5.24 (t, 1H); 4.38 (s, 1H); 4.25-4.35 (dd, 1H); 3.93 (t, 1H);

3.74 (s, 6H); 3.64 (d, 1H). MS: m/z: calcd for CsoHas FN, O7 ([M + H]*): 697.09 , found 697.00.

3.3.18. Step 5U: Addition of 4,4’-dimethoxytrityl protecting group to 2'-desoxy-2'-fluoro-

uridine (3.1)

3.1(0.12 g) and DMAP (0.002 g, 0.02 mmol) were dissolved in DMF (10.00 mL) with a few drops
of trimethylamine. 4,4'-Dimethoxytrityl chloride (0.50 g, 1.48 mmol) was added in portions over

1 hour dropwise at 0°C. After complete consumption of the starting material (18 hours), MeOH
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(2.00 mL) was added, and the resulting mixture was concentrated under vacuum. The product
was purified by column chromatography using a basic alumina stationary phase and eluted with

DCM/MeOH (100:1) to produce a yellow oil (3.24) (0.10 g).

'H NMR (DMSO-de): 6 11.32 (s, 1H); 7.43 (d, 1H); 6.89-7.30 (m, 13H); 6.55 (d, 1H); 5.47 (d,1H);

4.60-4.61 (q, 1H); 4.55 (t, 1H); 4.37 (s, 1H); 4.30 (t, 1H); 3.81 (d, 6H); 3.36 -3.61 (dd, 2H).

3.3.19. Step 6U-Ph: Addition of 2-cyanoethyl diisopropyl chlorophosphoramidite to DMT

protected 2'-desoxy-2'-fluoro-5-vinyl-uridine (3.18)

3.19 (0.31 g), and dimethylaminopyridine (0.05 g, 0.41 mmol) were dissolved in 50.00 mL of dry
DCM, diisopropylethylamine (0.30 mL, 2.33 mmol) and 2-cyanoethyl-diisopropyl-
chlorophosphoramidite (0.30 mL, 1.25 mmol) were added. Under an atmosphere of nitrogen,
the mixture was then stirred at room temperature for 2 hours. After the DCM was removed in
vacuo a thick yellow oil was obtained (3.21) (0.60 g). 3'P NMR was run on the product, to prove
the addition of the phosphoramidite group. No other analysis was run on it because of the air

sensitive nature of the product.

3P NMR (DMSO-d¢ capillary in DCM): 6 150.00 (s, 1P) (0.77:0.23)

3.3.20. Step 6U-Vi: Addition of 2-cyanoethyl diisopropyl chlorophosphoramidite to DMT

protected 2'-desoxy-2'-fluoro-5-vinyl-uridine (3.19)

3.19(0.88 g), and dimethylaminopyridine (0.14 g, 1.14 mmol) were dissolved in 50.00 mL of dry
DCM, diisopropylethylamine (0.84 mL, 6.51 mmol) and 2-cyanoethyl-diisopropyl-
chlorophosphoramidite (0.83 mL, 3.50 mmol) were added. Under an atmosphere of nitrogen,
the mixture was then stirred at room temperature for 2 hours. After the DCM was removed in
vacuo a thick yellow oil was obtained (3.22) (1.63 g). 3'P NMR was run on the product, to prove
the addition of the phosphoramidite group. No other analysis was run on it because of the air

sensitive nature of the product.
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3P NMR (DMSO-ds capillary in DCM): 6 139.00 (s, 1P)

3.3.21. Step 6U-l: Addition of 2-cyanoethyl diisopropyl chlorophosphoramidite to DMT

protected 2'-desoxy-2'-fluoro-5-iodo-uridine (3.20)

3.23 (1.07 g), and dimethylaminopyridine (0.17 g, 1.39 mmol) was dissolved in 50.00 mL of dry
DCM, diisopropylethylamine (1.03 mL, 7.95 mmol) and 2-cyanoethyl-diisopropyl-
chlorophosphoramidite (1.01 mL, 4.25 mmol) were added. Under an atmosphere of nitrogen,
the mixture was then stirred at room temperature for 2 hours. After the DCM was removed in
vacuo to obtained thick yellow oil (3.23) (1.98 g). 3P NMR was run on the product, to prove the
addition of the phosphoramidite group. No other analysis was run on it because of the air

sensitive nature of the product.

31p NMR (DMSO-ds capillary in DCM): & 149.00 (s, 1P)

3.3.22. Step 6U: Addition of 2-cyanoethyl diisopropyl chlorophosphoramidite to DMT

protected 2'-desoxy-2'-fluoro-uridine (3.24)

3.24(0.30 g), and dimethylaminopyridine (0.05 g, 0.43 mmol) were dissolved in 50.00 mL of dry
DCM, diisopropylethylamine (0.29 mL, 2.02 mmol) and 2-cyanoethyl-diisopropyl-
chlorophosphoramidite (0.28 mL, 1.20 mmol) were added. Under an atmosphere of nitrogen,
the mixture was then stirred at room temperature for 2 hours. After the DCM was removed in
vacuo a thick yellow oil was obtained (3.25) (0.61 g). 3!P NMR was run on the product, to prove
the addition of the phosphoramidite group. No other analysis was run on it because of the air

sensitive nature of the product.

3P NMR (DMSO-d¢ capillary in DCM): 6 150.00 (s, 1P) (0.63:0.37)

3.3.23. Synthesis of ARP25U

ARP25U: 5’-fUfUfUfUfUTUTUfUfUFUTUfUfUFUTUTUfUfUfUTUTUfUfUTUTU-3
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The Expedite™ 8909 DNA synthesiser was used to synthesise ARP25U on Universal UnyLinker
support. 3.25 (1.00 g) was dissolved in 20.00 mL DCM and put in bottles and screwed into the
synthesiser lines. The synthesis reagents were Oxidizer (0.02 M iodine, 20% pyridine), Cap A Mix
(THF/pyridine/acetic anhydride 8:1:1), Cap B Mix (10% methylimidazole in THF), deblock (3%
trimethylamine in DCM) and ETT activator (0.25 M, 5-ethylthio-1H-tetrazole in acetonitrile)
were screwed into the synthesiser lines. A leak test was run to check nitrogen was not leaking
from the lines. When passed, the lines are then flushed with the new reagents added to them.
Universal UnyLinker support (0.021 g) was added to the column, which was then placed on the
synthesiser, which was then flushed with acetonitrile several times. The sequence and protocol
are then selected using Expedite™ 8909 software connected to the Expedite™ 8909 DNA
synthesiser. The sequence was then run and monitored using the trityl monitor. The protocol

for coupling was extended 10x more than a standard DNA 1 umol protocol.

3.4. Results and Discussion

3.4.1. Modified Uridine Designs

The uridine monomers in MinEO7 were chosen to be modified as they are synthetic accessibility,
utilising known chemistry as well as financially available starting materials. The uridines were
modified at the C(5) position because modifications at the C(5) position of pyrimidine
nucleosides can enhance their bioavailability, bioactivity and biostability.*® The synthesis of
C(5)-substituted nucleotides have gained importance because of their potential medicinal
applications.*®® 5-halopyrimindies exhibit anticancer and antiviral as well as photosensitising
properties. These compounds were used in research that discovered key information
concerning their affinity for transporter proteins and their cellular biochemistry.*®” There are
several 5-halo-modified pyrimidine drugs available such as 1-hexylcarbamoyl-5-fluorouracil

which is a treatment for colorectal cancer®®® and 5-fluoro-20-deoxyuridine, which is a commonly
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known anticancer drug used in treatment of stomach, colorectal and kidney cancer.*®® Some
other examples of 5-substituted nucleosides with confirmed biological activities are 5-ethyl-20-

t41% and 5-ethynyl-20-deoxyuridine which is used against

deoxyuridine which is an anti-HSV agen
herpes simplex-1 strains KOS and LYONS.*'! The five modifications were designed so that they
covered a range of polar, non-polar, positively charged, aromatic, double bonds, halogens and
natural uridine. Molecular recognition in biological systems relies on there being specific

attractive interactions between two molecules.*> The modifications chosen could either

enhance or disrupt these interactions that are already occurring between MinEO7 and EGFR.

3.4.1.1. Aromatic Ring Addition Modification

Figure 3.9. Chemical Structure of DMTr -protected 2'-desoxy-2'-fluoro-5-phenyl-uridine phosphoramidite (3.21).

Aromatic compounds are cyclic structures with an unsaturated hydrocarbon ring planar
structure that have specific properties, which include extreme stability due to their aromaticity.
They are generally non-polar, have little reactivity and are immiscible with water. Cyclic
aromatic compounds undergo electrophilic substitution reactions with the ring acting as a

nucleophile.*!?

There are numerous non-covalent inter- and intramolecular interactions between aromatic
rings in biological and chemical processes.*'* These include self-assembly, molecular
recognition, transport and catalysis.**® Interactions between aromatic and heteroaromatic rings

are key contributors to protein-ligand complexes as well as protein structures.**® They are also
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major contributors to the base pair stacking in nucleic acid structures seen in duplex DNA.*Y

The nt- rtinteractions play a very important part in RNA-protein interactions.*®

An aromatic ring modification was chosen because of its size, the stability of the ring and the
non-covalent inter- and intramolecular interactions between aromatic rings in biological and
chemical processes, especially in protein ligand complexes. The addition of the aromatic ring
could potentially cause more protein-ligand interactions which may enhance the affinity of
MiInEQ7 for EGFR. The size and rigidity of the ring could potentially disrupt the folding of the
MinEQ7 aptamer, changing its shape. This could either show that the shape of the aptamer does
not influence the binding affinity of MinEQO7 for EGFR or that the shape is hugely important for
how the aptamer fits in to the receptor. This modification was also chosen as the chemistry of
phenylation to a nucleotide is known (figure 3.9). Using a Suzuki-Miyaura palladium catalysed

reaction has been successful.**°

6.4.1.1. Aliphatic Modification

Bonding between one carbon atom and another is covalent, containing either o or i bonds.
Carbon can make single, double or triple bonds, which determines the structure generated.

With one double bond its structure is trigonal planar.

H/ 121.3 \H
'C_C‘ 108.7 pm ’.C?Cf p-orbital overlap
p) \ ¢ — \ to form m bond
H H
133.9 pm

Figure 3.10. Chemical Structure of Ethylene

In ethylene each carbon atom has three sp?orbitals lying in a plane with ~120° angles and one
p-orbital perpendicular to this plane (figure 3.10). When the carbon atoms approach each other,
two of the sp? orbitals overlap to form a o bond, the two p-orbitals form a it bond. There is no

free rotation about the carbon-carbon ¢ bond because of the it bond. The C=C bond length of
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133.9 pm is shorter than C-C length of 154 pm. It is also stronger with 636 k) mol™ compared to
368 kJ mol™ Vinyl compounds contain the hydrocarbon vinyl group CH,=CH-R. A single vinyl
compound can be made to polymerise forming polyvinyl compounds. These compounds can
form various styrene and its derivatives. The double bond in vinyl compounds is accessible for
reactions with its m electrons positioned above and below the double bond. The double bond
can easily donate electrons to act like a nucleophile, so can undertake electrophilic addition. A

vinyl modification was chosen because of these potential chemical interactions (figure 3.11).

Figure 3.11. Chemical Structure of DMTr -protected 2'-desoxy-2'-fluoro-5-vinyl-uridine phosphoramidite

(3.22).

6.4.1.2. Amino Group Modification

Hydrogen bonding is the strongest force between two molecules that has no formal charge. It
is a force between a partially positive hydrogen atom and a partially negative atom such as a
nitrogen or oxygen.*?° Most often hydrogen bonding occurs in molecules that contain an amino
group (NHz) and hydroxyl groups (OH). As the hydrogens are connected to highly
electronegative atoms their electron density is drawn away from them, which leaves them with
a partially positive charge and the electronegative atom having gained electron density is new
partially negative. This then allows for strong electrostatic interactions between the negative

atom and a hydrogen on another molecule.

149



Figure 3.12. Hydrogen Bonding.

Hydrogen bonds are the most important specific interactions in biological recognition
processes. They play a key role in the working of the genetic code, such as their selectivity in
the purine and pyrimidine nucleic bases.*?! An amino group modification was chosen as it could
potentially add or influence hydrogen bonding, mimicking base pairing we see in RNA and DNA

shown in figure 3.12.

Figure 3.13: Chemical Structure of DMTr -protected 2'-desoxy-2'-fluoro-5-vinyl-uridine phosphoramidite (3.26).

3.4.1.4. lodo Modification

Halogenated nucleic acids with either Br or | atoms are able to establish halogen bonds with
properly disposed protein residues. Halogen bonding interactions are characterised as
members of the “o-hole bonding” family.*? A o-hole is defined as a region of positive
electrostatic potential on a molecule located on the extension of a covalent bond. The o-hole
donor ability increases down the halogens F to I, meaning that halogen bonds involving iodine
are the most enthalpically favoured. In medicinal chemistry, halogen atoms are commonly used

in drug design and to probe molecular interactions.**®* They have been incorporated in drug

150



design because drug selectivity can be improved with the addition of bromine and iodine, whilst
the addition of chlorine and fluorine can be used to optimise absorption, distribution,
metabolism and excretion (ADME) properties and to reduce undesired reactions such as ring
hydroxylation.®”* A known drug using iodine is 5-iodo-20-deoxyuridine which is used as a
treatment for feline herpes virus (FHV-1). An iodination modification was chosen because
halogens have proved to be very useful in medicinal chemistry because of the increased
bioavailability and the improved metabolic stability the halogen provides. It is also known to

improve protein-ligand interactions.3”® This modification was also chosen because the chemical
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Figure 3.14. Chemical structure of DMTr -protected 2'-desoxy-2'-fluoro-5-iodo-uridine phosphoramidite (3.23).

3.4.1.5. The General Synthesis design for the Modification of Uridine

Presented below is the planned reaction scheme for the synthesis of the modified uridines
(figure 3.15). R being the chosen functional groups to modify the uridine with. The acetyl
protecting groups are added first to stop any unwanted reactions happening at the OH
positions. These are later removed to add a DMT protecting group, which is added so the

synthesis progression can be monitored in the synthesiser by the removal of it.
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Figure 3.15. The overall planned reaction scheme for the modification of uridine.

3.4.2. General Modified Uridine Synthesis

3.4.2.1. Step 1: Acetyl protection of 2’-fluoro-2’-deoxyuridine (3.1)3°

Zj\% )Okofk Hj\ |

Pyridine

O .\\F

(3.1) ’ (3.2)
OH ’<
OH °
STEP 1 :/\

Figure 3.16. Reaction scheme for acetyl protection of 2’-Fluoro-2’-deoxyuridine (3.1)

Step 1 (figure 3.16) uses protecting group chemistry to add an acetyl group to both hydroxyl

groups on the uridine at the C’'3 and C’'5 positions. This is done to stop the hydroxyl groups
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interacting in future reactions. An acetyl group was chosen as they are very commonly used in
oligonucleotide synthesis, are stable in the conditions used in future steps and are easily
removed when needed. This reaction works very well and produces a high yield with minimal
amounts of purification and method development needed. 'H NMR spectra of the product 2’-
fluoro-3’,5’-di-o-acetyl-2’-deoxyuridine (3.2) can be found in figure 3.17. The addition of large
singlet peaks at 2.05 ppm and 2.12 ppm corresponding to the new acetyl groups along with the
loss of two -OH singlet peaks at 3.94 ppm and 4.37 ppm show that is reaction was successful
and pure enough to carry forward to the next reaction step (some solvent peaks extra found in
spectra). This was also confirmed by the ¥C NMR (appendix A) along with the mass
spectrometry (appendix B) showing the correct mass peak plus a Na* ion at 352.7 m/z. The
acetyl groups can be removed by treating them with a base, the most commonly used are

ammonia (aqueous or gaseous) or methylamine.*?
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Figure 3.17. 'H NMR spectra of 2’-fluoro-2’-deoxyuridine (integrations in purple above) (3.2). Extra peak at 3.2 ppm

is caused by excess methanol from work up of the reaction.
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3.4.2.2. Step 2: lodination of 2’-fluoro-3’,5’-di-O-acetyl-2’-deoxyuridine (3.2)*°
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Figure 3.18. Reaction scheme for iodination of 2’-fluoro-3’,5’-di-o-acetyl-2’-deoxyuridine (3.2)

Step 2 (figure 3.18) is the addition of an iodine in the C5 position on the nitrogenous base on
the uridine. It is common in oligonucleotide modification to halogenate that position so that
other functional groups can be substituted for it, allowing for more interesting and different

structures not found in nature to be created.

0 o (:Base o
H H |
HN
y @ y&is 1Y
0" N 'H — 07 N"TH 0” >N" H
HO HO —>» HO
0 0 o)
OH OH OH OH OH OH

Figure 3.19. lodination of uridine.24

This iodination reaction (figure 3.19) works well. The halogenation reaction occur by attack of
an electron-deficient halogen species (formed by in situ oxidation) at C(5) of the uracil ring.*?®
It preferentially adds to C(5) as this is the electron-rich position of the substrate.*?® The product
is purified to remove the catalyst (NHi),[Ce(NOs3)s] by a silica gel column (ethyl

acetate/methanol 20:1) to produce an orange oil of 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-iodo-

uridine (3.3). This reaction is highly regioselective meaning no other regioisomers were found
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except the desired product.*?” When the reaction is complete there is a peak shift in the *H NMR
spectrum. The doublet at 7.71-7.73 ppm shifts to a singlet at 8.19 ppm, this is due to the loss of
a hydrogen on the C5 position causing the C6 hydrogen environment to be different. There is a
removal of the doublet at 5.69-5.71 ppm from the removal of the hydrogen at the C5 position
(figure 3.20). There are extra solvent peaks in the 'H NMR spectrum, however it is pure enough
to move forward to the next reaction step. The final product was also analysed 3C NMR

(appendix C) and mass spectrometry (appendix D) showing the correct mass peak at 456.98

m/z.
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Figure 3.20. 'H NMR spectra of 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-iodo-uridine (3.3). Extra peak at 3.2 and 4.0

ppm is caused by excess methanol and ethly acetate from the work up of the reaction.

155



3.4.3. Uridine Modification U-Ph

3.4.3.1. Step 3U-Ph: Addition of functional group Ph to 3',5'-di-O-acetyl-2'-desoxy-2'-

fluoro-5-iodo-uridine (3.3) using Suzuki-Miyaura cross coupling reaction3%®

Ny
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0~ "N g O)\N
WF Dioxane/H,0 E
(3.3) 3.4) § )7

STEP 3U-Ph ’<

Figure 3.21. Addition of functional group a to 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-iodo-uridine (3.3) using Suzuki-
Miyaura cross coupling reaction.
Step 3U-Ph shown in figure 3.21 is the addition of functional group Ph. A Suzuki-Miyaura cross
coupling reaction using palladium as a catalyst was used to create this modification (figure 3.5).
This reaction needed a lot of method and purification development. The palladium catalyst was
first filtered out, the product was washed and then a silica gel column (ethyl acetate/methanol
= 20:1) was performed. *H NMR analysis of the compound shows a successful coupling by the
addition of the aromatic multiplet peaks at 7.32 — 7.74 ppm and a shift of the singlet at 8.19
ppm to 7.94 ppm as the hydrogen environment at position C(6) changes (figure 3.22). There are
extra peaks in the spectrum, potentially this compound needs some extra purification steps,
however it will be purified in the following reaction steps. The product was analysed by 1*C NMR
spectra (Appendix E) and mass spectrometry (Appendix F) showing the correct mass peak plus

a Naion at429.0 m/z.
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Figure 3.22. 'H NMR spectra of 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-phenyl-uridine (3.4). Spectrum is not very

clean and there are extra peaks at 3.2 and 4.0 from methanol and ethyl acetate from the work up of this reaction.
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3.4.4. Uridine Modification U-Vi

3.4.4.1. Step 3U-Vi.1: Addition of functional group Vi to 3',5'-di-O-acetyl-2'-desoxy-2'-

fluoro-5-iodo-uridine (3.3) using Suzuki-Miyaura cross coupling reaction3%®

Aig%/
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Figure 3.23. Addition of functional group U-Vi to 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-iodo-uridine using Suzuki-
Miyaura cross coupling reaction.
Step 3U-Vi (figure 3.23) is the addition of functional group Vi which is the first aliphatic type of
modification designed. Functional group Vi is an alkenyl group. A Suzuki-Miyaura cross coupling
reaction using palladium as the catalyst was attempted to create this modification. The analysis
of this reaction showed that the palladium catalyst was removing the iodine from position C(5)
however instead of the new functional group being substituted for it, a hydrogen was bound
there. Therefore, the product produced was the same as from step 1, compound 3.2. The mass
spectrometry data show there is not a correct mass peak (figure 3.24). After a lot of
experimental attempts and developments to the method functional group Vi was redesigned

and a new experimental method planned.
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Figure 3.24. Mass spectra of 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-vinyl-uridine (3.5).

3.4.4.2. Step 3U-Vi.2: Addition of functional group Vi to 3',5'-di-O-acetyl-2'-desoxy-2'-

fluoro-5-iodo-uridine using Stille cross coupling reaction®®
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Figure 3.25. Addition of Functional Group U-Vi to 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-iodo-uridine (3.3) using
Stille Cross Coupling Reaction.
Step 3U-Vi.2 shown in figure 3.25 is the addition of functional group Vi which is the second type

of aliphatic modification designed. The revised functional group Vi is an alkenyl group called
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ethenyl. A Stille cross coupling reaction using tetravinyltin along  with
tetrakis(triphenylphosphine)palladium(0) as the catalyst was used to achieve this modification
(figure 3.8). This Stille coupling reaction worked successfully, without much method
development. The purification however needed more enhancement. The palladium and tin
both precipitate out of solution and are filtered off. The product was washed and then purified
by silica gel column (dichloromethane/methanol = 10:1). *H NMR analysis of the compound
shows a successful coupling by the shifting of the signal from C(6) hydrogen from 8.19 ppm
down to 7.88 ppm because of the change to the hydrogen environment. There is an addition of
a triplet at 5.85-99 ppm and a multiplet at 5.25-23 ppm, from the new hydrogen environments
caused by the addition of the ethenyl group on the C5 position (figure 3.26). There is a starting
material peak at 8.2 ppm, so more purification steps should be completed on this compound. A
mass spectrum shows a peak for the correct mass plus a Na* ion at 379.00 m/z (appendix H), it

was also analysed by 3C NMR (appendix G).
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Figure 3.26. 'H NMR spectra of 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-vinyl-uridine (3.6). There is a starting material

peak at 8.2 ppm. More purification steps should be completed on this compound.

3.4.5. Uridine Modification U-NH,

3.4.5.1. Step 3U-NH2.1: Addition of functional group NH; to 3',5'-di-O-acetyl-2'-

desoxy-2'-fluoro-5-iodo-uridine (3.3) using Suzuki-Miyaura Cross Coupling Reaction.
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Figure 3.27. Step 3U-NH,.1: Addition of functional group U-NH; to 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-iodo-

uridine using Suzuki-Miyaura cross coupling reaction.
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Step 3U-NH; (figure 3.27) is the addition of functional group NH, which is the first
amine/ammonium type of modification designed. Functional group NH, is an 4-
(aminomethyl)phenyl group. A Suzuki-Miyaura cross coupling reaction using palladium as the
catalyst was attempted to synthesise this modification. The aim was to add functional group
NH- on first and then protect it in a second step with a protecting group. The analysis of this
reaction showed that the palladium catalyst was removing the iodine from position C(5),
however instead of the new functional group being substituted for it, a hydrogen was present.
Therefore, the product produced was the same as the one from step 1, compound 3.2. It was
believed that the -NH; functional group may have been interfering with the coupling, so a
protecting group was then added to the 4-(aminomethyl)phenylboronic acid pinacol ester first
to try and combat this. The most popular protecting groups used for amines are tert-
butoxycarbonyl (Boc), allyloxycarbonyl (Aloc) and fluorenylmethoxycarbonyl (Fmoc).*® The
Fmoc is one of the most used protecting groups and is often chosen as it is compatible with a
wide range of linkers.33® The removal of Fmoc is very efficient, it can be done by treating resin
with 20% piperidine in DMF.*?° Fmoc being a base-labile protecting group, works well for nucleic
acid synthesis, as the removal of the protecting group can be controlled.**° Fmoc was chosen to

be used in this protection reaction (figure 3.28).

Figure 3.28. Synthesis of Fmoc protected 4-(aminomethyl)phenylboronic acid pinacol ester.

The addition of Fmoc protection group onto 4-(aminomethyl)phenylboronic acid pinacol ester

was a successful reaction. 'H NMR spectrum (figure 3.29) shows all the corresponding peaks for
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this novel product. After the successful synthesis, the experimental procedure was tried again

using this novel compound (figure 3.30).
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Figure 3.29. 'H NMR spectra of FMOC-4-(aminomethyl)phenylboronic acid pinacol ester (3.8).
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Figure 3.30. Step 3U-NH,.3 Addition of functional group U-NH; to 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-iodo-
uridine (3.3) using Suzuki-Miyaura cross coupling reaction.
After a lot of experimental attempts and developments made to the method the coupling was
still unsuccessful. The analysis of the final product showed that the palladium catalyst was
removing the iodine from position C(5) and substituted it with a hydrogen instead of functional
group NH,. The mass spectrometry data (figure 3.31) shows that this reaction was unsuccessful.
This was believed to be because the protected molecule is now too large causing steric
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hindrance, making the coupling of the molecules difficult. After a lot of unsuccessful
experimental attempts and method development, functional group NH; was re-designed, and

a new route to achieve this was created (figure 3.32).
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Figure 3.31. Mass spectra of potential product (3.9).
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Figure 3.32. New synthesis plan for step 3U-NH,.4.

The new design of modification NH, was chosen so that the functional group properties were
similar to the original design. The aim was to use 4-carboxylphenylboronic acid pinacol ester
first, using a similar experimental method as when synthesizing the first modification Ph. The
carboxylic acid would then be converted into the amide using ammonia solution and
dicyclohexylcarbodiimide (DDC) to drive the reaction. If this were successful, then the product

would be protected with an Fmoc protecting group.
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Figure 3.33. Step 3U-NH>.4 Addition of Functional Group U-NH, to 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-iodo-
uridine (3.3) using Suzuki-Miyaura cross coupling reaction.
Compound 3.10 was not successfully synthesised (figure 3.33). The palladium acetate was
removing the iodine and replacing it with a hydrogen atom giving the product compound 3.2,
this can be seen in the COSY NMR (figure 3.34), where the two hydrogen environments at C(5)
and C(6) are next to each other. A different palladium catalyst was tried,

bis(diphenylphosphino)ferrocenepalladium (11) dichloride®®® without success.
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Figure 3.34. COSY NMR spectra of compound 3.10.
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Modification NH; was redesigned, again the new modification was chosen so that the functional
group properties were similar. This new design will still create a positive charge like the original
amine functional group design. This will be done by a two-step process (figure 3.35). The aim is
to nitrate the C5 position instead of an iodination step that was run previously using
nitrosonium tetrafluoroborate creating 5-nitro-3’,5’-di-O-acetyl-2’-fluorouridine. After the
nitration reaction, the product would be hydrogenated in the presence of 10% Pd/C,
synthesising the 5-amino derivative. This product will then be protected with an Fmoc

protecting group.

0 O 0

H\N)j HE\JJE/NOZ H\N/UE/NHQ
H, (1 atm)

O&'\N NOBF, 07 N 10% Pd/C O)\N

—_—

0 WwF DMF

'»O,< STEP 3U-NH,.5
o) (@)

o (3.2) < (312

MeOH

Figure 3.35. Synthesis Plan for 3U-NH,.5 and 3U-NH,.6from 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-iodo-uridine

(3_3)'403,431

The Step 3U-NH,.5 was unsuccessful, shown by the mass spectrometry data (figure 3.36) where

the mass of 376 m/z is not visible. This reaction could not be followed through to step 3U-NH,.6.
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Figure 3.36. Mass spectra of potential product (3.12).

After several attempts and method developments, modification NH, was redesigned (figure

3.37).
o
TN
Py | NH,OH
07 N
o \F
(3.2) "fo{o
o
o:< STEP 3U-NH3

Figure 3.37. Step 3U-NH,.7 Addition of Functional Group U-NH, to 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-iodo-
uridine (3.3). 404
The synthesis of compound 3.14 was also unsuccessful; this is shown by the mass spectrometry
data (figure 3.38) where the mass of 262.08 m/z is not visible.
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Figure 3.38. Mass spectra of potential product (3.14).

3.4.6. Uridine Modification U-I

Modification NH, was discontinued. Another modification design was used instead (figure 3.39).

Figure 3.39 Chemical Structure of DMTr -protected 2'-desoxy-2'-fluoro-5-iodo-uridine phosphoramidite (3.23)
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3.4.7. Uridine Modifications, Addition of DMT Protecting group and
Phosphoramidite
3.4.7.1. Step 4U-Ph/Vi/l: Removal of acetyl protecting groups from 3',5'-di-O-acetyl-2'-

desoxy-2'-fluoro-5-phenyl-uridine (3.4) and 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-vinyl-uridine

(3.6) and 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-iodo-uridine (3.3).

o 0
Hoy ‘ | Hoy | R
NHy/MeOH (7N
N sMeOH (7N) P
oy r o - @ (3.15) o \F
(3.3) "’o{ (3.16)
| , OH

STEP 4U-Ph/Vi/I

Figure 3.40. Step 4U-Ph/Vi/l: Removal of acetyl protecting groups from 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-
phenyl-uridine (3.4) and 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-vinyl-uridine (3.6) and 3',5'-di-O-acetyl-2'-desoxy-2'-
fluoro-5-iodo-uridine (3.3).

After the addition of a functional group Ph, Vi or | at C5 position, the acetyl protecting groups
were both removed so that a new protecting group could be added to C'5 position and a
phosphoramidite could be added to the C’'3 position (figure 3.40). An acetyl protecting group is
easily removed with NH3/MeOH (7N) solution at room temperature. This reaction was
successful with simple purification needed. *H NMR spectra for 3.15 (figure 3.41) shows an
addition of single -OH peaks at 3.93 ppm and 5.06 ppm and the loss of 2 large singlet peaks at
2.05 ppm and 2.12 ppm from the acetyl groups. The extra peaks at 4.00 ppm are from ethyl

acetate from the work up of the reaction. The extra peakt at 8.50 ppm is from a unknown
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contaminant. This *H NMR shows that the reaction was successful along with appendix J

showing the correct mass peak of plus a Na* ion at 345.0 m/z.
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Figure 3.41. 'H NMR spectra of 2'-desoxy-2'-fluoro-5-phenyl-uridine (3.15). The extra peaks at 4.00 ppm are from
ethyl acetate from the work up of the reaction.
'H NMR spectra for 3.16 (figure 3.42) shows an addition of -OH peaks at 3.61 ppm and 4.99 ppm
and the loss of 2 large singlet peaks at 2.05 ppm and 2.12 ppm from the acetyl groups. The extra
peaks at 4.00 ppm are from ethyl acetate from the work up of the reaction. The extra peakt at
8.50 ppm is from a unknown contaminant. This *H NMR shows that the reaction was successful

along with appendix M showing the correct mass peak of plus H* ion at 272.91 m/z.
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Figure 3.42. 'H NMR spectra of 2'-desoxy-2'-fluoro-5-vinyl-uridine (3.16). The extra peaks at 4.00 ppm are from
ethyl acetate from the work up of the reaction. The extra peakt at 8.50 ppm is from a unknown contaminant.
'H NMR spectra for 3.17 (figure 3.43) shows an addition of single -OH peaks at 3.58 ppm and
5.43 ppm and the loss of 2 large singlet peaks at 2.05 ppm and 2.12 ppm from the acetyl groups.
This spectra is clean with no extra solvent peaks. This 'H NMR shows that the reaction was
successful along with appendix O showing the correct mass peak of plus a positive ion at 373.9

m/z.
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Figure 3.43. IH NMR spectra of 2'-desoxy-2'-fluoro-5-iodo-uridine (3.17).

3.4.7.2. Step 5U-Ph/Vi/l: Addition of 4,4’-dimethoxytrityl (DMT) protecting group to 2'-
desoxy-2'-fluoro-5-phenyl-uridine (3.15) and 2'-desoxy-2'-fluoro-5-vinyl-uridine (3.16)**” and

2'-desoxy-2'-fluoro-5-iodo-uridine (3.17).

H. R
N DMTrCI

}\ | DMAP

(3.15) o\ .F OMF
(3.16) / Ph =
P
|

(3.17) OH ,
OH Vi =

STEP 5U-Ph/Vi/l
Figure 3.44. Step 5U-Ph/Vi/l: Addition of 4,4’-dimethoxytrityl (DMT) protecting group to 2'-desoxy-2'-fluoro-5-

phenyl-uridine (3.15) and 2'-desoxy-2'-fluoro-5-vinyl-uridine (3.16) and 2'-desoxy-2'-fluoro-5-iodo-uridine (3.17).
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After the acetyl protecting groups were removed a 4,4’-dimethoxytrityl protecting group was
bound to the 5’-hydroxy group (figure 3.44 and 3.45). The trityl family of protecting groups are
acid sensitive hydroxyl protecting groups. These groups are widely used in solid phase organic
synthesis for protection and especially in oligonucleotide synthesis. The most popular being
dimethoxytrityl (DMT group). 4,4’-dimethyltrityl protecting group must be removed from the
nucleoside before the oligonucleotide synthesis can proceed, this is called detritylation, shown
below in reaction figure 3%, Typically, the de-protection is done with trichloroacetic acid
dissolved in dichloromethane. This group is used so that when the samples are put into the DNA
synthesiser to synthesise the aptamer chains, the progression can be monitored by the
detection of an orange colour that is produced at the visible region 495 nm when the de-
protection is successful. The intensity of the orange colour and the absorbance reports the
efficiency of the coupling. Most DNA synthesisers have built in hardware that measures the
trityl yield for each cycle, so that the efficiency of the synthesis can then be monitored

throughout all the cycles*?.
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Figure 3.45. First detritylation step of oligonucleotide synthesis.

After a large amount of method development,#33 434 435 436 this reaction worked successfully.
The purification process is more complicated, as it must constantly be in basic conditions so as
to not cause premature detritylation. Purification has been successful using basic alumina-
based columns. *H NMR analysis of the compound 3.18 shows a successful coupling by the

addition of aromatic peaks at 6.84-6.86 ppm and 7.19-7.23. And the gain of the large singlet -
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CHs peak at 3.71 ppm (figure 3.46). The extra peaks at 3.20 and 4.00 ppm are from methanol
and ethyl acetate from the work up of the reaction. The intergration isn’t completely accurat in
the aromatic 7.00 ppm region, this maybe be cause by excess DMT group, more purification
steps may be required for this step. A mass spectrum shows a peak for the correct mass plus a

sodium ion at 647.20 m/z (appendix Q).

(@] 6.65
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Figure 3.46. *H NMR spectra of 4’4-DMT tagged 2'-desoxy-2'-fluoro-5-phenyl-uridine (3.18). The extra peaks at 3.20
and 4.00 ppm are from methanol and ethyl acetate from the work up of the reaction.

IH NMR analysis of the compound 3.19 shows a successful coupling by the addition of aromatic

peaks at 6.86-6.88 ppm and 7.06-7.36. And the gain of the large singlet -CH; peak at 3.71 ppm

(figure 3.47). There are extra peaks on the base line at 7.50 ppm, which may need more

purification steps. A mass spectrum shows a peak for the correct mass plus a H ion at 574.00

m/z (appendix U).
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Figure 3.47. 'H NMR spectra of 4’4-DMT tagged 2'-desoxy-2'-fluoro-5-vinyl-uridine (3.19). There are extra peaks on
the base line at 7.50 ppm, which may need more purification steps.

IH NMR analysis of the compound 3.20 shows a successful coupling by the addition of aromatic
peaks at 6.84-6.86 ppm and 7.19-7.37. And the gain of the large singlet -CHs peak at 3.74 ppm
(figure 3.48). The extra peak at 4.00 ppm is from ethyl acetate from the work up of the reaction.
The is also an extra peak at 8.05 from starting material that may need more purification steps
to remove. A mass spectrum shows a peak for the correct mass plus a Na* ion at 697.00 m/z

(appendix Y).
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Figure 3.48. 'H NMR spectra of 4’4-DMT tagged 2'-desoxy-2'-fluoro-5-iodo-uridine (3.20). The extra peak at 4.00

ppm is from ethyl acetate from the work up of the reaction.
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3.4.7.3. Step 6U-Ph/Vi/I: Addition of diisopropylchlorophosphoramidite to DMT
protected 2'-desoxy-2'-fluoro-5-phenyl-uridine (3.18) and 2'-desoxy-2'-fluoro-5-vinyl-uridine

(3.19)**7 and 2'-desoxy-2'-fluoro-5-iodo-uridine (3.20).

ZU

) BT H“N
CN
DIPEA 3 21 |§\|/
Ph 3 23 P’\

STEP 6U-Ph/Vi/I

Figure 3.49. Step 6U-Ph/Vi/l: Addition of diisopropylchlorophosphoramidite to DMT protected 2'-desoxy-2'-fluoro-
5-phenyl-uridine (3.18) and 2'-desoxy-2'-fluoro-5-vinyl-uridine (3.19) and 2'-desoxy-2'-fluoro-5-iodo-uridine (3.20).
The final reaction step before putting the samples on to the synthesiser is to add the
diisopropylchlorophosphoramidite, to create the backbone of the RNA aptamer (figure 3.49). In
the synthesiser the nucleoside phosphoramidite is added in large excess mixed with an
activator, tetrazole. The diisopropylamino group of the nucleoside phosphoramidite is then
protonated by the activator which converts it to a good leaving group. This is then quickly
displaced by the 5’-hydroxyl group of the nucleoside what is bound to the support on its
neighbouring phosphorus atom. This creates a new phosphorus-oxygen bond resulting in a

phosphite triester bound to the support (figure 3.50).4’
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Figure 3.50. Activation and coupling step of oligonucleotide synthesis.

The phosphite-triester P(l1l) that was created in the coupling step is unstable in acidic conditions
so must be converted to the more stable P(V) before the next detritylation step. This conversion
is done by iodine oxidation in water and pyridine. This results in the backbone being protected
with a 2-cyanoethyl group. This protecting group stops undesirable reactions occurring at the
phosphorus during the next cycles (figure 3.51).3¥® This step is so important because if the
attachment of the diisopropylchlorophosphoramidite is not successful it will prevent the whole

synthesis from proceeding.
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Figure 3.51. Oxidation step of oligonucleotide synthesis.

After some method development this reaction works well and compound 3.18 was put in the
synthesiser to check its success. This reaction is air and moisture sensitive, so purification and a

long life of the sample has been difficult to achieve. 3P NMR analysis of the compound 3.21
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shows a successful coupling by the peak at 150.00 ppm (figure 3.52). This final product is a novel

compound, however very similar analogues of this have been made before.
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Figure 3.52 31P NMR spectra of 4'4-DMT tagged 2'-desoxy-2'-fluoro-5-phenyl-uridine phosphoramidite (3.21)

31p NMR analysis of the compound 3.22 shows a successful coupling by the peak at 139.00 ppm
(figure 3.53). The peaks at 11.37-15.32 are oxidized phosphoramidite. The oxidized peaks will
not be purified out of the sample as the purification may cause more oxidation of the sample.
This final product is a novel compound, however very similar analogues of this have been made

before.
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Figure 3.53. 3P NMR spectra of 4’4-DMT tagged 2'-desoxy-2'-fluoro-5-vinyl-uridine phosphoramidite (3.22).

31p NMR analysis of the compound 3.23 shows a successful coupling by the peak at 149.00 ppm

(figure 3.54).
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Figure 3.54 31P NMR spectra of 4’4-DMT tagged 2'-desoxy-2'-fluoro-5-iodo-uridine phosphoramidite (3.23).
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3.4.8. Quantification of the successful synthesis of a DMT protected 2'-

desoxy-2'-fluoro-uridine phosphoramidite.
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Figure 3.55. Synthesis route of DMT protected uridine phosphoramidite.

To quantify the success of the steps 5U and 6U, unmodified 2’-fluoro-uridine was synthesised
to be put on to the Expedite™ DNA synthesiser, to make an aptamer of 25 2’-fluoro-uridines
(ARP25U). The sequence being 5’-fUfUfUfUfUfUfUfUfUfUfUfUfUfUfUfUfUfUfUTUfUfUFUfUTU-
3’. The full reaction scheme for the synthesis of the oligonucleotide is shown in figure 3.55. This

aptamer was synthesised on to a Universal UnyLinker Support as shown in figure 3.56.

At

[ *8 ¢

Figure 3.56. ARP25U uridnine aptamer synthesised on Universal UnyLinker Support

The trityl monitor results showed that the 25 2’-fluoro-uridine aptamer synthesis was successful

(figure 3.57).
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Figure 3.57. ARP25U aptamer trityl monitor progression bar charts.
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3.5. Conclusion

In conclusion, phenyl, vinyl and iodo modified uridine phosphoramidite compounds were
successfully made and scaled up sufficiently to be used in the synthesis of the MinEQ7 aptamer
library and control aptamers. Successful synthesis of these compounds has been demonstrated
by *H NMR, 3C NMR and mass spectrometry, their purity was good enough to carry forward to
the next step. The amino modified uridine phosphoramidite compound was not successfully

made. Future work could be done to develop a successful synthesis of this modification.
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Appendix A: Figure 3.58. 13C NMR spectra of 2’-fluoro-2’-deoxyuridine (3.2).
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Appendix C Figure 3.60. 13C NMR Spectra of 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-iodo-uridine (3.3).
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Appendix D: Figure 3.61. Mass spectra of 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-iodo-uridine (3.3).
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Appendix E: Figure 3.62. 13C NMR Spectra of 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-phenyl-uridine (3.4).
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Appendix F: Figure 3.63. Mass spectra of 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-phenyl-uridine (3.4).
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Appendix H: Figure 3.65. 13C NMR spectra of 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-vinyl-uridine (3.6).
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Appendix G: Figure 3.64. Unsuccessful Mass spectra of compound 3.5.
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Appendix |: Figure 3.66. Mass spectra of 3',5'-di-O-acetyl-2'-desoxy-2'-fluoro-5-vinyl-uridine (3.6).
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Appendix J: Figure 3.67. 13C NMR Spectra of 2'-desoxy-2'-fluoro-5-phenyl-uridine (3.15).
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Appendix K: Figure 3.68. Mass spectra of 2'-desoxy-2'-fluoro-5-phenyl-uridine (3.15).
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Appendix L: Figure 3.69. 13C NMR spectra of 2'-desoxy-2'-fluoro-5-vinyl-uridine (3.16).
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Appendix M: Figure 3.70. Mass spectra of 2'-desoxy-2'-fluoro-5-vinyl-uridine (3.16).
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Appendix N: Figure 3.71. 13C NMR spectra of 2'-desoxy-2'-fluoro-5-iodo-uridine (3.17).
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Appendix O: Figure 3.72. Mass spectra of 2'-desoxy-2'-fluoro-5-iodo-uridine (3.17).
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Appendix P: Figure 3.73. 13C NMR spectra of 44-DMT tagged 2'-desoxy-2'-fluoro-5-phenyl-uridine (3.18). he extra

peak at 74.00 ppm from unknown contaminate, potentially another purification step is needed.
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Appendix Q: Figure 3.74. Mass spectra of 4’4-DMT tagged 2'-desoxy-2'-fluoro-5-phenyl-uridine (3.18).
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Appendix R: Figure 3.75. 13C NMR spectra of 4’4-DMT tagged 2'-desoxy-2'-fluoro-5-vinyl-uridine (3.19).
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Appendix S: Figure 3.76. Mass spectra of 4’4-DMT tagged 2'-desoxy-2'-fluoro-5-vinyl-uridine (3.19).
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Appendix T: Figure 3.77. Mass spectra of 4’4-DMT tagged 2'-desoxy-2'-fluoro-5-vinyl-uridine (3.19).
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Appendix U: Figure 3.78. Mass spectra of 4’4-DMT tagged 2'-desoxy-2'-fluoro-5-vinyl-uridine (3.19).
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Appendix V: Figure 3.79. 3C NMR spectra of 4’4-DMT tagged 2'-desoxy-2'-fluoro-5-iodo-uridine (3.20). There are

extra peaks at 80.36, 107.41, 140.69, 148.81 ppm which are from unknown contaminant. An extra purification step

may be needed for this compound.
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Appendix W: Figure 3.80. Mass spectra of 4’4-DMT tagged 2'-desoxy-2'-fluoro-5-iodo-uridine (3.20).
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Appendix X: Figure 3.81. Mass spectra of 4’4-DMT tagged 2'-desoxy-2'-fluoro-5-iodo-uridine (3.20).
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Appendix Y: Figure 3.82. Mass spectra of 4’4-DMT tagged 2'-desoxy-2'-fluoro-5-iodo-uridine (3.20).
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Appendix Z: Figure 3.83. 31P NMR spectra of 4'4-DMT tagged 2'-desoxy-2'-fluoro-uridine phosphoramidite (3.24).
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Chapter 4

Synthesis of the Aptamer Library and
Control Aptamers




Chapter 4

4.1. Introduction

4.1.1. Aptamer Libraries

4.1.1.1. Adding Diversity to Aptamer libraries

SELEX is a powerful tool for identifying aptamers for a wide range of molecular targets.**® The
effectiveness of the aptamers in research, therapeutic applications and diagnostics has been
inhibited by the lack of chemical diversity of nucleic acid libraries. This limitation is partially
compensated for by the large random libraries that are available to be screened. Numerous
efforts have been made to increase the functional diversity of nucleic acids. This has been tried
by modifying nucleobases or the sugar-phosphate backbone, aiming to generate more diversity
in the aptamers to improved binding properties and metabolic stability. One approach by
Benner et al. has been to modify the base pairing, giving a unique hydrogen bonding pattern.**®
This method went from the normal 4 letter library to a 6 letter library. These libraries fit with
the PCR, amplification and sequencing of SELEX. This has resulted in the successful identification
of aptamers for cell surface targets.**® Even though the complexity of the aptamer library has

been increased it is still largely similar to the natural bases.

Libraries which replace ribose with other sugars such as XNAs, locked nucleic acids (LNA),*° L-
enantiomer DNA/RNA (L-DNA)3*3* and other modifications such as 2’-amino, 2'-fluoro, and 2'-O-
methyl**! have been of significant interest because of their aid in resisting nuclease degradation
(figure 4.1). However, none of these have provided a wide range of functional group diversity,*®
which needs synthetic development. Nucleobase functional groups that are similar to amino

acid side chains or small molecules have been introduced at either the 5-position of pyrimidines
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(cytosine and thymine) or the 7- or 8-position of purines (adenine and guanine) to enhance
ligand binding properties or catalytic activity.**? Of the functional groups tested, hydrophobic
groups that are similar to side chains in proteins have been proven to be the most effective
modifications for a wide range of target proteins.**® These modifications introduced at the 5’
position of deoxyuridine*** have allowed for the additional demand for kinetic stability of the

complexes during selections and identification of SOMAmer reagents for over 3,000 proteins.*®

o]
3 . B
Base \
© O P OH
o \o N/& O
0 (R) (S)
(R)
O\O LNA [ on l-oNa
3 AW
XNA’s

Figure 4.1. Modified Nucleic Acids XNA’s: (LNA, L-DNA).

This project will make a modified aptamer library using phosphoramidite chemistry and the split
and mix method. It will not follow the normal flow of SELEX; as selection against the EGFR target
will be done using flow cytometry-based sorting and hit aptamer identification by MS/MS. The
modifications will be on 5’ position of the uridines (compounds made in chapter 3) and 2'F

modification on the cytosine and uridines, adding diversity to the aptamer library.
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4.1.2. Split and Mix Method

Cycle 1

Cycle 2

Cycle 3 “‘

e
o
o
900000000 -0000
e

Figure 4.2. Split-Mix Synthesis.

Synthesis of OBOC libraries is done by split synthesis, also known as the ‘split and mix synthesis’
which is a solid phase synthesis. It works by having a combinatorial library, for example a
peptide library which was synthesised using 20 amino acids. The bead support is then divided
into 20 equal portions. After that a different amino acid is coupled to each portion. Finally, these
portions are all mixed together. This can be repeated in a cycle and the chain will be
elongated.**® The way that a one-bead-one-compound library is synthesised is often down to
the chosen polymeric carrier. A beaded polymer needs to reach certain standards depending
on the screening and synthetic approach. It is very important for the substitution and the size
to be the same for one-bead-one-compound libraries. It is also important to have a resin with
good resistance to the creation of clusters as this could prevent statistical distribution. It is very
important that the resin has the ability to swell in both organic and aqueous media when bead

binding assays are used for screening.1¢!
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4.1.3. Computational Modelling

Computational modelling has gained an increasingly significant role in biomolecular and
chemical fields over the past decades. This has been helped by developments in terms of
software and methodology as well as technological advances in computational hardware. Today
we are able to screen virtual libraries of millions of potentially therapeutic compounds
searching for candidate inhibitors and targets, run simulation of large biomolecular complexes
or predict protein structures with comparable accuracy to high resolution X-ray
crystallography.**” Being able to visualise the structure and shapes of compounds and

therapeutic agents is an extremely useful tool for drug discovery.

Initially, the focus was on force-field based methodologies for studying the structures, dynamics
and interactions of biomolecules. This was followed by the development of quantum chemical
techniques suitable for studying large systems, density functional theory being the key
approach for investigating enzymatic mechanisms or properties and reactions of small

biologically relevant molecules.*’

Computational quantum chemistry: molecular orbitals and their electrons, allow us to calculate
chemical and physical properties that directly depend on the electron distribution. This can
reach all the way to coarse-grained molecular dynamics simulations, where groups of atoms
interacting by laws of Newtonian mechanics will provide valued insights into the complexity of
biological processes at the cellular level.**” The potential energy is calculated by adding up the
energy terms that describe interactions between bonded atoms and terms that describe the
non-bonded interactions such as electrostatic interactions and Van der Waals forces (figure

4.3).
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Figure 4.3. In molecular mechanics, the atoms are represented as charged spheres, which have bonded (bond
stretch, angle bend and torsional angle rotation) and non-bonded interactions (Van der Waals and electrostatics).
There are a number of computational modelling software programs available, having different
degrees of complexity, and oriented to treat different kinds of systems. The most commonly
used ones are AMBER*®44 CHARMM*® and GROMOS*? which are designed for biological

macromolecules.

4.1.3.1. Computational Modelling of Nucleic Acids

The conformational space of DNA/RNA is diverse and dynamic and has the ability to change
depending on the physicochemical properties of the surrounding environments and with
interactions with other molecules. Its geometry can be described in terms of helical parameters,
(pitch and diameter of the helix), groove parameters (depth and width), furanose ring
conformation, six torsional angles of the backbone, rotational (tip and inclination) and
translational base pair parameters, six intra-base parameters (buckle, propeller, opening, shear,

stretch, and stagger), and six inter-base parameters (tilt, roll and twist, shift, slide, and rise).**’
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4.1.3.2. Computational Modelling for Drug Discovery

Efficient and effective drug discovery is still the biggest challenge facing the medical scientific
community. The challenges faced in the identification, development and clinical trials
associated with novel drug discovery are not only limited to the complexity of the task but also
by the significant time and financial requirements. It has been reported that the total cost of
drug delivery from bench to drug approval averages 2.6 billion USD and spans 14 years.**? These
challenges highlight the need for new techniques for rapid screening and discovery of
therapeutic candidates at low cost. A technique that is helping this is molecular modelling, with
molecular docking, molecular dynamics (MD) simulation and ADMET modelling representing
the most widely used specific techniques.**3%%%5> Molecular docking-based virtual screening
will identify hit compounds with high affinity®® for their target, however, it often lacks
simulation of receptor flexibilities. Conformation of proteins plays a vital role in the
biomolecular recognition of ligands and so their flexibility in a simulation environment
represents a more accurate description of the biological system. Some docking software
packages have been developed to address this, however a large number of these programs do
not factor in the full flexibility of the receptors. MD simulations are able to take on this task to
determine the time-dependent dynamics of protein-ligand interactions. MD simulations treat
ligands, proteins, water molecules and ions as particles interacting with one another by the
integration of force fields that have been derived on the basis of Newton’s classical law of
motion. The simulations allow for the inspection of the stability of ligands in the active pocket
of the receptor targets. This is crucial to validating the results predicted through the molecular

docking-based virtual screening process.*’

ADMET modelling is capable of predicting the clinical success of drugs. The pharmaceutical
industry has a challenge in coordinating the optimisation of the combination of

pharmacokinetic and pharmacodynamic properties that are driven by characteristics such as
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absorption, distribution, metabolism, excretion and toxicity. Because of this there has been a
big effort to create tools that can predict pharmacokinetics and pharmacodynamic endpoints
during the optimisation process such as minimising animal models and having better targeting
clinical trials.**® ADMET prediction platforms can reject inappropriate compounds by
simultaneously targeting numerous pharmacokinetic characteristics. This lowers the amount of

synthesis and late-stage trial failures.

All of these techniques in drug discovery are hugely important. Although there are limitations,
pairing them with experimental data is very powerful and can reduce the amount of both time

and money spent on drug discovery.

4.1.4. Chapter Aims

The aim of this chapter is to optimise the synthesis of the aptamers before synthesising the
control aptamers and fully modified aptamers (MinE0Q7-Biotin, MinEO7M3-Biotin, MinEO7M6-
Biotin, MinE0Q7-U-Ph-Biotin, MinE07-U-Vi-Biotin, and MinE07-U-I-Biotin) to be used as a
comparison for aptamers in the MinEO7 aptamer library. After this optimisation, the aptamer
library will be synthesised on the solid support -OH modified TentaGel microspheres, using the
split and mix method. Computational modelling will be used to give visualization of how the

modifications can affect the shape and folding of the MinEQ7 aptamer.

4.2. Materials and Instrumentation

4.2.1. Materials

Synthesiser reagents: oxidizer (0.02M iodine, 20% pyridine), Cap A Mix (THF/Pyridine/acetic
anhydride 8:1:1), Cap B Mix (10% methylimidazole in THF), d-block (3% trimethylamine in DCM)
and ETT Activator (0.25 M, 5-ethylthio-1H-tetrazole in acetonitrile) were purchased from Link

Technologies. N2-Acetyl-2'-O-tert-butyldimethylsilyl-5'-O-DMT-guanosine 3'-CE
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phosphoramidite, N6-Benzoyl-2'-O-tert-butyldimethylsilyl-5'-O-DMT-adenosine 3'-CE
phosphoramidite, N4-Acetyl-2'-deoxy-5'-O-DMT-2'-fluorocytidine 3'-CE phosphoramidite and
2'-Deoxy-5'-O-DMT-2'-fluorouridine 3'-CE phosphoramidite were purchased from CarboSynth.
TentaGel® M NH, Monosized Amino TentaGel Microspheres were purchased from Rapp

Polymere.

4.2.2. Instrumentation

4.2.2.1. Expedite™ 8909 DNA Synthesiser

Specification can be found in Chapter 2 section 2.2.2.1 Expedite™ 8909 DNA Synthesiser
4.2.2.2. Mass Spectrometer

Specification can be found in Chapter 3 section 3.2.2.3 Mass Spectrometer
4.2.2.3. UV-Visible Absorption

Specification can be found in Chapter 2 section 2.2.2.5 UV-Visible Absorption Spectra

4.3. Experimental Methods

4.3.1. Set up for the synthesis of All MinEO7 Aptamers

The phosphoramidite samples were dissolved in 20 mL (20 mL for 1 g of sample) acetonitrile
(DCM for Tentagel beads), put in bottles and screwed into the synthesiser lines. The other
reagents put on to the machine: oxidizer (0.02M iodine, 20% pyridine), Cap A Mix
(THF/Pyridine/acetic anhydride 8:1:1), Cap B Mix (10% methylimidazole in THF), deblock (3%
trimethylamine in DCM) and ETT activator solution (0.25 M, 5-ethylthio-1H-tetrazole in
acetonitrile). A leak test is run to check nitrogen is not leaking from the lines. If passed, the lines
are then flushed with the new reagents added to them. The beads are added to the column,

which is then fitted onto the synthesiser, which is then flushed with acetonitrile several times.
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The sequence and protocol are then selected using Validate XP connected to the Expedite™
8909 DNA Synthesiser The aptamer sequences are then run and monitored using the trityl

monitor.

4.3.2. Synthesis of MinEO7 Aptamer

Universal UnyLinker support (0.021g) was added to a synthesiser column. See experimental

method 4.3.1 for the setup of the synthesiser. The sequence uploaded on to the synthesiser

was: 5’-rGrGrAfCrGrGrAfUfUTfUrArAfUfCrGfCfCrGfUrArGrArArArArGfCrAfUrGfUfCrArArArGfCfC

rGrGrArAfCfCrGfUfCfC-3’. This was run to completion.

4.3.3. 2D Predicted secondary structure of MinEQO7 aptamer

ViennaRNA (rna.tbi.univie.ac.at/) was used to model a 2D predicted secondary structure of

MinEQ7 aptamer, using the thermodynamic structure prediction and the RNAfold web server
giving a minimum free energy of -9.30kcal/mol. A dot and bracket sequence was generated to

be used to create a PDB file. ((((((........- (((....... (o NI

4.3.4. 3D Predicted secondary structure of MinEQO7 aptamer

The dot and bracket sequence was used to generate a PDB file to create a 3D structure of the

MiInEO7 aptamer using RNA composer (rnacomposer.cs.put.poznan.pl/). The PDB file was

opened in Wordpad and all the 2’0OH atoms were deleted from uridine and cytidine (Figure. 4.4).

ATOM 285 (C2' UA 9 -2.379 -17.851 -16.606 1.00 ©0.060 C
ATOM 286 H2' UA 9 -2.042 -16.833 -16.402 1.00 0©.00 H
A UuA 9 -1.492 -18.832 -16.101 0. 0

UA 9 -1.937 -19.252 -15.364 0. H

Figure 4.4. PBD File of MinEQ7 aptamer before editing.

The 02’ lines were then replaced with F2’ (Figure 4.5)
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ATOM 283 C2'U A 9 -2.332 -17.991 -16.814 1.00 0.09 C
ATOM 28 H2'U A 9 -1.836 -17.068 -16.520 1.00 ©0.00 H
ATOM 285 FF2SUEEATTY -1,513 -19.638 -16.468 1.00 0.00 F

Figure 4.5. PBD File of MinEQ7 aptamer after editing.

This PDB can be visualised using the cross platform molecular builder and editor program,
Avogadro (avogadro.cc). The geometry was then optimised using the optimise geometry option
in Avogadro with force field MMFF94, which is in a vacuum.

4.3.5. Synthesis of Biotin-MinEO7 Aptamer

Universal UnyLinker support (0.021 g) was added to a synthesiser column. See experimental
method 4.3.1 for the setup of the synthesiser. The sequence uploaded on to the synthesiser
was: 5'-Biotin-rGrGrAfCrGrGrAfUfUfUrArAfUfCrGfCfCrGfUrArGrArArArArGfCrAfUrGFfUfCrArArA

rGfCfCrGrGrArAfCfCrGfUfCfC-3’. This was run to completion.

4.3.6. Synthesis of Biotin-MinEO7M3 Aptamer

Universal UnyLinker support (0.021 g) was added to a synthesiser column. See experimental

method 4.3.1 for the setup of the synthesiser. The sequence uploaded on to the synthesiser

was: 5’-Biotin-rGrGrAfCrGrGrAfUfUfUrArAfUfCrGfCfCrGfUrArGrArArArArGfCrAfUrGfUfCrArArA

rGfCfCrGrGrArAfCfCrG-3’. This was run to completion.

4.3.7. 2D Predicted secondary structure of MinEO7M3 aptamer

ViennaRNA (rna.tbi.univie.ac.at/) was used to model a 2D predicted secondary structure of the

MinEQO7M3 aptamer, using the thermodynamic structure prediction and the RNAfold web server
giving a minimum free energy of -3.80kcal/mol. A dot and bracket sequence was generated to

be used to create a PDB file. ..((((......... )))) PO | e )) R
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4.3.8. 3D Predicted secondary structure of MinEO7M3 aptamer

The dot and bracket sequence was used to generate a PDB file to create a 3D structure using

the RNA composer (rnacomposer.cs.put.poznan.pl/). The PDB file was opened in Wordpad and

all the 2’0OH atoms are deleted from uridine and cytidine (Figure 4.6)

ATOM 285 (C2' UA 9 -2.379 -17.851 -16.606 1.00 ©0.060 C
286 H2' UA 9 -2.042 -16.833 -16.402 0. H
287 02' UuA 9 -1.492 -18.832 -16.101 0. 0
288 HO2' UA 9 -1.937 -19.252 -15.364 0 H

Figure 4.6. PBD File of MinEO7M3 aptamer before editing.

The 02’ lines were then replaced with F2’ (Figure 4.7).

ATOM 283 C2'VU A 9 -2.332 -17.991 -16.814 1.00 0.00 C
ATOM 284 H2' U A 9 -1.836 -17.068 -16.520 1.00 0©0.00 H
ATOM 285 T F2UE AT S -1.513 -19.038 -16.468 1.00 0.00 F

Figure 4.7. PBD File of MinEO7M3 aptamer after editing.

This PDB can be visualised using the cross platform molecular builder and editor program,
Avogadro (avogadro.cc). The geometry was then optimised using the optimise geometry option
in Avogadro with force field MMFF94, which is in a vacuum.

4.3.9. Synthesis of Biotin-MinEO7M6 Aptamer

Universal UnyLinker support (0.021 g) was added to a synthesiser column. See experimental
method 4.3.1 for the setup of the synthesiser. The sequence uploaded on to the synthesiser
was: 5’-Biotin-rGrGrAfCrGrGrAfUfUfUrArAfUfCrGfCfCrGfUrArGrArArArArGfCrAfUrGfUfCrArArA

rGfCfCrGrGrArA-3’. This was run to completion.

4.3.10. 2D Predicted secondary structure of MinEO7M6 aptamer

ViennaRNA (rna.tbi.univie.ac.at/) was used to model a 2D predicted secondary structure of the

MinEQ7M®6 aptamer, using the thermodynamic structure prediction and the RNAfold web server
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giving a minimum free energy of -3.80kcal/mol. A dot and bracket sequence was generated to

be used to create a PDB file. ..((((......... )))) PO | e ).....

4.3.11. 3D Predicted secondary structure of MinEO7M6 aptamer

The dot and bracket sequence was used to generate a PDB file to create 3D structure using RNA

composer (rnacomposer.cs.put.poznan.pl/). The PDB file was opened in wordpad and all the

2’0OH atoms are deleted from uridine and cystine (Figure 4.8).

ATOM 285 (C2' UA 9 -2.379 -17.851 -16.606 1.00 ©0.00 C
UA 9 -2.042 -16.833 -16.402 Q. H

287 02' UA 9 -1.492 -18.832 -16.101 1.00 ©.00 0

288 HO2' UA 9 -1.937 -19.252 -15.364 0.00 H

Figure 4.8. PBD File of MinEO7M6 aptamer before editing.

The 02’ lines were then replaced with F2’ (Figure 4.9)

ATOM 283 C2'U A 9 -2.332 -17.991 -16.814 1.00 0.09 C
ATOM 284 H2' U A 9 -1.836 -17.068 -16.520 1.00 0©0.00 H
ATOM 285 F2'U A 9 -1.513 -19.038 -16.468 1.00 0.00 F

Figure 4.9. PBD File of MinEO7M6 aptamer after editing.

This PDB can be visualised using the cross platform molecular builder and editor program,
Avogadro (avogadro.cc). The geometry was then optimised using the optimise geometry option
in Avogadro with force field MMFF94, which is in a vacuum.

4.3.12. Synthesis of MinEO7Lib Aptamer Library

-OH modified TentaGel® M NH, Monosized Amino TentaGel Microspheres (0.0087 g) were
added to a synthesiser column. This was enough to synthesis 200 copies of every possible
sequence. See experimental method 4.3.1 for the setup of the synthesiser.

Round 1: 3’-PCLinker-fCfC-5’. This sequence was loaded onto the synthesiser and run on all

TentaGel microspheres.
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Round 2: Uridine 1: 3’-fU-5’ — The Tentagel microspheres were taken out of the main column
and split in 4 columns (U-Ph, U-Vi, U, U-I). A synthesis circle using compound 3.21 was
performed on column U-Ph. A synthesis circle using compound 3.22 was run through column U-
Vi. A synthesis circle using compound 3.23 was run through column U. A synthesis circle using

unmodified uridine phosphoramidite was run through column U-I.

Round 3: 3’-rGfCfCrArArGrGfCfCrGrArArAfC-5’. This sequence was loaded onto the synthesiser

and run on all TentaGel microspheres.

Round 4: Uridine 2: 3’-fU-5’" — The same synthesis procedure was performed as for round 2.

Round 5: 3’-rG-5’. This sequence was loaded onto the synthesiser and run on all TentaGel
microspheres.

Round 6: Uridine 3: 3’-fU-5’ — The same synthesis procedure was performed as round 2.

Round 7: 3’-rAfCrGrArArArArGrA-5’. This sequence was loaded onto the synthesiser and run on
all TentaGel microspheres.

Round 8: Uridine 4: 3’-fU-5" — The same synthesis procedure was performed as round 2.

Round 9: 3’-rGfCfCrGfC-5’. This sequence was loaded onto the synthesiser and run on all

TentaGel microspheres.

Round 10: Uridine 5: 3’-fU-5’ — The same synthesis procedure was performed as round 2.

Round 11: 3’-rArA-5’. This sequence was loaded onto the synthesiser and run on all TentaGel

microspheres.

Round 12: Uridine 6: 3’-fU-5’ — The same synthesis procedure was performed as round 2.

Round 13: Uridine 7: 3’-fU-5’ — The same synthesis procedure was performed as round 2.

Round 14: Uridine 8: 3’-fU-5’ — The same synthesis procedure was performed as round 2.

Round 15: 3’-rArGrGfCrArGrG-5’. This sequence was loaded onto the synthesiser and run on all

TentaGel microspheres.
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The weight of the final MinEO7Lib TentaGel Microspheres was 0.0029 g.

4.3.14. Synthesis of MinEQ7-U-Ph-Biotin Aptamer

Universal UnyLinker support (0.021 g) was added to a synthesiser column. See experimental
method 4.3.1 for the setup of the synthesiser. The sequence uploaded on to the synthesiser
was: 5’-Biotin-rGrGrAfCrGrGrAfU(U-Ph)fU(U-Ph)fU(U-Ph)rArAfU(U-Ph)fCrGfCfCrGfU(U-Ph)rArG
rArArArArGfCrAfU(U-Ph)rGfU(U-Ph)fCrArArArGfCfCrGrGrArAfCfCrGfU(U-Ph)fCfC-3’. This was

run to completion.

4.3.15. 3D Predicted secondary structure of MinEQ7-U-Ph aptamer

The geometry optimised MinEQO7 F2’ edited PDB file was opened in Avogadro. The hydrogen
atom at C(5) on all the uridine residues were deleted and a phenyl group was added. The
geometry was then optimised in Avogadro with force field MMFF94. The aptamer was then
visualised using Hermes by Cambridge Crystallographic Data Centre (CCCC)

(https://www.ccdc.cam.ac.uk/solutions/csd-core/components/csd-hermes/).

4.3.16. Synthesis of MinEQ7-U-Vi-Biotin Aptamer

Universal UnyLinker support (0.021 g) was added to a synthesiser column. See experimental
method 4.3.1 for the setup of the synthesiser. The sequence uploaded on to the synthesiser
was: 5’-Biotin-rGrGrAfCrGrGrAfU(U-Vi)fU(U-Vi)fU(U-Vi)rArAfU(U-Vi)fCrGFfCfCrGfU(U-Vi)rArGrAr
ArArArGfCrAfU(U-Vi)rGfU(U-Vi)fCrArArArGfCfCrGrGrArAfCfCrGfU(U-Vi)fCfC-3’. This was run to

completion.

4.3.17. 3D Predicted secondary structure of MinEQ7-U-Vi aptamer

The geometry optimised MIinEQ7 F2’ edited PDB file was opened in Avogadro. The hydrogen
atom at C(5) on all the uridine residues were deleted and a vinyl group was added. The geometry
was then optimised in Avogadro with force field MMFF94. The aptamer was then visualised

using Hermes (https://www.ccdc.cam.ac.uk/solutions/csd-core/components/csd-hermes/).
210



4.3.18. Synthesis of MinEQ7-U-I-Biotin Aptamer

Universal UnyLinker support (0.021 g) was added to a synthesiser column. See experimental
method 4.3.1 for the setup of the synthesiser. The sequence uploaded on to the synthesiser
was: 5’-Biotin-rGrGrAfCrGrGrAfU(U-1)fU(U-1)fU(U-1)rArAfU(U-1)fCrGfCfCrGfU(U-1)rArGrArArArA
rGfCrAfU(U-1)rGfU(U-I)fCrArArArGfCfCrGrGrArAfCfCrGfU(U-1)fCfC-3’.  This was run to

completion.

4.3.19. 3D Predicted secondary structure of MinEQ7-U-| aptamer

The geometry optimised MinEO7 F2’ edited PDB file was opened in Avogadro. The hydrogen
atom at C(5) on all the uridine residues were deleted and an iodo group was added. The
geometry was then optimised in Avogadro with force field MMFF94. The aptamer was then
visualised using Hermes (https://www.ccdc.cam.ac.uk/solutions/csd-core/components/csd-

hermes/).

4.3.20. Cleavage of MinEQ07-Biotin, MinEO7M3-Biotin, MinEO7M6-Biotin, MinEO7-U-Ph-Biotin,

MinEO7-U-Vi-Biotin and MinE0Q7-U-I-Biotin Aptamers from Universal Unylinker Support

MinEOQ7-Biotin, MinEO7M3-Biotin, MinEQ7M6-Biotin, MinEQ7-U-Ph-Biotin, MinEQ7-U-Vi-Biotin
and MinEQO7-U-I-Biotin aptamers were cleaved and deprotected. The solid support resin was
removed from the column and placed into a screw-cap centrifuge tube and to this 1.5 mL of
ammonia was added. The aptamers were incubated at 55 °C overnight in a stirring water bath.
The aptamers are then placed in a centrifugal vacuum concentrator to remove the ammonia

solution. The aptamers were then each re-suspended in autoclaved water.

4.3.21. Desalt of MinE07-Biotin, MinEO7M3-Biotin, MinEO7M6-Biotin, MinE07-U-Ph-Biotin,

MinEQ7-U-Vi-Biotin and MinE07-U-I-Biotin Aptamers using Zetadex

Purification of the RNA aptamers was carried out by size exclusion gel chromatography using

Zetadex resin (emp Biotech). A 20 mL column was prepared with 1 mL of cotton wool at the
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bottom of the column. A slurry of zetadex resin and autoclaved water was prepared for use in
the column. 1 mL of aptamer was loaded onto the column and the column was flushed with
deionised water. 1 mL fractions were collected. This was repeated for each aptamer, with a new
column each time. The fractions were run on the Nanodrop UV-Vis spectrophotometer. The
fractions containing an RNA signal were pooled. dried down and re-suspended in reverse-

osmosis purified water and stored in the freezer (-20°C).

4.3.22. PAGE-based analysis of Aptamers

TBE denaturing polyacrylamide gels were prepared from a denaturing 20% polyacrylamide stock
solution and TBE buffer, with the final concentrations of polyacrylamide at 15%. The gels were
polymerised by addition of 5 pL TEMED (1 pL/mL of gel), followed by APS 5 uL (40% stock
concentration). The solution was mixed thoroughly and poured between glass plates with 0.75
mm spacers, followed by insertion of a 0.75 mm comb. The gel was then left to fully polymerise.
Approximately 80% of the cassette was filled with TBE buffer. The comb was removed after
polymerisation and the wells were flushed with deionised water, and then buffer. 10 uL at 20
nM of each aptamer sample in water was prepared along with 10 pL urea (8 M). 20 pL of each
sample was loaded onto the polyacrylamide gel. All gels were run at 300 V, 15 mA, for 60
minutes. Gels were stained in Stains-All prepared in isopropanol-tris buffer, for over an hour.
The gels were then rinsed to remove excess stain using water before being imaged on an Epsom

scanner.

4.3.23. PAGE-based Purification of Aptamers

MinEQ7-Biotin, MinEQ7M3-Biotin, MinEO7M6-Biotin, MinEQ7-U-Ph-Biotin, MinEO7-U-Vi-Biotin
and MinEO7-U-I-Biotin aptamers required purification by Poly Acrylamide Gel Electrophoresis
(PAGE). A 1.5 mm 15% denaturing PAGE gel was produced by diluting 37.5 mL of 20% acrylamide

denaturing stock solution with 12.5 mL of 1 x TBE buffer. To this 50 puL of TEMED and 130 pL of
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40% APS stock solution were added to induce polymerisation. The gel was poured between two
glass plates and a 1.5 mm comb was inserted. The comb was removed after casting and the well
washed with TBE buffer. The gel was pre-run at 300 V for 1 hour before the sample was loaded.
The aptamers with 8 M urea were loaded onto the gel and run at 250 V for half an hour before
being run for a further 1.5 hours at 300 V. The gel was removed from the glass plates and placed
onto cling film, which was then placed onto a silica TLC plate; the gel was illuminated with UV
light to visualise each aptamer. The aptamer band was cut out of the bulk gel and placed into a
15 mL falcon tube. The gel was homogenised, and 10 mL of autoclaved water was added. The
solution was mixed and rapidly frozen in liquid nitrogen before being incubated overnight at 60
°C in a water bath. The solution was split into two equal portions and centrifuged for five
minutes, the supernatants were collected, and the pellet extracted using a pipette with 2 mL
autoclaved water. This was repeated three times. The supernatants were dried by centrifugal
vacuum concentration at 60 °C for five hours and the pellets were re-suspended in autoclaved

water.

4.3.24. Ethanol Precipitation of Aptamers after PAGE Purification

MinEQ7, MIinEO7M3 and MInEO7M6 aptamers were desalted by ethanol precipitation, the
samples were incubated with 3 M sodium acetate and 100% ethanol over night before being
centrifuged for 20 minutes. The supernatant was removed, and the pellet washed with 1 mL of
ethanol and centrifuged again; this was repeated three times for each sample. The samples

were then left to air dry before being re-suspended in autoclaved water.

4.3.25. Determination of Aptamer concentration by UV-Visible spectrophotometry

Aptamer concentrations were analysed by UV-Visible spectrometry using a Nanodrop
spectrophotometer. 2 plL of deionised water was placed onto the stage and this blank was run
through the machine. The stage was cleaned with deionised water and a Kimtech wipe. 2 pL of

sample was then placed onto the stage and a spectrum was run between the regions of 200 —
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360 nm. Each sample was repeated until a minimum of three concordant results were achieved.
Using the calculated Aze from Intregrated DNA Technologies (IDT) (2.11) and the measured Axgo

from the UV-Vis data, a concentration was calculated by multiplying them together.

4.4. Results and Discussion

4.4.1. Synthesis of MinE(07 aptamer

4.4.1.1. Synthesis of MinEQ7 aptamer

MiInEQ7: 5’-rGrGrAfCrGrGrAfUfUfUrArAfUfCrGfCfCrGfUrArGrArArArArGfCrAfUrGfUfCrArArArG

fCfCrGrGrArAfCfCrGfUfCfC-3’

The synthesis of MinEO7 was done using a Expedite™ 8909 DNA synthesiser, with industrially

made phosphoramidites in acetonitrile. A Universal UnyLinker solid support was used (figure

0
Q- Y
H N-g
0

Figure 4.10. Structure of Universal UnyLinker Solid Support.

4.10).

The synthesis of this aptamer took several attempts with multiple protocol changes to achieve
a successful synthesis, including extended coupling times and increased washes between

synthesis steps (figure 4.11).
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[ Cycle A (Adenosine) RNA 1 umole

Figure 4.11. Synthesiser Protocol for Universal UnyLinker Solid Support.

The trityl monitor of the successful synthesis of MinEQ7 is shown in figure 4.12

A e x/
l;' Function Mode Amount Time (sec) Description x/
Y i /Argl /Arg2 x/
IR xf
$Deblocking

144 /*Index Fract. Coll. */ NA 1 0 "Event out ON"

0 /*Default */ WAIT 0 1.5 "Waitc"
141 /*Trityl Mon. On/Off */ NA 1 1 "START data collection"”
16 /*Dblk */ PULSE 10 0 "Dblk to column"
16 /*Dblk */ PULSE 50 60 "Deblock"
38 /*Diverted Wsh A */ PULSE 40 0 "Flush system with Wsh A"

141 /*Trityl Mon. On/Off */ NA 0 1 "STOP data collection”

38 /*Diverted Wsh A */ PULSE 40 0 "Flush system with Wsh A"

144 /*Index Fract. Coll. */ NA 2 0 "Event out OFF"
$Coupling

1 /*Wsh */ PULSE S 0 "Flush system with Wsh"

2 [/*Act */ PULSE S 0 "Flush system with Act"

18 /*A + Act */ PULSE € 0 "Monomer + Act to column"”

18 /*A + RAct */ PULSE ] 402 "Couple monomer"

1 /*Wsh */ PULSE 8 35 "Couple monomexr"

1 /*Wsh */ PULSE 7 0 "Flush system with Wsh"
$Capping

12 /*Wsh A */ PULSE 20 0 "Flush system with Wsh A"

13 /*Caps */ PULSE 7 0 "Caps to column"

13 /*Caps */ PULSE ] 15 "Cap"

12 /*Wsh A */ PULSE 6 15 "Cap"

12 /*Wsh A */ PULSE 14 0 "Flush system with Wsh A"
$0xidizing

15 /*Ox */ PULSE 20 0 "Ox to column”

2 /*Wsh A */ PULSE 5 0 "Flush system with Wsh A"
S$Capping

13 /*Caps */ PULSE 7 0 "Caps to column”

12 /*Wsh A */ PULSE 30 0 "End of cycle wash"

. This synthesis

was used as the method development for all other aptamer synthesis using the Universal

Unylinker Solid Support.

c u c A 6 c 6 A c 6 A 6 A A A 6 c c A u u 6 c 6
[ 6 c A 6 Cc A A u u c A A 6 u c 6 u A u A 6 A 6

Figure 4.12. Trityl Monitor of the Synthesis of MinEQO7 on Universal UnyLinker Solid Support. Guanine is labelled as

6.

The step wise coupling efficiency is 97.3 as shown in the synthesis report (figure 4.13). To get

the overall average yield: 0.979% = 0.361. This gives a 36.1% overall synthetic yield. This yield

could be better however is high enough to move to carry this product forward.
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Sequence {5'-3'}

66A C66 AUU UAA UCE CC6 UAB AAAABC AUB UCAAAB CCE 6AA CCEB
ucc

Trityl Histogram for synthesis: AlixRNAaptamer 48 mer.
Efficiency(Stepwise Yield by base leveling): 97.9%

Final Yield (by rolling average): 100.0%

Stepwise Yield for Monomer: C: 93.3 %

Stepwise Yield for Monomer: U: 99.8 %

Stepwise Yield for Monomer: 6: 99.2 %

Stepwise Yield for Monomer: A: 99.2 %

Figure 4.13. Aptamer Synthesis Report of the Synthesis of MinEO7 on Universal UnyLinker Solid Support.

4.4.1.2. 2D Predicted secondary structure of MinEO7 aptamer

ViennaRNA was used to model a 2D predicted secondary structure of the MinEO7 aptamer

(rna.tbi.univie.ac.at/). This was done by using the thermodynamic structure prediction and the

RNAfold web server. The results for the optimal secondary structure gave a minimum free

energy of -9.30kcal/mol (figure 4.14).

Figure 4.14. 2D Predicted secondary structure of MinEQO7 aptamer.

4.4.1.3. 3D Predicted secondary structure of MinEQ7 aptamer

The dot and bracket sequence was used to generate a PDB file to create 3D structure using RNA

composer (rnacomposer.cs.put.poznan.pl/).

() A))
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As MInEOQ7 has fluorine at the 2’ position of all the uridines and cytidines residues, the PDB file

was edited using notepad. All the 2’0OH atoms are deleted from uridine and cytidines (figure

4.15).

ATOM 285 (2' UA 9 -2.379 -17.851 -16.606 1.00 ©0.00 C

ATOM 286 H2' UA 9 -2.042 -16.833 -16.402 1.00 0.00 H

A 287 02' UA 9 -1.492 -18.832 -16.101 1.00 ©0.00 0
288 HO2' UA 9 -1.937 -19.252 -15.364 1.00 ©.00 H

Figure 4.15. PBD File of MinEQ7 aptamer before editing.

The 02’ lines were then replaced with F2’ (figure 4.16).

ATOM 283 C2'VU A 9 -2.332 -17.991 -16.814 1.00 0.09 C
ATOM 284 H2' U A 9 -1.836 -17.068 -16.520 1.00 0.00 H
ATOM 285 F2' U -1,513 -19.038 -16.468 1.00 0.

Figure 4.16. PBD File of MinEQO7 aptamer after editing.

This PDB can be visualised using Avogadro (avogadro.cc). Because the PDB file has been edited
with modified structures, the geometry needs to be optimised. This was done using the optimise

geometry option in Avogadro with force field MMFF94 (which assumes a vacuum) and then

visualised using Hermes (figure 4.17).

Figure 4.17. 3D Predicted secondary structure of MinEQ7 aptamer using Hermes from CCDC.
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4.4.2. Synthesis of Control Aptamers MinE07- Biotin, Min EO7M6-Biotin

and MinEO7M 3-Biotin.

4.4.2.1. Synthesis of MinEQ7- Biotin aptamer

MinEO7-Biotin: 5’-Biotin-rGrGrAfCrGrGrAfUfUfUrArAfUfCrGfCfCrGfUrArGrArArArArGfCrAfUrGf

UfCrArArArGfCfCrGrGrArAfCfCrGfUfCfC-3’

After the method development for the synthesis of MinEO7 derivatives, a biotin tag (figure 4.18)
was attached at the 5’ end of the sequence so that these aptamers could be used in protein

binding assays to bind to streptavidin.

|'\.\ _,.z:"a_ P P NH PNy Py #.____.-—O—IT—N{ FI]E

"'-Sf S e e T i S

| O—CNEt

Figure 4.18. Structure of Biotin Phosphoramidite.

An original parent MinEO7 aptamer was synthesised so that the quality of synthesis using the
Expedite™ DNA synthesiser could be compared with an industrially made MiInEQ7. This

synthesis was successful, as indicated by the trityl monitor graph (figure 4.19).

9 A 9 A A A cC C A U U 8 C
u ¢c A A 9 u ¢ 9 u A U A 9

c U ¢ A 9 C 9 A C 9 9 7
c A A U A 9

9 c A 9 [

Figure 4.19. Trityl Monitor of the Synthesis of Biotin-MinEO7 on Universal UnyLinker Solid Support. Guanine is

labelled as 9 and the biotin is labelled as 7.
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The step-wise coupling efficiency was 97.3% (figure 4.20). To get the overall average yield:

0.973% = 0.261. This gives a 26.1% overall synthetic yield.

Sequence {5'-3'}

799 ACH 9AU UUAAUC 9CC 9UA BAA AA9 CAU 8UC AAAGCC 99AACC
gucc

Trityl Histogram for synthesis: AlixRNAaptamerBIOTIN9 49 mer.
Efficiency(Stepwise Yield by base leveling): 97.3%

Final Yield (by rolling average): 100.0%

Stepwise Yield for Monomer: C: 86.3 %

Stepwise Yield for Monomer: U: 100.0 %

Stepwise Yield for Monomer: 9: 99.9 %

Stepwise Yield for Monomer: A: 100.0 %

Stepwise Yield for Monomer: 7: 100.0 %

Figure 4.20. Aptamer Synthesis Report of the Synthesis of MinE07-Biotin on Universal UnyLinker Solid Support.

4.4.2.2. Synthesis of MinEO7M3- Biotin aptamer

MinEQ7M3-Biotin: 5’-Biotin-rGrGrAfCrGrGrAfUfUfUrArAfUfCrGfCfCrGfUrArGrArArArArGfCrAfU

rGfUfCrArArArGfCfCrGrGrArAfCfCrG-3’

MiInEO7M3 aptamer is 3 nucleotides shorter than the parent MinEQ7 aptamer, being truncated
at the 3’ end. This aptamer was synthesised because it is known to still bind to EGFR, however
the binding is weaker than the parent MinEQ7 aptamer. This MinEO7M3 aptamer was used as
a control aptamer in the protein binding assays as the behaviour of it is known and comparable.

This synthesis was successful, as shown by the trityl monitor for this aptamer (figure 4.21).
C A 6 C 6 A C 6 A 6 A A A 6 C C A U U 6 C & 7
8 ¢C A 6 C A A U U C A A 6 U C 6 U A U A 6 A &
labelled as 9 and the biotin is labelled as 7.
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The step-wise coupling efficiency is 99.9% as shown in the synthesis report (figure 4.22). To get
the overall average yield: 0.999% = 0.955. This gives a 95.5% overall synthetic yield, which is a

great result.

Sequence {5'-3'}

766 AC6 6AU UUAAUC BCC BUABAAAAB CAU 6UC AAABCC BBAACC
6

Trityl Histogram for synthesis: AlixRMAM3aptamerBIOTIN 46 mer.
Efficiency(Stepwise Yield by base leveling): 100.0%
Final Yield (by rolling average): 100.0%

Figure 4.22. Aptamer Synthesis Report of the Synthesis of MinEO7M3-Biotin on Universal UnyLinker Solid Support.

4.4.2.2.1. 2D/3D Predicted secondary structure of MinEQ7M3 aptamer

As with MinEQ7, ViennaRNA was used to model a 2D predicted secondary structure of the

MinEO7M3 aptamer (rna.tbi.univie.ac.at/). The results for the optimal secondary structure gave

a minimum free energy of -3.80kcal/mol (figure 4.23).

Figure 4.23. 2D Predicted secondary structure of MinEO7M3 aptamer.

The dot and bracket sequence was used to generate a PDB file to create 3D structure using RNA

composer (rnacomposer.cs.put.poznan.pl/).

I ({( oo ) ) IO { (RO ) ) .

The same edits were made to the PDB as with MinEQ7. All the 2’OH lines were deleted and the
02’ were replaced with F2’ for all uridine and cytidine residues. The geometry was optimised in
Avogadro with force field MMFF94 in vacuum and visualised using Hermes CCDC (figures 4.24
and 4.25).
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o0

2 o

Figure 4.25. 3D Predicted secondary structure of MinEO7M3 aptamer (Orange) overlaid with MinEQ7 (Black). The

black box indicates the difference between the two structures
4.4.2.3. Synthesis of MinEO7M6-Biotin aptamer

MinEQ7M6-Biotin: 5’-Biotin-rGrGrAfCrGrGrAfUfUfUrArAfUfCrGfCfCrGfUrArGrArArArArGfCrAfU

rGfUfCrArArArGfCfCrGrGrArA-3’
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MiInEO7M6 aptamer is 6 nucleotides shorter than the parent MinEQ7 aptamer from the 3’ end.
This aptamer was synthesised because it is known to still bind to EGFR, however the binding is
weaker than the parent MinEQ7 aptamer and MinEO7M3. This MinEO7M6 aptamer was used as
a control aptamer, as with MinEO7M3. This synthesis was successfully as shown by the trityl

monitor for this aptamer (figure 4.26).

A ] c 6 A c 6 A 6 A A A 6 c c A u u 6 c 5 7
A 6 c A A U u c A A 6 u c 6 u A U A 6 A [

Figure 4.26. Trityl Monitor of the Synthesis of MinEO7M6-Biotin on Universal UnyLinker Solid Support. Guanine is
labelled as 6 and the biotin is labelled as 7.
The step wise coupling efficiency is 98.65% as shown in the synthesis report (figure 4.27). To
get the overall average yield: 0.986% = 0.545. This gives a 54.5% overall synthetic yield, which

is a good enough result to be carried forward.

Sequence {5'-3'}
766 AC6 BAU UUAAUC 6CC BUA BAAAAS CAU BUC AAABCC BBAA

Trityl Histogram for synthesis: AlixRNAM6aptamerBIOTIN 43 mer.
Efficiency(Stepwise Yield by base leveling): 98.6%
Final Yield (by rolling average): 100.0%

Figure 4.27. Aptamer Synthesis Report of the Synthesis of MinEO7M#6-Biotin on Universal UnyLinker Solid Support.

4.4.2.3.1. 2D/3D Predicted secondary structure of MinEO7M6 aptamer

As with MinEO7 and MIinE0O7M3, ViennaRNA was used to model a 2D predicted secondary

structure of MinEO7M6 aptamer (rna.tbi.univie.ac.at/). The results for the optimal secondary

structure gave a minimum free energy of -3.80kcal/mol also (figure 4.28).
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Figure 4.28. 2D Predicted secondary structure of MinEO7M6 aptamer.

The dot and bracket sequence was used to generate a PDB file to create 3D structure using RNA

composer (rnacomposer.cs.put.poznan.pl/).

The same edits and optimisation steps were done as with MinEO7 and MinEO7M3 (figures 4.29

and 4.30).

Figure 4.29. 3D Predicted secondary structure of MinEO7M6 aptamer.
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Figure 4.30. 3D Predicted secondary structure of MinEO7M6 aptamer (Green) overlaid with MinEQ7 (Black). The

black box indicates the difference between the two structures.

This sample was then cleaved from the solid support and purified by PAGE purification. The
sample was then desalted with Zetadex resin and run on an analytical polyacrylamide gel to

check that the molecular weight was correct for the length of this aptamer.

4.4.2.4. Purification of MinEQ7-Biotin, MinEO7M3-Biotin and MinEO7M#6-Biotin

All of these aptamer samples were then cleaved from the solid support and purified by PAGE.
The samples were then desalted with Zetadex resin and run on an analytical polyacrylamide gel

to check that the molecular weight was correct for the length of this aptamer.

4.4.2.4.1. Analytical Polyacrylamide Gel

To check the success of the synthesis of MinEQ7-Biotin, MinEO7M3-Biotin and MinEO7M6-
Biotin a 15% polyacrylamide gel was run after cleavage from the solid support and before

purification of the samples (figure 4.31).
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3 DNA MW Ladder

4 DNA2(20BP)

6 MinEO7-Biotin

7 MinEO7M3-Biotin

8 MinE0O7M6-Biotin

Figure 4.31. 15% Polyacrylamide Gel of MinEQ7-Biotin, MinEO7M3-Biotin and MinEO7M6-Biotin before PAGE
purification .
As shown by figure 4.31, MinE07-Biotin, MinEO7M3-Biotin and MinEO7M6-Biotin have their
top bands showing the correct molecular weight. However, there is substantial amount of non-
full-length sequences also present, as indicated by the smear below each top band. These
samples were then purified by PAGE purification, cutting out the correct length bands to get a
single sequence sample. These purified samples were then desalted with Zetadex resin and then
run again on an analytical polyacrylamide gel to check that the PAGE purification was successful

(figure 4.32).
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1 DNAMW Ladder

150

100

50

2  MinEO7M6-Biotin
35

3 MinE07-Biotin

4 MinEO7M3-Biotin

Figure 4.32. 15% Polyacrylamide Gel of MinEO7-Biotin, MinEO7M3-Biotin and MinEO7M6-Biotin after PAGE

purification.

As shown by figure 4.32, the PAGE purification was potentially successful, however to confirm

the structure a HABA assay will be run on the aptamers to check their was a biotin on the end

(see chapter 5).
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4.4.3. Synthesis of MinE(07 Library

MinEQO7Lib: 5’-rGrGrAfCrGrGrAfU(U-Ph,U-Vi,U,U-1)fU(U-Ph,U-Vi,U,U-1)fU(U-Ph,U-Vi,U,U-1)rArAf
U(U-Ph,U-Vi,U,U-1)fCrGfCfCrGfU(U-Ph,U-Vi,U,U-1)rArGrArArArArGfCrAfU(U-Ph,U-Vi,U,U-1)rGfU(

U-Ph,U-Vi,U,U-1)fCrArArArGfCfCrGrGrArAfCfCrGfU(U-Ph,U-Vi,U,U-1)fCfC-PCLinker-3’

fUFCrGfCFCrGfUrArG rGFCrAfUrGFUC rGfCfCrGrG fCFCrGfUfCFC-PCLinker-3
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Figure 4.33. lllustration of MinEO7Lib.

The MinEO7Lib synthesis was conducted using an Expedite™ 8909 DNA synthesiser with
commercially made phosphoramidites and modified uridines compounds 3.21, 3.22, 3.22, (see
chapter 3 for nucleotide synthesis). -OH modified TentaGel microspheres were used as the solid
support (see chapter 2 for synthesis). Enough -OH modified TentaGel microspheres were used
to create 200 copies of every possible sequence to allow for loss of microspheres during the
split and mix process and synthesis errors that occur creating shorter length chains than desired.
This method will make 48= 65,536 unique aptamer sequences. These microspheres were added
to a synthesiser column and flushed with acetonitrile to allow them to swell (see experimental

method 4.3.1 for the setup of the synthesiser).
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4.4.3.2. Photo-cleavable Linker

N

DMTO 0-P.
r OCH,CH,CN

NO,

Figure 4.34. Chemical Structure of the Photocleavable Linker (3-(4,4’-Dimethoxytrityl)-1-(2-nitrophenyl)-propane-
1,3-diol-[2-cyanoethyl-(N,N-diiopropyl)]-phosphoramidite).
The first monomer coupled to the microspheres was the photocleavable linker (3-(4,4'-
dimethoxytrityl)-1-(2-nitrophenyl)-propane-1,3-diol-[2-cyanoethyl-(N,N-diiopropyl)]-phosphor
amidite) (figure 4.34). This is added first so that after the top aptamers have been sorted using
the FACS, the aptamer strands can be removed from the microsphere to be analysed using mass
spectrometry. This photo-cleavable linker can be cleaved using long wave UV light in the range
of 340-365 nm?°9,460:461,462, 463 |y figyre 4.35 we can see how they chemically will be bound to

the microspheres and how they will be cleaved after library sorting.

o Ny NH2
o N NH2
I wg
o P=0 -, o 0
o v 0-P=0 0-P-0—0O
N 340-365nm — e} 0)

NO
CN

Figure 4.35. Photocleaving the microspheres from the aptamers.
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4.4.3.3. Synthesis of MinEO7Lib

All the solid support TentaGel microspheres start in the same column. After the first round of
synthesis the microspheres are taken out of the main column and split 4 ways into columns U-
Ph, U-Vi, U, U-I. A synthesis cycle using compound 3.21 was run through column U-Ph. The 4,
4’-dimethoxytrityl is left on fU-Ph. A synthesis cycle using compound 3.22 was run through
column U-Vi. The 4, 4’-dimethoxytrityl is left on fU-Vi. A synthesis cycle using 2'-Deoxy-5'-O-
DMT-2'-fluorouridine 3'-CE phosphoramidite was run through column U. The 4, 4'-
dimethoxytrityl is left on fU. A synthesis circle using compound 3.23 was run through column
U-I. The 4, 4’-dimethoxytrityl is left on fU-I. All the response values qualitatively indicating the
coupling efficiencies for each round are displayed in table 4.1. The microspheres are taken out
of column U-Ph, U-Vi, U, U-l, they are mixed together and added back into the main column.

This method was repeated for split and mix round.

Table 4.1 displays the response values from the trityl monitors of each round of synthesis. It is
important in the aptamer synthesis that the coupling efficiency stays as consistent as possible
and <108 being the optimum value. As seen in the table some values do drop to 10° suggesting
that not every coupling step worked as well as others. In future work, optimising these coupling

steps would improve this method by make the next selection and identification steps easer.
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Table 4.1. Displaying the response values from the trityl monitors of each round of synthesis.

Round | Nucleotides Response value — qualitative indication of
coupling efficiency
1 3’-PClinker-fCfC-5’ 9.52x10°
2 3’-fU (U-Ph, U-Vi, U, U-1)-5 4.95x 10°, 6.04 x 10°, 1.60 x 10°,8.49 x 10°
3 3’-rGfCfCrArArGrGfCfCrGrArArAfC-5" | 1.28 x 10°
4 3’-fU (U-Ph, U-Vi, U, U-1)-5 1.60 x 10° 4.60 x 10°, 1.28 x 105, 1.66 x 10°
5 3'-rG-5’ 2.52x10°
6 3’-fU (U-Ph, U-Vi, U, U-1)-5 3.01x10° 1.36 x 10°,1.44 x 10°,8.95 x 10°
7 3’-rAfCrGrArArArArGrA-5’ 1.47 x 10°
8 3’-fU (U-Ph, U-Vi, U, U-1)-5 1.71x 10%2.65x 10°,1.20 x 10°,1.69 x 10°
9 3’- rGfCfCrGfC -5’ 1.38 x 10°
10 3’- fU (U-Ph, U-Vi, U, U-1)-5 6.07 x 10°, 2.59 x 10°,2.65 x 10°, 4.29 x 10°
11 3’- rArA -5’ 1.28 x 10°
12 3’- fU (U-Ph, U-Vi, U, U-1)-5 2.02x10°,4.38 x 10°,2.86 x 10°,1.27 x 10°
13 3’- fU (U-Ph, U-Vi, U, U-1)-5 8.95x10°,9.21 x 10°,1.54 x 10°,1.58 x 10°
14 3’- fU (U-Ph, U-Vi, U, U-1)-5 3.29x10° 6.34 x 10°, 1.64 x 10°, 7.01 x 10°
15 3’-rArGrGfCrArGrG-5’ 1.38 x 10°

The final weight of the MinEQ7Lib TentaGel Microspheres was 0.0029g, meaning a loss of 67.4%
from the original weight of 0.0087g. This was caused by the human error when moving the
microspheres from column to column. This means there is now only approximately 66.6 copies

of each novel aptamer sequence in MinEQ7Lib instead of the original 200 copies.
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The MinEO7Lib was synthesised to a high enough standard to be carried forward to the next
aptamer selection stage. Possibly a larger starting quantity of microspheres would have been

better and made up for the large amount of loss during the split and mix stages.
4.4.4. Synthesis of fully modified control aptamers MinE07-U-Ph-Biotin,

MinEO7-U-Vi-Biotin and MinE07-U-I-Biotin

Aptamers were synthesised to have all their uridines modified with a single modification. This
was done to see whether these modifications increase or disrupt the high binding affinity
between MinEO7 and EGFR, and to be compared with the aptamers that have been selected

from the library using FACS.
4.4.4.1. Synthesis of MinEQ7-U-Ph-Biotin Aptamer

MinEO7-U-Ph-Biotin:5’-Biotin-rGrGrAfCrGrGrAfU-PhfU-PhfU-PhrArAfU-PhfCrGfCfCrGfU-PhrAr

GrArArArArGfCrAfU-PhrGfU-PhfCrArArArGfCfCrGrGrArAfCfCrGfU-PhfCfC-3’.

MiInEO7U-Ph-Biotin aptamer is the same sequence as the parent MinEQ7 aptamer however all
the uridines are modified with modification Ph compound 3.21 (figure 4.36). Synthesis of

compound 3.21 can be found in chapter 3.4.

Figure 4.36. Chemical Structure of DMTr -protected 2'-desoxy-2'-fluoro-5-phenyl-uridine phosphoramidite (3.21).

This aptamer was synthesised to see whether modifying all the uridines influenced the binding

of MinEO7 to EGFR. The binding of this aptamer with EGFR will be directly comparable with
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MinEO7, MinEO7M3 and MIinE0O7M6. This synthesis was successfully shown by the trityl monitor

for this aptamer (figure 4.37).

G § A G 5
5 A G A A A G 5

I||IIII--IIIIIlI-I-l-lll-Illll-lllll-ll-l-nllllll-
5 5 5 A A 8 8 5 A A G 8 G 8 A 8 A G A G
5 8 5 G A 5 G A G 5 A 8 8 G 5 G 9

Figure 4.37. Trityl Monitor of the Synthesis of MinEQO7U-Ph-Biotin on Universal UnyLinker Solid Support. Cytosine is
labelled as 5, U-Ph (3.21) is 8 and the biotin is 9.

The step wise coupling efficiency is 98.4% as shown in the synthesis report (figure 4.38). To get

the overall average yield: 0.984% = 0.454. This gives a 45.4% overall synthetic yield, which is a

good enough yield to carry forward for further testing.

Sequence {5'-3'}

9GG A5G GAS BBAABS G55 GBA GAAAAG 5AB GBS AMA G55 GGAASS
GB5 55

Trityl Histogram for synthesis: ARPBIOMINEOTA 50 mer.
Efficiency(Stepwise Yield by base leveling): 98.4%

Final Yield (by rolling average): 100.0%

Stepwise Yield for Monomer: 5: 97.2 %

Stepwise Yield for Monomer: 8: 94.7 %

Stepwise Yield for Monomer: G: 100.0 %

Stepwise Yield for Monomer: A: 100.0 %

Stepwise Yield for Monomer: 9: 100.0 %

Figure 4.38. Aptamer Synthesis Report of the Synthesis of MinE07-U-Ph-Biotin on Universal UnyLinker Solid

Support.

4.4.4.1.1. 3D Predicted secondary structure of MinE07-U-Ph aptamer

To get the 3D predicted structure of the MinEQ7-U-Ph aptamer the same F2’ edited PDB file as
MinEO7 was opened in Avogardo (avogadro.cc). The hydrogen atom at C(5) on all the uridine

residues were deleted and a phenyl was added (figure 4.39).
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Figure 4.40. 3D Predicted secondary structure of MinEQ7-U-Ph aptamer in Avogadro with optimised geometry using

force field MMFF94.
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Figure 4.41. 3D Predicted secondary structure of MinEQ7-U-Ph aptamer (Pink) overlaid with MinEQ7 aptamer

(Black). The black boxes displaying the difference between the two structures.

The size of the Ph on the uridines causes some of the nucleotides to rotate in different directions

to fit the space. This can be visualised in figure 4.41.
4.4.4.2. Synthesis of MinEO7-U-Vi-Biotin aptamer

MinEQ7-U-Vi-Biotin:5’-Biotin-rGrGrAfCrGrGrAfU-VifU-VifU-VirArAfU-VifCrGfCfCrGfU-VirArGrAr

ArArArGfCrAfU-VirGfU-VifCrArArArGfCfCrGrGrArAfCfCrGfU-VifCfC-3’
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Figure 4.42. Chemical Structure of DMTr -protected 2'-desoxy-2'-fluoro-5-vinyl-uridine phosphoramidite (3.22).

(3.22)

In MinEQ7-U-Vi-Biotin aptamer, the uridines are modified with modification Vi compound 3.22

(figure 4.42). This synthesis was successfully shown by the trityl monitor for this aptamer (figure

4.43).
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Figure 4.43. Trityl Monitor of the Synthesis of MinEQ7U-Vi-Biotin on Universal UnyLinker Solid Support Cytosine is
labelled as 8, U-Vi (3.22) is 7 and biotin is 9.
The step wise coupling efficiency is 97.8% as shown in the synthesis report (figure 4.44). To get
the overall average yield: 0.978% = 0.3362. This gives a 33.62% overall synthetic yield. This yield

could be better however it is enough to carry forward for further testing.

Sequence {5'-3'}

9GG ABG GAT TTAATS GB8 GTA GAAAAG BAT G78 AAA GBB GGAAEB
G78 88

Trityl Histogram for synthesis: ARP-BIOMINEOT-U-VI 50 mer.
Efficiency(Stepwise Yield by base leveling): 97.8%

Final Yield (by rolling average): 100.0%

Stepwise Yield for Monomer: 8: 93.6 %

Stepwise Yield for Monomer: 7: 100.0 %

Stepwise Yield for Monomer: G: 97.1 %

Stepwise Yield for Monomer: A: 98.5 %

Stepwise Yield for Monomer: 9: 100.0 %

Figure 4.44. Aptamer Synthesis Report of the Synthesis of MinEQ7U-Vi-Biotin on Universal UnyLinker Solid Support.

4.4.4.2.1. 3D Predicted secondary structure of MinEQ7-U-Vi aptamer

To get the 3D predicted structure of MinEQ7-U-Vi aptamer the same F2’ edited PDB file as
MinEO7 was opened in Avogadro (avogadro.cc). The hydrogen atom at C(5) on all the uridine

residues were deleted and a vinyl was added (figure 4.45).
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Figure 4.46. 3D Predicted secondary structure of MinEQ7-U-Vi aptamer in Avogadro with optimised geometry using

force field MMFF94.
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Figure 4.47. 3D Predicted secondary structure of MinEQ7-U-Vi aptamer (Purple) overlaid with MinEQ7 aptamer

(Black). The black boxes displaying the difference between the two structures.

The Vi modified uridines cause the aptamer to change shape as can be seen by the difference
in the purple and black aptamers in figure 4.47. The different in shape is not as large as with the

Ph modification, caused by less steric hindrance.
4.4.4.3. Synthesis of MinEQ7-U-I-Biotin aptamer

MinEQ7-U-I-Biotin:5’-Biotin-rGrGrAfCrGrGrAfU-IfU-IfU-IrArAfU-IfCrGfCfCrGfU-IrArGrArArArArG

fCrAfU-IrGfU-IfCrArArArGfCfCrGrGrArAfCfCrGfU-IfCfC-3’.

Figure 4.48. Chemical Structure of DMTr -protected 2'-desoxy-2'-fluoro-5-iodo-uridine phosphoramidite (3.23)

In the MinEO7-U-I-Biotin aptamer the uridines are modified with modification |, compound 3.23

(figure 4.48). This synthesis was successfully shown by the trityl monitor (figure 4.49).
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Figure 4.49. Trityl Monitor of the Synthesis of MinEO7U-I-Biotin on Universal UnyLinker Solid Support Cytosine is
labelled as 8, U-I (3.23) is 7 and biotin is 9.
The step wise coupling efficiency is 96.1% as shown in the synthesis report (figure 4.50). To get
the overall average yield: 0.961% = 0.1424. This gives a 14.24% overall synthetic yield. This yield

is poor, however enough was produced to carry forward for further testing.

Sequence {5'-3'}

9GG ABG GAT TTAATS GBS GTA GAAAAG BA7 G78 AAA GBB GGAASSE
G78 88

Trityl Histogram for synthesis: ARP-EIOMINEO7-U-l 50 mer.
Efficiency(Stepwise Yield by base leveling): 96.1%

Final Yield (by rolling average): 100.0%

Stepwise Yield for Monomer: 8: 87.7 %

Stepwise Yield for Monomer: 7: 99.3 %

Stepwise Yield for Monomer: G: 95.8 %

Stepwise Yield for Monomer: A: 97.7 %

Stepwise Yield for Monomer: 9: 100.0 %

Figure 4.50. Aptamer Synthesis Report of the Synthesis of MinEQ7-U-I-Biotin on Universal UnyLinker Solid Support.

4.4.4.3.1. 3D Predicted secondary structure of MinE07-U-l aptamer

To get the 3D predicted structure of MinEQ7-U-l aptamer the same F2’ edited PDB file as MinEQ7

was opened in Avogadro (avogadro.cc). The hydrogen atom at C(5) on all the uridine residues

were deleted and an iodine atom was added (figure 4.51).
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Figure 4.52. 3D Predicted secondary structure of MinEQ7-U-I aptamer aptamer in Avogadro with optimised

geometry using force field MMFF94.
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Figure 4.53. 3D Predicted secondary structure of MinEQ7-U-I aptamer (Blue) overlaid with MinEO7 aptamer (Black).

There are no black boxes on this figure as there are not any obvious differences.

Changing the hydrogen atom to an iodine does not change the conformation of the aptamer a
huge amount as it does not require much more space, so aptamer MinEQ7-U-I visually looks

similar to parent aptamer MinEQ7 (4.53).

4.4.4.4. Comparison of the 3D Predicted Structures of MinEQ7, MinEO7U-Ph,

MinEO7U-Vi, and MinEO7U-

The 3D predicted secondary structures of MinEQ7, MinEO7-U-Ph, MinE07-U-Vi and MinEQ7-U-|
were generated so that visual analysis could be undertaken to see what the modifications did

to the folding and shape of the original parent MinEQ7 (figure 4.54 and 4.55).
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Figure 4.54. 3D Predicted secondary structure of MinEQ7 (Black), MinEQ7-U-Ph (Pink), MinEQ7-U-Vi (Purple) and

MinEQ7U-I aptamer (Blue).
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Figure 4.55. 3D Predicted secondary structure of MinEQ7 (Black) overlaid with MinEQ7-U-Ph (Pink), MinEQ7-U-Vi
(Purple) and MinEQ7U-I aptamer (Blue). The black boxes highlight the key 5 areas that are changed the most over
the 4 different structures.

The aptamer that visually shows the biggest different in conformation is MinEQ7-U-Ph. The size
of the Ph causes some of the nucleotides to have to rotate in another direction to fit in the
space the Watson-Crick bonding has created. Aptamer MinE07-U-I visually looks most similar
to parent aptamer MiInEO7. Changing a hydrogen atom to an iodine does not change the
conformation of the aptamer a huge amount as it does not require much more space. Changing
the shape of MInEQ7 could potentially positive or negative in terms of effecting the binding
affinity to EGFR. This will be experimentally explored using protein binding affinity assays

(chapter 6).

4.4.4.5. Purification of MinEQ7-U-Ph-Biotin, MinEO7-U-Vi-Biotin and MinEQO7-U-I-Biotin

The overall percentage yields of the aptamers could have been better however, enough was
synthesised to be purified and used in protein affinity assays. These samples were purified by
PAGE, cutting out the correct length bands to get a single sequence sample. These purified

samples were then desalted with Zetadex resin and then run again on an analytical
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polyacrylamide gel to check that the PAGE purification (figure 4.56). This gel potentially shows
they have been purified successfully, but to be sure they will be run on a HABA assay to check

of the biotin group on the 5’ end.

1 2 3 4 5 6 7 8 910

2 DNA MW Ladder

4 MinEO7-U-I-Biotin

5 MinEO7-U-Vi-Biotin

6  MinE07-U-Ph-Biotin

Figure 4.56. 15% Polyacrylamide Gel of MinEO7-U-Ph-Biotin, MinEO7-U-Vi-Biotin and MinEQ7-U-I-Biotin after PAGE

purification.

4.5. Conclusion

In conclusion, the aptamer synthesis was optimised for the successful synthesis of the MinEQ7
aptamer library, the control aptamers and the fully modified aptamers MinEQO7-Biotin,
MinEO7M3-Biotin, MInEO7M6-Biotin, MInEO7-U-Ph-Biotin, MinE07-U-Vi-Biotin and
MinEQ7-U-I-Biotin Aptamers. The yields of these were high enough to carry on to the sorting
stage for the MinEO7 aptamer library and the HABA/ protein binding assays for the fully

modified aptamers.

The computational aptamer modelling gives a visual of how these modifications effect the

shape and the folding of the MinEQ7 aptamer highlighted by the black boxes on the figures.
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Future work would include running some computational docking studies to work out the exact

position(s) of residues in the MinEO7 that dictate the high affinity of this aptamer for the EGFR.
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Chapter 5

Selection and Identification of High
Affinity Modified MinEO7 Aptamers
using Flow Cytometry and Mass
Spectrometry




Chapter 5

5.1. Introduction

5.1.1. Aptamer Selection

5.1.1.1. High throughput screening

High throughput screening (HTS) is the use of automated equipment to rapidly test up to
millions of samples for biological activity at either the cellular, model organism, pathway, or
molecular level.*** A common HTS experimental process is when 103 -10° small molecule
compounds of known structure are screened in parallel. Other substances have also been
screened this way such as oligonucleotides, antibodies, natural product extracts and chemical
mixtures. Paul Ehrlich and Sahachiro Hata were among the first to screen agents to identify
those that killed parasites grown in culture. The results of their experiments informed library
screening for the next century.?¢>4%® After Merrifield’s result on solid-phase peptide synthesis it
brought HTS into mainstream industrial practice.*®” HTS aims to screen 108 or more samples per
day and because 