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Abstract

Nucleic acids are emerging as a powerful new class of therapeutic and play an
increasingly important role in biotechnology. The global mRNA therapeutic market alone
is expected to reach $128.14 billion by 2030. mRNA vaccines significantly reduce vaccine
development time due to their ease of customisation, and DNA/RNA aptamers are
emerging as potential therapeutics and have broader applications in biotechnology.
dsRNA biopesticides are also emerging as novel sustainable pesticides. However, each
of these faces unique challenges; while dsRNA biocontrols such as Ledprona have been
successfully deployed and mRNA vaccines proved vital during the COVID pandemic, they
are subject to strict regulations and quality control. Robust analytical methods are required
to fully characterise these biomolecules to support manufacturing and ensure their safety
and efficacy. ssDNA aptamers are currently developed using in vitro selection (SELEX).

However, high failure rates can impact the development and generation of new aptamers.

This study aimed to develop and utilise ion pair reverse phase HPLC (IP RP HPLC) to
analyse and characterise mMRNA therapeutics and dsRNA biocontrols. In addition, it was
proposed that the SELEX procedure be optimised before generating ssDNA aptamers for
the melanoma differentiation-associated gene-9 (MDA-9). IP RP HPLC was used under
denaturing conditions to develop a novel method for the isolation of sSSDNA in SELEX. The
novel method enabled the rapid purification of sSDNA with an 80% yield, demonstrating
significant advantages over existing methods. This method was subsequently utilised in
SELEX to obtain ssDNA aptamers to Syntenin-1. Modifications to the SELEX approach
resulted in the successful generation of sSDNA aptamers against Syntenin-1. Binding
affinity studies demonstrated that the ssDNA aptamers had binding affinities in the 100-
600 nM range, with the highest affinity aptamer at 25 nM.

IP RP HPLC was also developed to accurately size dsRNA biocontrols and mRNA
therapeutics. A wide range of ion pair reagents were studied under denaturing and non-
denaturing conditions. The results showed that accurate sizing of a range of dsRNA
biocontrols resulted in less than 2.5% error using dibutyl ammonium acetate in the mobile
phase. The IP RP HPLC methods developed in this thesis offer significant advantages
over existing methods for generating ssDNA and accurately sizing dsRNA biocontrols. In
addition, further work building on the ssDNA aptamers against Syntenin-1 could develop

novel therapeutics as inhibitors to a protein important to cancer proliferation.
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1 Chapter 1 Nucleic acids, applications and analysis.

1.1 DNA, RNA, and the Genetic Code

The importance of nucleic acids and their central role in life's origin cannot be
overstated. Allowing for the storage of genetic information, nucleic acids allowed early
organisms to replicate themselves, driving the formation of the biosphere as we know
it today. It is essential to contemplate how their structure facilitates their functional role
within cells and how they can be exploited for other applications.

1.1.1 Isolation and Discovery

In one early account, the isolation of nucleic acids happened almost by accident;
Friedrich Miescher was studying the physiology of human lymph cells when he
precipitated a phosphorus-containing substance from cell nuclei, calling this
substance nucleolin, he went on to find it in many cell types[1]. Richard Altman later
gave nucleic acids their name, where it was later evident that they played a crucial
role in cell division [1]. The first detailed molecular studies of nucleic acids came from
the work of Levene and Jacobs at the Rockefeller Institute; alkaline hydrolysis

revealed what made up these enigmatic species [2],[3].

1.1.2 Structure of Nucleic Acids

A nucleotide unit comprises a phosphate group, a pentose sugar, and a nitrogenous
base. The primary structure of nucleic acids (DNA) is a linear polynucleotide in which
2’ deoxyribonucleoside is linked to the next through a 3’ to 5’ phosphodiester (see
Figure 1.1).

Base Base Base Base

SN \O 3. O/S“ AN \

5 I
O O

Figure 1.1: Phosphodiester backbone of oligonucleotides: monomers consist of a
sugar bonded to a base and a phosphate, which acts as the linker in the polymer chain.
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The two nucleic acids found commonly in nature are ribonucleic acids (RNA) and
deoxyribonucleic acids (DNA). RNA is made up of ribonucleotides, whereas the
monomers of DNA are 2’-deoxyribonucleotides. The corresponding ribose and 2’

deoxyribose sugars are shown in Figure 1.2.

Base Base

Beta-D-ribose Beta-2-deoxy-D-ribose

Figure 1.2: Structures of the sugar groups of RNA (left) and DNA (right): RNA
consists of three hydroxyl groups on the sugar, while DNA, being reduced, has two.

The third major component of nucleotides is nitrogenous bases; there are five common
bases in nature that occur in nucleic acids (see Figure 1.3). Adenine cytosine and
guanine are found in RNA and DNA, whereas uracil is found primarily in RNA and
thymine primarily in DNA. The bases themselves are conjugated heterocyclic

compounds. The primary structure of DNA is shown in Figure 1.4.

NH, o} NH,
ap <f L
N N) N N)\NHZ N °
Adenine Guanine Cytosine

A A

N

N

H H
Thymine Uracil

Figure 1.3: The five naturally occurring bases in nucleic acids: Two purines,
adenine, and guanine, and the three pyrimidines, cytosine, thymine, and uracil.
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NH,
N X
5'end </ fj Adenine
0
ST

I
0=pP—0

NH Guanine

=
N NH,
NH,

XN Cytosine

N/KO
O=—=P—0O o 10)
o H H .
b b NH Thymine
(l) " | /K
O=T—O o N o
o H H
H H

(0] H
3 endg

Figure 1.4: The primary structure of nucleic acids: DNA represented in chain form
containing its four constituent nucleotides, Adenine, Guanine, Cytosine and Thymine

In 1953, the supramolecular structure of DNA was revealed to be a double-stranded
right-handed helix (B form duplex DNA) by the work of Franklin and Gosling, Watson
and Crick, and Wilkins Stokes and Wilson [4—6]. The helix formation is facilitated by
hydrogen bonding between the nitrogenous bases. The nitrogenous bases can act as
both proton donors and acceptors, the electronegative oxygen and nitrogen atoms act
as hydrogen acceptors, and the protons on the amino groups are sufficiently positively
charged (due to their proximity to electronegative nitrogen atoms) to interact with the
acceptors forming hydrogen bonds. Some significant motifs involved in hydrogen
bonding in the case of guanine and cytosine are shown in Figure 1.5. Initial studies
into the helical structure of DNA showed that nucleotide bases preferentially form
hydrogen bonds with specific complementary bases; the base pairs are adenine and
thymine, guanine and cytosine and in RNA where thymine is not present, adenine

bonds to uracil Figure 1.5.
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Figure 1.5: Complementary base pairing in DNA and RNA: Adenine-Thymine, Guanine-
Cytosine, Adenine-Uracil.

The consistent specificity of the base pairing is what allows the DNA strands to form
a helix once joined; it is important to note that the guanine-cytosine pair contains three
hydrogen bonds, whereas the adenine-thymine/uracil pair has two, the guanine-
cytosine linkage is stronger meaning DNA with a higher G-C content has more robust
physical properties such as higher melting points. While the right-handed helix was
the first secondary structure of nucleic acids to be discovered, it became abundantly
clear with further research that DNA can adopt a variety of conformations depending
on the DNA sequence and interaction with proteins [7]. This can occur when bases
“break the rules” of the Watson-Crick model, forming mismatched pairs; these cause
steric changes within the structure, leading to the formation of non-standard duplex
and hairpin motifs [8]. Guanine-rich sequences in DNA have been demonstrated to
form four-stranded complexes based on a central four Guanine bases forming a tetrad.
This is notable as the G-tetrad structures are highly thermostable relative to their
counterparts [9]. Studying these non-Watson crick base pairs and their resulting
structures has led to the discovery of ten different DNA conformations, each capable
of exciting interactions and chemistries. This opens the possibility of nucleic acids

being capable of much more than just storing genetic information [10].
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1.2 Applications of Nucleic Acids in Biotechnology and Medicine

1.2.1 Nucleic Acid Therapeutics

In 1972, Friedmann and Roblin hypothesised that disorders arising from a faulty gene
variant could be treated by introducing a functional gene variant [11]. Therapy utilizing
gene replacement was the first to be conceptualised, but prevention of transcription
via blocking with an anti-sense fragment or introducing genetic material to express a
deficient protein or enzyme was hypothesised [12]. Since this early conception, nucleic
acid therapeutics have emerged as an important new class of drug, as demonstrated
by the recent approval of several therapeutics by the United States Food and Drug
Administration (FDA) and the European Medicines Agency (EMA) [12].

There are several alternative classes of nucleic acid therapeutics (NATS), including:

1. Antisense oligonucleotides (ASOSs)
2. Small interfering RNA (siRNA)

3. Aptamers

4. Guide RNAs (gRNASs)

Antisense oligonucleotides (ASOs), small interfering RNAs (siRNAs)are involved in
RNA interference (RNAI), aptamers, and guide RNAs (gRNAs), which are involved in
CRISPR gene editing technology (Figure 1.6).

Currently, 15 such drugs have been clinically approved [13]. Most of those approved
in the United States are ASOs or siRNAs [14]. A key challenge facing these
technologies is the delivery of exogenous genetic material and its susceptibility to
nuclease degradation. Several platforms have been developed to achieve delivery of
genetic information in vivo; these include chemically modified antisense
oligonucleotides (ASOs), N-acetyl galactosamine (GalNAc) ligand-modified short
interfering RNA (SiRNA) conjugates, lipid nanopatrticles (LNPs), and adeno-associated
virus (AAV) vectors [12]

1.2.2 mRNA therapeutics/vaccines
Prior to the COVID-19 pandemic, mRNA vaccines were already showing great

promise as therapeutics combining molecular biology and immunology as an
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alternative to protein or live virus vaccines [15]. Unlike traditional vaccines, mRNA
carries genetic information, allowing the production of the desired antigen in vivo [16].
Injection of MRNA trans dermally affords the expression of a desired protein in the
local area (Figure 1.6) [17]. mRNA offers numerous advantages over classical
approaches to vaccination, including ease of large-scale production and customisation
to new pathogens [18]. Years of prior research led to the mRNA vaccine system being
ready for use during the COVID-19 pandemic; the most commonly used vaccines were
Pfizer BionTech’s BNT162b2 mRNA and Moderna’s mRNA-1273 [19].
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Figure 1.6: Mechanism of action or RNA therapeutics and mRNA vaccines. (A)
siRNAs are small double-stranded RNA molecules with exact complementarity to a target messenger
RNA. Once associated with the Argonaute protein (AGO) and RNA induced silencing ( RISC)
complex, it binds to its target MRNA and induces gene silencing by preventing translation. (B) ASOs
are small single-stranded RNA molecules with complementarity to a target mMRNA. Once bound, they
induce post-transcriptional gene silencing by preventing translation. (C) mRNA vaccination,
exogenous mMRNA is injected transdermally and transcribed into a protein antigen in local cells,
triggering an immune response. (D) Aptamers are short RNA, DNA molecules that fold into secondary
and tertiary structures then bind to a target molecule (often a protein), acting as an antagonist
suppressing the pathway the target is involved in. (E) Guide RNA, consisting of tracer RNA linked
CRISPR-RNA (cRNA) combines with CRISPR associated protein-9 (CAS-9) to form an effector
complex which can cleave DNA where one strand can hybridise with the gRNA.[20]

DNA with target gene
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1.2.3 Production of mRNA for vaccines

MRNA vaccines are huge nucleic acids, typically over 3000 nucleotides in length. They
are composed of the gene of interest, a poly-adenosine (poly[A]) tail > 80 bases in
length at the 3" end, which enhances stability and translation efficiency and a 7-
methylguanosine cap structure at the 5 end, which enables stable translation [21]. At
the 3" and/or 5° ends, untranslated regions (UTRs) can be incorporated to enhance

stability and translation efficiency [19,22].

In addition to the wide range of MRNA sizes used in vaccines, structural modifications
on the individual nucleotides have been utilised within mRNA vaccines for increased
therapeutic efficacy. As early as 2008, pseudo-uridine-modified mRNA showed a
greater translation rate in mammalian cells. This demonstrated an increase in the
stability of modified mRNAs [23]. Additionally, methylation has been shown to reduce
the immunogenicity of mMRNAs [24].

Production of mRNA for use in vaccinations/therapeutics is currently performed via in
vivo transcription (IVT), an enzymatic process which involves the generation of mMRNA
from a DNA template using an RNA polymerase (T7, SP6 or T3), nucleotide
triphosphates (NTP’s), MgCl2 (polymerase co-factor) and a suitable pH buffer [25].
Following IVT, mRNA must be isolated and purified from the reaction mixture, which
contains residual enzyme, DNA template, NTPs and mRNA by-products; standard
purification methods such as DNase treatment followed by column purification can

remove most of these impurities, but IVT by-products remain [26].

1.3 RNAi-based crop protection

Plant pests and diseases currently account for a loss of 20-40% of global crop yields
annually, with insects consuming 5-20% of major grain crops [27]. With the global
population set to hit 9 billion within the coming decades, this will pose an
unprecedented threat to global food security [28]. Alongside the increase in pest
populations, pesticide use has steadily declined since 2007 due to increased
regulatory pressure and negative public opinion [28]. This has primarily been driven
by increasing pesticide resistance and public concern with industrial farming
practices, notably off-target effects on vital pollinating insects [29,30]. Current pest

control methods rely on insecticidal and fungicidal sprays and inducing plant genetic
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resistance to pests via genetic modification. Therefore, there is increasing demand
for novel, sustainable strategies for crop protection driven by population increase,
regulatory demands, pest range expansion and increasing resistance to current
methods [31].

dsRNA pesticides have been demonstrated as successful gene silencers via RNA
interference. The post-transcriptional inhibition of gene expression, utilising short
dsRNA to downregulate the expression of genes with complementary sequences,
was first discovered in roundworms and subsequently seen in plants [32,33]. Fire et
al. (1998) demonstrated that oral delivery of dsSRNA induced the RNA interference
pathway as early as 1998, and recently, in 2023, ‘Ledprona’, a dsRNA produced by
Greenlight Biosciences, was approved by the US Environmental Protection Agency
EPA for use on the Colorado potato beetle [28,34]. Ledprona targets the Potato
Beetle via the RNA interference mechanism, silencing the PSMBS5 gene via

antisense hybridisation it achieves 90% mortality after six days of exposure [35].

dsRNA is produced in bulk either by using in vitro transcription (IVT) of the two
strands and their subsequent annealing or in vivo via expression in a living system
such as E. coli, the most prevalent production method [36,37]. Following expression
of the dsRNA, it is extracted from microbial cells and purified via RNAase treatment
to remove 5’ and 3’ ssRNA overhangs. The short half-life of dsSRNA in the
environment, combined with the efficiency of the interference mechanism, varies
significantly from species to species, which means that dsRNA must be produced in

large quantities with approximately 2-8 g required per hectare [38—40].

1.4 Aptamers: Nucleic Acids as Biochemical Agents

The critical roles nucleic acid plays in storing genetic information and templating for
replication have been known for decades. In the 1960s, suggestions came that, in
addition to this, DNA and RNA may have the potential to fold up into complex 3D
structures and perform functional roles in the cell, like proteins [41]. In the 1980s, it
was demonstrated that RNA could catalyse chemical reactions like enzymes, which
opened the door to greater speculation about the role of RNA in the early origins of life
on Earth, the theory of the RNA world [42][43].

With the notion that short nucleic acids are capable of introductory chemistry came the
idea that they could act as nucleic acid-based counterparts to antibodies. In 1990,
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Tuerk and Gold published a paper describing the driven evolution of 3D RNA
oligonucleotide structures to act as high-affinity ligands for bacterial polymerase [44].
The work entailed subjecting a library of RNA oligonucleotides (eight bases in length)
to successive rounds of selection against the desired target so that a ligand to the
polymerase would be isolated through gradual enrichment [44]. They isolated two
ligands from a pool of an estimated 65,000. Tuerk and Gold stated that the
selection/amplification protocols could yield high-affinity ligands for any protein that
binds nucleic acids as part of its function; high-affinity ligands could conceivably be

developed for any target molecule [44].

This work was carried out at the same time as a group headed by Ellington and
Szostak, who published a paper in the same year, “In vitro selection of RNA molecules
that bind specific ligands [45]. The work entailed the progressive isolation of ligands
via in vitro selection against various organic dyes from a library of 1x10'° sequences.
Ellington deduced that one species in a library of 1x10'° would fold in such a way that
would allow it to bind specifically to the desired target. This was exciting because he

deduced that the same library could isolate ligands to multiple targets.

Aptamers, as this new class of affinity ligands would be called, come from the Latin
“‘Aptus” to fit, and the Greek “meros”, meaning region, are short single-stranded
oligonucleotides produced by an in vitro enrichment workflow which is driven by
Darwinian evolution [46][47]. Aptamers can bind to small molecules, metal ions,
proteins, and whole cells. As a class of affinity ligands, their broad capabilities have
led to their utilisation in various applications such as drug delivery, diagnosis and
biosensing [48][49]. Before aptamers appeared, many biomolecules were available to
act as affinity ligands for given targets, including antibodies, nanobodies, and
affibodies, which were the most common [50]. Tuerk and Gold always believed nucleic
acid aptamers would replace antibodies for in vitro and in vivo applications. A
comparison of the different properties of antibodies and aptamers is shown in Table
1.1 [51].

Table 1.1 shows that aptamers offer many advantages as a therapeutic, especially in
the long term; post-approval, a clinically approved aptamer would be cheaper to

produce and keep a longer shelf life than an antibody developed for the same purpose.
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Table 1.1: Comparison of Aptamers to Antibodies [52].

Property Aptamer Antibodies

Molecular weight 15-30 kDa 150-180 kDa
Generation time Hours to months Around six months
Immunogenicity Low High

Targets Wide range of targets Immunogenic molecules
Shelf life (4 °C) Years Weeks to months

In vivo half-life Tens of minutes 1 month

Nuclease degradation Susceptible Resistant

Stability Stable pH and thermosensitive

1.4.1 Aptamer generation via SELEX

After the early discoveries of Gold, Ellington and Szostak, further research was
directed towards improving the aptamer generation procedure; this led to a
standardised approach to in vitro selection, SELEX. The process of SELEX is a cycle
that involves five main steps: (i) Design of the nucleic acid library (ii) placing the library
in contact with the target to separate molecules in the library that bind from those that
do not; (iii) amplifying “survivors” by the polymerase chain reaction (PCR), (iv) re-
generation of ssDNA following PCR and (v) Sequencing of the aptamer pool (after an
appropriate number of cycles) [53]. The first SELEX protocol devised by Tuerk and
Gold was laborious. However, each process step has been closely scrutinised and
improved in the following decades [54]. A schematic representation of the basic steps
of SELEX is shown in Figure 1.7.
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Figure 1.7: The conventional SELEX process, the first and final rounds: (1) Initial
ssDNA library, (2) Incubation of library with a target, (2b) Elution of low-affinity species, (3) Amplification
of desired, high-affinity species (aptamers) (4) Re-generation of single-stranded DNA (ssDNA) (5)
Sequencing of aptamers
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As described in Figure 1.7, the conventional SELEX process (as it was in the 1990s)
can be broken down into five key stages, each of which has its key steps depending
on the methods employed. All protocols begin at the same starting point, a library of
single-stranded (ss) nucleic acids chemically synthesised to have random centralised
regions, which can be anything from 8 to over 100 bases in lengths flanked on either
side by priming regions for PCR amplification, which are typically ~20 bases in length
[55]. While the initial library is extensive, containing approximately 10° sequences,
only a few are expected to have any natural affinity for the target. Therefore, a series
of purifications or ‘washes’ must be performed to eliminate non-binding species. This
is the key focus of the selection step [47]. Following the isolation of a small number of
sequences with high affinity for the target molecule, these must be amplified before
further rounds of selection; this generally occurs via PCR. Following amplification, the
SSDNA must be re-generated from the dsDNA PCR products before additional
selection rounds. Following the final rounds of selection, when the library has become
enriched with sequences binding to the target, sequencing is performed to identify

aptamer candidates, which are screened for their affinity to the target.

Aside from the initial two papers, single-stranded DNA aptamers were predominantly
the focus of the early SELEX experiments in the 1990s. However, due to the potential
more significant structural and conformational diversity that RNA sequences can
adopt, RNA was used in SELEX experiments to generate higher affinity aptamers
[56][57]. However, many studies generating SSDNA aptamers showed that sSsSDNA has
a similar capacity to RNA in forming complex 3D structures and has potential
advantages over RNA in SELEX. Itis widely known that DNA is more chemically stable
than RNA, making selection easier and offering aptamers with a longer shelf life. This
amplification of DNA does not require the reverse transcription steps of RNA, making

ssDNA SELEX protocols more time and cost-effective[58].

The minor differences in the structure of DNA and RNA result in significant differences
in their reactivity and stability. The additional 2’ hydroxyl group on RNA makes it more
susceptible to nucleophile attack. The protocol for the generation of RNA aptamers is
more laborious. Following elution from the target, sSSRNA must be reverse transcribed
and amplified as dsDNA via PCR prior to transcription to RNA and continuation of the
protocol, of course, adds extra steps, increasing the potential for by-products, reducing
the yield of RNA and the risk of nuclease degradation of the RNA.
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1.5 Improving the chemical repertoire of nucleic acids in SELEX

The concern of Tuerk and Gold from the early days was the need for the selection
phase of SELEX to be efficient; strong interactions lead to higher SELEX success
rates [51]. Strategies have been developed to chemically modify the pyrimidine bases
(uracil, thymine and adenine) at the 2 position with alkyl, hydrophobic and hydrophilic
groups to increase the potential range of nucleic acid interactions. This allowed
researchers to fine-tune the electrostatic and hydrophobic interactions of the nucleic

acids and their targets [59].

1.5.1 Macugen

The in-vivo success of aptamer modifications led to the approval of Macugen by the
FDA in 2004 for treating age-related macular degeneration. Macugen is a chemically
modified RNA aptamer to vascular endothelial growth factor VEGF. VEGF is
associated with ocular angiogenesis, the excessive sprouting of new blood vessels in
the eyes, which leads to the degeneration of sight with age. Macugen has been
clinically proven to be an effective treatment of age-related macular degeneration and
was approved for use in the European Union in 2006 [60]. It took sixteen years for
Aptamers to move from the laboratory bench to clinical approval, but it showed that
the field had matured, SELEX had been shown as a viable method of drug discovery,
and the resulting commercial exploitation led to remarkable progress in aptamer
research [51,61].

1.6 An Overview of SELEX Methodology for generation of aptamers to

In vivo protein targets

1.6.1 Library design and optimisation

In conventional methods, SELEX libraries contain a core random region (N flanked by
two constant regions that act as primer binding sites for PCR [62]. The maximum
theoretical size of the random region (N) is related to the number of randomised
positions and the oligonucleotide diversity (y). A natural ssDNA library of 40
randomised positions has a maximum theoretical diversity of yN and contains 440 =1.2
x 1024 different molecules [63]. The diversity of the starting library holds the key to a

successful SELEX protocol. The extensive array of sequences must, in turn, fold into
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an extensive array of secondary and tertiary structures, where, in theory, a small

number are proposed to bind to the target with high affinity,

A random region would not have to be particularly large to achieve a significant level
of diversity (approximately 25 nucleotides). However, the aptamer must be long
enough to fold into a complex 3D structure that can bind to a target, so most starting
libraries have a core region between 30-50 nucleotides in length [63][64]. A summary
of different length random regions used to obtain aptamers to different protein targets
is shown in Table 1.2.

Table 1.2: Comparison of random region size in protein binding aptamers

Group/Year Target Size (nucleotides) Citation
Jeong, Han, 2010 Kras Protein 40 [65]
Tan, 2006 Protein Kinase C 30 [66]
Parma, 2001 Tenascin C 40 [67]
Vater 2013 CXCL12 45 [68]
Xiang 2017 FOXM1 42 [69]

In the original in vitro evolution experiments, random pools of genomic nucleic acids
were created by introducing random bases during in vitro transcription. However, the
advent of more advanced synthetic techniques, including phosphoramidite chemistry
and H- phosphate chemistry, allow for the synthesis of random regions up to 150
bases in length. Theoretically, mixing each phosphoramidite in a ratio of 25% (each
base) should result in an equal ratio in the ssDNA library. However, due to known bias
in the solid phase synthesis, this generally produces libraries with a few percentage
points of drift from the desired 25% ratio [55].

While much research has been done into the starting library for SELEX, nucleic acids
are simple molecules. Four bases dictate how the structure folds and forms motifs to
bind to targets. The four bases do not interact electrostatically in the same fashion, so
it stands to reason that different ratios of bases will have different potentials to form
better aptamers. Computational studies have been carried out into what ratios of
bases give rise to sequences with greater structural stability and selection potential. It

was shown that pyrimidine-rich sequences (G and C) give these desired qualities; in
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later studies, it was shown that a ratio of 25% U, 15% C, 20% A, and 40% G would
give a high probability of finding aptamers with sufficient affinity [70][71].

1.6.2 Pattern SELEX

Aptamers require a secondary structure to bind to their targets; an approach was
developed to incorporate design patterns into the initial library design to enrich the
library into known structures that would act as stabilisers, allowing information-rich
sequences to fold into complex 3D structures and bind to targets more effectively [48].
The first pattern to be exploited was the well-defined G-Quadruplex structure
consisting of four guanine bases that folded on each other and formed a tetrad. These
structures act as a scaffold for the various looping motifs of the aptamers, similar to
the core structures of antibodies [48]. The core structure of the G-Quadruplex is shown
in Figure 1.8.

R - Link to aptamer structure

Figure 1.8: Secondary Structure of G-Quadruplex: Four Guanine bases in a planar tetrad
are linked by hydrogen bonding in a non-Watson-Crick manner

G-Quadruplexes form naturally in guanine-rich oligonucleotides AS11 described in
section 1.13 is an example of such a case, and its progress as the most advanced
aptamer in cancer treatment shows the significance of G-Quadruplex structures [72].
In the case of protein targets, G-quadruplexes offer numerous advantages; the
significant charge density of G-quadruplex DNA—twice the negative charge per unit

length compared to duplex provides a high electrostatic potential for strong binding to
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the positively charged surfaces of proteins, although hydrophobic interactions can also
be critical for robust and specific binding to the target [73].

1.6.3 Fixed regions

One significant difficulty in generating high-affinity sSDNA aptamers in SELEX is the
issue centred on the PCR amplification process that can generate high molecular
weight (MW) by-products after repeated selection rounds [71,74]. Careful design of
the primer binding regions has been used to help prevent such “size heterogeneity”
issues during the PCR. Crameri and Stemmer demonstrated that introducing AT-rich
sequences at the 5" and 3’ ends improved the quality of PCR products, the principle
being that A-T linkages are much weaker than G-C linkages, meaning primer
chimaeras are less likely to form [75]. They also found that incorporating E. coli single-
strand binding protein into the PCR reaction matrix destabilised large products
[75][76].

1.6.4 Aptamer modification.

Nuclease resistance remains a limitation on aptamer performance in vivo. Nuclease
enzymes readily cleave the phosphodiester backbone of DNA [77][78]. Chemical
modifications of aptamers have been utilised to overcome these limitations while
additionally providing greater structural diversity to pools, theoretically increasing
SELEX success rate [79]. Modifications have been successfully utilised in SELEX on
each of the three components of the structure: the phosphodiester backbone, the

sugar and the base, as shown schematically in Figure 1.9 [80].
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Figure 1.9: Comparison of common nucleotide modifications: thiophosphate (Red),
2’ substitution (Blue) and base modification (Pink) R = alkyl chain.

Nuclease enzymes readily cleave the phosphodiester bonds which form the backbone
of DNA; it was hypothesised that incorporating a sulphur atom onto the phosphate
groups of DNA would make it less susceptible to the attack of the enzyme [78]. This
should give the aptamer a longer half-life in vivo and a greater chance of finding and
binding to the designated target. A thiophosphate-modified nucleotide is presented in
Figure 1.9. The most common substitution on modified aptamers is the modification at
the 2’ position of the ribose sugar (see Figure 1.9). Various alternate substituents,
including fluoro, amino, and hydroxymethyl groups, have been utilised, the main aim
of which is increased resistance to nucleases [81]. The third class of nucleotide
modifications is modifications to the base. The highly charged nature of
oligonucleotides makes them hydrophilic, but many proteins show hydrophobic
properties. To mimic this, slow off-rate Modified Aptamers (Somamers) introduced
protein-like side chains into the structure of oligonucleotide aptamers; these alkyl
chains increase the lipophilicity of the structure, allowing it to bind to lipophilic proteins
[82].

Modified libraries can be synthesised by incorporating modified nucleotide precursors
during the synthesis step; this is much more efficient than modification following
synthesis [79]. Incorporation of modified deoxynucleotide triphosphates (dNTPs) into
PCR is more challenging depending on the nature of the modification; enzymes may

be more or less tolerant of its presence, for example, in the case of RNA aptamers.
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While T7 RNA polymerase is tolerant of base modifications, Taqg DNA polymerase is
inefficient at incorporating modified dNTPSs, this has led to screening for more efficient

enzymes as well as attempts to engineer Taq polymerase to achieve this [79,83].

A comparison of in vivo longevity of thionucleotide and O-methyl substituted showed
increased tissue penetration for both modifications, interestingly showing penetration
of brain tissue, which was not seen in the control unmodified nucleotide aptamer. The

thiophosphate aptamer also showed a greater half-life than the control aptamer [84].

1.7 Aptamer Selection

The concentration of the protein target in the selection step is a critical variable in the
process. In contrast, the concentration needs to be high enough for aptamers with
affinity to interact and bind to the target; weaker ligands may be retained following
harsh selection pressures if they are in a matrix saturated with the target protein.
Studies have shown that lower target concentrations give a higher probability of
isolating high-affinity ligands, while inversely, higher target concentrations yield more
low-affinity aptamers [54]. From a selection perspective, low-affinity aptamers are
more damaging to the effectiveness of the process than negligible-affinity aptamers
[54]. It is typical for the target-to-aptamer ratio to be adjusted throughout the protocol,
starting with 1:100 and slowly approaching 1:1000 to increase competition between
the ligands [54].

1.7.1 Negative Selection Steps

Conventionally, the target is bound to a solid support that enables affinity
chromatography-based methods in the SELEX protocol. However, precautions must
ensure no selection pressure towards aptamers that bind the solid support. Additional
negative selections can be performed against components of the background matrix.
Counter-SELEX or “negative selection” may reduce the possibility of evolving
nonspecific binders or improve the odds of recovering aptamers specific for one target

over another [85].

1.7.2 Washing and Elution
With the target successfully immobilised, the library is loaded onto the matrix in a

loading buffer; a series of washes and elutions must be carried out to eliminate weakly
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binding species. The stringency of the washing procedure is critical to the efficiency of
the SELEX protocol; factors such as pH and salt concentration must be adjusted
carefully to ensure the selection pressure is neither too weak nor too firm. The
stringency of the washing conditions is typically increased over successive elutions
and several rounds of SELEX; this typically involves an increase in the concentration
of the monovalent salt [86]. The washing buffer usually consists of a salt such as NacCl,
as its ability to interfere with electrostatic interactions (the primary binding method of

aptamers) allows for the separation of unbound species [87].

Following the removal of unbound species via washing, the aptamers must now be
separated from the target to be amplified; some common methods for elution are
heating, adding salt to destabilise electrostatic interactions and the use of strong
chemical denaturants such as urea [88][45][89].

Since the development of conventional SELEX in the 1990s, its time-consuming
nature has led to the development of alternative approaches to the selection stage.
These range from using magnetic approaches to separate low-affinity species to using
cells as selectors [64]. For peptide/protein targets, immobilized metal affinity
chromatography (IMAC) resins are frequently used [90]. In magnetic bead SELEX,
the target protein is immobilised via chelation to magnetic beads; upon exposure to a
library, various aptamer target complexes form; this allows for the separation of the
beads (along with high-affinity aptamers) from non-binding species by magnetic
separation [91]. In addition, Stoltenburg developed ‘Flu-mag SELEX’, during which the
dissociation constants of the species can be determined by fluorescence [88]. Many
new methods have been used to target proteins; a comparison of alternative selection
methods utilised for protein SELEX is shown in Table 1.3.
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Table 1.3: Comparison of Protein SELEX methods[64]

Selex method Advantages Limitations Citation
Nitrocellulose filter The relative ease of Background binding [92]
binding performance A large number of
Aptamer isolation for rounds
multiple targets in
parallel
Capillary Rapid partitioning of Capillary [93]
Electrophoresis bound aptamers from electrophoresis
unbound ones instrument required
SELEX .
A small amount of Restricted to targets
analyte is required that cause a shift in
aptamer
electrophoretic
mobility pattern
Magnetic Bead Applicable to most Target immobilization [94]
SELEX targets is required.
Easy fine-tuning of
selection pressure
Microcolumn Bead Minimizingthe amount Target immobilization [95]

SELEX

of target and aptamer

required
Need for automated

devices.

1.8 Monitoring Selection Pressure

While SELEX is theoretically straightforward, the background binding level due to the
amplification of unspecific binding sequences often results in unsuccessful SELEX
protocols. Therefore, SELEX's progress can be monitored using simple yet reliable
methods [96]. In Flu-mag SELEX, following the initial selection, the proto-aptamers are
labelled using fluorescein-modified primers; this allows for the binding of aptamers to
the beads to be determined by fluorescence emission. The enrichment progress can
then be monitored easily through SELEX rounds, and the selection pressure can be

adjusted accordingly. This offers a safer alternative to radiolabelling, available to most
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molecular biology laboratories [88]. During selection, environmental factors such as
pH, salt concentration, and temperature are highly influential, so the conditions for
selection must mimic those of the in vivo environment to which the aptamer will be
subjected [97]. For example, aptamers are against protein factors important to tumour
metabolism, and it is known that tumour tissue tends to have a lower pH than healthy
tissue [98].

1.9 PCR Amplification

The polymerase chain reaction (PCR) amplifies libraries for the following selection
round. The PCR reaction has several ‘key components’: the DNA polymerase, two
oligonucleotide primers, dNTPs, magnesium ions and reaction buffer [99]. The
primers act as initiators binding to their corresponding sites on the template strand,
facilitating extension via the DNA polymerase. Following amplification to generate
dsDNA, further steps must be performed to re-generate the ssDNA [100].

The use of conventional PCR to amplify ssDNA libraries has been shown to produce
artificial by-products that reduce the efficiency of the process. Studies have broken
down by-products into two specific types: ladder and non-ladder [74]. The ladder-type
by-product is most concerning as PCR can amplify it; ever-longer by-products can be
formed and will eventually dominate the library composition. Therefore, the ladder-
type by-product has the most severe implications for SELEX [74]. PCR cannot amplify
the non-ladder type; thus, it will not be exponentially amplified [74].

While the selection step of SELEX is the primary driver of evolution in the SELEX
process, selection pressure towards genotypes more easily amplified by the DNA
polymerase enzyme is a factor to consider. PCR tends to show a bias towards shorter
and less stable sequences, as well as those for which the polymerase enzyme has a
preference [101]. Conventional PCR typically results in a loss of 50% of the library
diversity within each round, which is a critical factor to the detriment of many SELEX
protocols. The optimisation of PCR parameters is crucial to the development of new
aptamers [102]. Paradoxically, while SELEX aims to isolate aptamers with diverse
secondary structures that bind to the target, complex secondary structures such as
stem-loops and G tetrads create challenges for the PCR stage, preventing efficient
amplification due to their secondary structures [100].
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Strategies to overcome these PCR issues address the parasitic buildup of byproducts;
this is typically done by breaking the PCR reaction down into smaller compartments,
typically done via digital droplet or emulsion PCR. In emulsion PCR, the PCR mixture
is dispersed within an oil-based emulsion as droplets, whereas in digital droplets, the
mixture is divided into tiny droplets within a specialised thermal cycler [101,103]. This
compartmentalisation effectively limits the growth of byproducts by starving them of

more material to accumulate.

1.9.1 Production of ssDNA following PCR.

All the PCR methods discussed amplify ssSDNA to generate dsDNA; therefore, the
SSDNA must be re-generated from the dsDNA prior to further rounds of SELEX [104].
A wide range of alternative methods have been employed for the purification of SSDNA
from dsDNA in SELEX.

A B

Figure 1.10: Regeneration of ssDNA following PCR: A) Separation via streptavidin-
biotin affinity chromatography, 5’ biotinylated dsDNA binds to streptavidin and alkaline denaturation
releases non-biotinylated strand. B) separation via exonuclease digestion, 5’ phosphate on
complimentary strand makes it susceptible to exonuclease digestion.

Streptavidin-biotin affinity chromatography involves the use of a 5’ biotin-labelled PCR
reverse primer. This results in the biotin labelling of the complementary strand, and
the resulting dsDNA is captured by binding to streptavidin-coated beads. The DNA
strands are then separated by alkaline denaturation (NaOH), enabling elution of the
ssDNA, whilst the biotinylated strand remains attached to the streptavidin-coated
beads (see Figure 1.10 A).[105] A primary concern with this method is the potential
for streptavidin to remain in the sample matrix after the separation; this would act as

a secondary selection target in later rounds of SELEX. In addition, PCR by-products
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containing biotin will also be captured, and ssDNA will be regenerated, facilitating the
parasitic growth of PCR byproducts from round to round [106].

Introducing a 5’ phosphate group on the reverse primer in the PCR reaction generates
a 5’ phosphate labelled complementary strand, susceptible to selective degradation
by exonucleases (see Figure 1.10B). This selectivity allows for complete digestion of
the complementary strand with minimal template loss. This approach offers
advantages over the streptavidin/biotin method as no potential selection targets
remain in the matrix [107,108]. Asymmetric PCR involves adjusting the primer ratios
to amplify the desired strand many times more than the complementary strand. While
asymmetric PCR offers an excellent solution to the double-stranded product problem,
there are two significant drawbacks: asymmetric PCR offers an efficiency of 60-70%
compared to regular PCR, and the reaction still generates double-stranded products,
meaning an adequate purification method is still required [109,110].

1.9.2 Sequencing of DNA libraries

DNA sequencing approaches are utilised primarily at two points within a SELEX
protocol, at the start to validate the diversity of the aptamer library and in the later
rounds to examine the sequences of the aptamers being produced. Historically,
sequencing was predominately performed using Sanger-based methods [111]. In the
late 2000s, the advancement of high throughput sequencing technologies gave birth
to next-generation sequencing (NGS) methods, which enabled faster and deeper
insight into the aptamer library as SELEX progressed round to round [112,113]. In
addition, the NGS methods have offered further potential insight into the flaws of
SELEX protocols [114].

These techniques include the Illumina, 454 Roche, and lonTorrent sequencing
platforms, the lllumina being the most widespread [115]. The basic steps of Illlumina
Sequencing involve the addition of adapters (known sequences) to the matrix and their
ligation; this allows the sequences to attach to a synthetic manifold from where
sequencing can take place. Sequences bound to slides and then amplified by bridge
amplification. Fluorescently tagged nucleotides are added to the slide, which binds to
the various amplified gene clusters. The sequence of fluorescent nucleotides will
depend on the gene sequences, so their emission wavelengths can be used to

determine the base sequence [116].
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1.10 Measuring Aptamer Performance
The primary measure of an aptamer's ability to ‘stick’ to a target is its binding affinity,
measured in terms of its equilibrium dissociation constant Kd, defined according to

Equation 1.

Equation 1: Dissociation Constant

Where:

Kd is the dissociation constant.

[A] is the concentration of the unbound aptamer.
[B] is the concentration of the unbound target.

[AB] is the concentration of the aptamer target complex.

The affinity of the aptamer for its target is inversely proportional to the magnitude of
its dissociation constant as Kaq is effectively the ratio of aptamers bound to unbound
ones and thermodynamically related to the Gibbs free energy [117]. Gibbs free energy

and its relation to Kd is shown in Equation 2.

AG = -RTIn(1/Ka) =AH — (TAS)

Equation 2: Relation of Gibbs free energy to the dissociation constant

Where: Kq is the equilibrium dissociation constant; R is the ideal gas constant; AG is
the change in free energy; AH is the change in enthalpy; AS is the change in entropy;

T is the temperature.

Equation 2 shows that the dissociation constant is subject to the influence of several
environmental variables, notably T, temperature, AH enthalpy and AS entropy. In
terms of in vivo performance, this means the dissociation constant of an aptamer is
influenced by the nature of the tissue it is in; salt concentration, temperature and pH
will all play a role. The second key factor of aptamer performance specificity is
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effectively the binding affinity of the aptamer to its target versus background species
and other proteins within the same family. For example, an aptamer where Kq to the

target is << Kq to proteins similar in nature would be specific.

1.11 Methods for measuring aptamer protein binding affinity

Many methods are available for measuring aptamer binding affinity to protein targets;
these can be split into label-based and label-free techniques. Two popular label-free
methods are isothermal titration calorimetry (ITC) and surface plasmon resonance
(SPR) [118]. ITC involves measuring the thermodynamic properties of the interaction
between the aptamer and target through titrations where one species (usually the
protein) is in excess through molar equilibria; the Gibbs free energy is used to calculate
Ka [119].

SPR involves the immobilisation of one of the two species involved in an interaction
on a surface; a solution containing the other species (analyte) is passed over the
immobilised species (the target); as binding occurs, the refractive index of the surface
changes, monitoring this throughout the interaction allows binding strength and
specificity to be determined [120]. Label-based techniques are often partition
coefficient-based and can be done simply using fluorescently tagged aptamers and an
immobilised target or in a more complicated fashion such as shift/separation-based
assays, including gel shift assays capillary electrophoresis and Microscale
thermophoresis [118]. Each technique has advantages and pitfalls, but ultimately,
selecting a technique that suits the Kd range of the selected aptamers is essential. A

summary of some common affinity screening techniques is presented in Table 1.4.
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Table 1.4: Summary of aptamer protein affinity assays:

Method Lower Kd limit  Principle Advantages Citations
Surface 1 pM Refractive index Highly  sensitive, [121,122]
Plasmon changes requiring low

sample volumes
resonance
Isothermal 1nM Heat of binding Highly  sensitive, [123-125]
Titration provides

. stoichiometric

Calorimetry . _

information
Microscale ~1pM-1nM Thermophoretic Highly  sensitive, [126,127]
Thermophoresis mobility low sample

volumes
Enzyme-linked 100 pM Binding-mediated Low-cost reagents, [128,129]
immunosorbent colour change high throughput

screening
Assay
Capillary 1-10 nM Size-dependent Resolution of [124,130]

Electrophoresis electrophoretic shift  different

complexes, low

sample volumes

1.12 Aptamer anti-cancer Therapeutics

Aptamers against human proteins for use as anti-cancer therapeutics are the focus of
this project. However, their uses in a non-medicinal and industrial capacity are broad,
including the detection of cocaine in blood samples, the detection of norovirus in food
products and their use in stationary phases for affinity-based purification
chromatography [131-133].

Aptamers for cancer therapeutics can generally be divided into four categories [134].
Cancer cell adhesion and invasion inhibition are achieved by blocking involved
molecules. E-selectin and P-selectin, mediated adhesion of tumour cells to vascular
endothelium is a pivotal step of metastasis formation; SDA, a DNA aptamer to E/P-
selectin, showed a dissociation constant of 100 nM inhibiting the interaction between

selectin and its ligands [135].

41



Secondly, modulation of the immune system could be deactivated by tumour cells.
Cytotoxic T cell antigen-4 (CTLA-4) is associated with immune system suppression,
RNA aptamers to CTLA-4 inhibited function in vitro and enhanced tumour immunity in
mice [136].

Thirdly, blockage of signalling pathways by inhibiting kinases, phosphatases,
carboxypeptidases, etc., to stop downstream activation and signalling for tumour
growth. The epidermal growth factor receptor (EGFR) has been implicated in the
development of a wide range of human cancers; an RNA aptamer developed by
Esposito et al. binds to EGFR with a binding constant of 10 nM and inhibits tumour
growth in a mouse xenograft model of human non-small-cell lung cancer (NSCLC)
[137].

Fourthly, binding to target proteins is closely connected with tumour development. For
example, Aptamers targeting b-catenin can inhibit multiple oncogenic functions of

target proteins in HCT116 colon cancer cells [138].

1.13 Aptamer cancer drugs in the clinic

Nucleolin, or C23, is one of the most abundant non-ribosomal phosphoproteins of the
nucleolus. However, Nucleolin is highly expressed intracellularly in several cancers
and on the cell surface [139]. AS1411, formerly AGRO100, is an aptamer to nucleolin,
discovered by chance by Bates et al [72]. AS1411 is a 26-mer unmodified guanosine-
rich oligonucleotide, which induces growth inhibition in vitro. It has shown activity
against human tumour xenografts in vivo, and its progression to clinical trials has led
to it being hailed as the most advanced aptamer in cancer therapy, both in vitro and in
vivo [140]. However, AS1411 was later discontinued from phase Il trials for renal cell
carcinoma (RCC) due to limited activity; further evaluation against this type of cancer
has been discontinued [141]. Despite these setbacks, the nuclease-resistant nature of
AS1411’s structure and its ability to enter cancer tissue means that research focusing
on optimizing the structure of AS1411 remains popular [142]. Aside from AS1411, as
of 2023, three anti-cancer aptamers were registered in clinical trials; these are typically
administered in combination with another drug but are not conjugated with it. The
progression of aptamers in clinical trials up to 2023 is summarised in Table 1.5.
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Table 1.5: Anti-cancer aptamers progression in clinical trials up to 2023.[143]

Aptamer Number of trials Target Latest Phase
AS1411 4 Nucleolin 2
EYEOOO1 1 VEGF 1
NOX-Al12 5 CXCL12 2
NOX-H94 1 Hepcidin 2

Aside from direct anti-cancer action, one of the most promising outlooks for aptamers
in cancer treatment is aptamer-conjugates; these broadly come in two forms: aptamer
conjugation to an anti-cancer drug with the hope of increasing a drug specificity or
aptamer conjugation to radiosensitisers to increase the efficiency of radiotherapy
[144]. Aptamer therapeutics are typically administered in vivo via intravenous,
subcutaneous or intravitreal injection; when in the bloodstream, they should migrate
naturally through the body until they reach and bind to the desired target [145]. This is
advantageous when targeting proteins that are naturally overexpressed in cancers
compared to healthy tissue, as it means the aptamers will have a passive selectivity

for tumour tissue due to the higher target concentration.

1.14 Challenges in the Aptamer Field

1.14.1The Thrombin problem

The nature of the thrombin problem is that hundreds of researchers have focused on
studying thrombin aptamers or developing assay methods instead of more clinically
relevant targets [146]. Aptamers have suffered from their success since it is easy to
manipulate DNA to develop interesting detection methods. Aptamers such as the
thrombin aptamer are available cheaply as they can be manufactured on kilogram
scales. It is also much faster to generate publishable research if you have modified a
thrombin aptamer to suit the needs of an experiment than if you have built one from
the ground up via SELEX [146].
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1.14.2Clinical Trial issues

A large phase clinical trial that held great expectations using an anticoagulant aptamer
(RADAR phase 2b clinical trial) showed toxicity in a small fraction of patients.
Unfortunately, this outcome likely discouraged the launch of other clinical trials using
this technology [97]. It is important to highlight that the toxicity observed in this clinical
trial was associated with the pre-existence of antibodies against PEG (polyethene
glycol), a modification included in the anti-coagulant aptamer to enhance its half-life in
serum [97]. While the fact that it was the structural modification that caused the allergic
response may allow this trial data to be dismissed, it is important to remember that
one of the key advantages of aptamers is the ease by which their structure is modified,
indeed in vivo studies of aptamers suggest that modification is necessary to overcome
their shortcomings, what this trial suggests is that modification of aptamers potentially
makes them susceptible to detection by the immune system reducing the numbers of
possible modifications that can be made thus undermining one of the key advantages

of aptamers in the first place.

1.14.3In Vivo Targets: The Medicinal Chemistry Problem

The inhibition route of cancer treatment is simple: a drug must find and bind to the
right target with sufficient affinity to inhibit its ability to aid cancer proliferation.
However, there is a lack of drugs that can marry affinity with specificity. Since the late
19 century, mankind’s ability to utilise organic chemistry for molecular medicine has
improved drastically. However, scientists are left with a significant problem: how do
they design a drug or therapy that selectively binds to specific targets in an aqueous
solution or even better cellular targets such as membrane surface proteins [49]? Cis-
platin was a revolutionary drug when approved in the 1970s; it is an effective killer of
cancer cells but also causes a wide range of side effects, including neural toxicity and
bone marrow suppression [147]. Despite these effects, cis-platin chemotherapy is a
routine cancer treatment. The inability of chemists to marry efficacy with specificity is
in stark contrast to nature, which delivers molecules that bind to targets with

extraordinary affinity and specificity [49].
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1.15 Development of analytical methods for the analysis of mMRNA
therapeutics and dsRNA biocontrols

The regulatory requirements facing clinically approved vaccines are consistent post-
marketing surveillance, particularly quality control in production [148]. Like any other
therapeutic, mMRNA production is governed by good manufacturing practice (GMP),
which, while varying somewhat between regulatory authorities (MHRA or FDA), lays
out strict rules for quality control; GMP production of large quantities of MRNA remains
challenging [15].

In 2022, the United States Pharmacopeia released draft guidelines for mRNA
vaccines, focusing on critical quality attributes, including mRNA identity, purity,
content, and safety [149]. Many issues arise during the IVT production of mMRNA and
its by-products when meeting these attributes. In addition to the leftover DNA template
and reaction components, IVT by-products include truncated mRNA and small
guantities of immunostimulatory dsRNA,; for therapeutic mMRNA to be released, these
by-products must be eliminated [150].

Environmental protection agencies strictly govern the use of pesticides to ensure
quality and minimise the risk of environmental damage and off-target effects on other
organisms; as such, the quality of dsRNA pesticides is held to a stringent standard
[36]. Particularly in the case of dsSRNA expressed in bacterial systems, care must be
taken to remove contaminants and ensure that GMO material is not released into the
environment [151]. For any quality control/assurance process, size and purity are
required to ensure that the dsRNA produced is the correct sequence.

Additionally. products can be sized and identified; this is commonly done by gel
electrophoresis, which, while useful at a glance, lacks actual sized-based resolution
for larger fragments. Additionally, dyes employed in gel electrophoresis are often more
sensitive to double-stranded over single-stranded species, leading to issues with
sensitivity when detecting single-stranded products. Nwokeoji et al. previously
demonstrated that dsRNA could be separated from other RNA products left over from
RNA extraction from E. coli via HPLC [152].

Functional RNAs in the form of vaccines and biocontrols offer medicinal and industrial
solutions to global problems, and their production will only become more critical as we

move forward. The strict regulation of these products requires robust analytical
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methodologies to ensure consistent, high-quality production from batch to batch. A
requirement of these methods must be integrity and impurities analysis, which largely
depends on the size-based separation of a fragment from associated byproducts or

synthetic leftovers.

1.16 Gel electrophoresis

Gel electrophoresis was one of the earliest methods developed for the analysis of
nucleic acids and has been widely employed in molecular biology for the separation
and analysis of DNA and RNA [153]. The nucleic acid fragment migration rate through
the gel is determined by its size as the negatively charged phosphates are attracted
to the positive electrode. Gel electrophoresis has demonstrated accurate sizing of
RNA in the 200 to 6000 nt (nucleotides) in length using a linear relationship between
the logarithm of relative mobility (cm?V-th) and the square root of molecular weight,

but this method is crude. It cannot provide complete purity and integrity analysis [154].

However, gel electrophoresis is somewhat limited, offering only low-resolution
separations of DNA/RNA. For the analysis of RNA, denaturing conditions often need
to be employed, including the use of hazardous chemical denaturants. Like anion
exchange chromatography, Curved DNA fragments have been shown to possess
reduced mobility during gel electrophoresis [155,156]. As migration depends on end-
to-end length, it results in problems in accurately sizing nucleic acids using this

approach [157].

1.17 Capillary Electrophoresis

Capillary electrophoresis (CE) has been demonstrated to be one of the most efficient
separation methods for nucleic acids [158]. Being well suited to the analysis of charged
solutes, it lends itself well to the analysis of highly soluble, multiply-charged nucleic
acids [159]. CE separates fragments based on their migration rates through a capillary
subjected to an electric field; in the case of nucleic acids, their size is directly
proportional to the number of negative charges; therefore, the migration rate should
theoretically be size-dependent [160]. Two CE modes are generally used to analyse
nucleic acids: capillary gel electrophoresis (CGE) and capillary zone electrophoresis
(CZE). The resolving power of CGE is superior to that of CZE and, as such, is more
suited to a size-based assay [160]. A concern with this method is that it is trickier to

couple CE with MS, which may limit its compatibility with techniques such as RNA
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mass mapping, which is of increasing interest in the analysis of mMRNA vaccines
[160,161].

1.18 HPLC

The principles of HPLC are the same as those of paper chromatography, but the
separation is much more efficient. A pump administers a constant mobile phase flow
at pressure through a column containing a packed material of small particles (the
stationary phase). The sample is introduced into HPLC via an injection valve just after
the pump; as the mixture of analytes passes through the column, the affinity of each
analyte for the stationary phase vs its affinity (solubility) for the mobile phase
determines its retention time and thus separates it from other analytes [162]. Following
elution from the column, analytes are detected using various methods. Ultraviolet (UV)
detection is the most common for organic molecules, and this can be coupled with

mass spectrometry to perform a detailed mass analysis of analytes [162].

The use of HPLC for nucleic acid analysis has emerged as a powerful alternative to
conventional methods such as gel electrophoresis. HPLC's superior capabilities
become apparent when identifying, separating, and quantifying nucleic acids. These
advantages include sample automation, fraction collection, and data reporting
functions, which promote higher sample analysis throughput and recovery rates [163].
Various HPLC approaches have been employed for the analysis and purification of
nucleic acids, with ion-pair reverse-phase high-performance liquid chromatography (IP

RP HPLC) and anion exchange chromatography (AEX) being widely used [164].

1.18.1Anion-exchange chromatography

The difference between the isoelectric point of mMRNA (2-2.5) and that of impurities
generated in the IVT process and leftover DNA allows for using AEX chromatography
to separate nucleic acids [154]. The separation mechanism occurs via the interaction
of the positively charged stationary phase with negatively charged analytes; a gradient
of increasing ionic strength causes competition for binding sites [155]. The strength of
the interaction of MRNA molecules with the AEX resin is proportional to their length,
specifically the number of phosphates in their backbone, so of course, mMRNA’s 4000
bases in length will have a much stronger interaction than shorter dsSRNA’s or leftover

NTP’s from the IVT reaction, in real terms this means shorter RNA’s and NTP’s tend
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to give sharp peaks. At the same time, significant band broadening occurs in larger
molecules; this is disadvantageous for mMRNA analysis in particular [156].

The separation principle of anion-exchange chromatography implies that elution order
is determined only by size. However, anion-exchange separation of dsDNA fragments
on various stationary phases has suffered from inversions in retention time as a
function of chain length, preventing its use for accurate-size fragment identification
[168]. Curved DNA fragments, including DNA fragments with poly-A runs, curved
fragments exhibit high AT-rich regions and have been shown to over retain during
anion exchange HPLC through the preferential attachment of the curved DNA to the

ionic groups of the column [169].

1.18.2lon Pair Reversed Phase HPLC

IP RP HPLC has been widely employed to analyse nucleic acids [170,171]. The
development of non-porous alkylated PS DVB by Bonn et al. and commercialised via
Transgenomic, USA, allowed for high-resolution small and large nucleic acid
separations in as little as 10 minutes [172,173]. They demonstrated a significant

increase in resolution compared to conventional porous stationary phases.

The IP RP HPLC mechanism involves using an ion pair reagent, a salt, to mediate
between the hydrophobic stationary phase and the phosphate groups on the backbone
of the nucleic acid (polar molecule). This allows both single and double strands to
interact similarly with the column. The ion pair reagent, typically an alkylammonium
acetate salt such as triethylammonium acetate (TEAA), contains a positively charged
ammonium ion which interacts electrostatically with the phosphate backbone of
nucleic acids and an alkyl chain which binds to the stationary phase (Figure 1.11)
[172].
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Figure 1.11: The ion-pairing mechanism in IP RP HPLC: The amphiphilic nature of
thetriethylammonium ion allows it to facilitate the interaction of negatively charged phosphate groups
on nucleic acids with the hydrophobic stationary phase.

Introducing an organic modifier such as acetonitrile in the secondary mobile or mobile
phase B disrupts this interaction. An increase in the concentration of the organic
results in the elution of oligonucleotides of increasing length to elute from the column.
The primary ion-pairing reagent for nucleic acids is alkylamines, typically a tertiary
alkylamine with a counter ion forming an ammonium salt. Many alkylamines, including
triethyl, hexyl, dibutyl, and tributylamine, are suitable for this mechanism. All
demonstrate different resolutions and retention strengths for nucleic acids of the same

length, which can be attributed to chain alkyl length and water solubility [174].

One crucial advantage of IP RP chromatography over the other HPLC techniques is
the ease with which this technique can be combined with mass spectrometry (MS)
detection. IP RP chromatography with electrospray ionisation mass spectrometry
(ESI-MS) has been used extensively to study single and double-stranded
oligonucleotides and a wide range of ion-pairing reagents have been used for the
interfacing of IP RP HPLC to ESI MS [171,175,176]. In recent studies using IP RP
HPLC to analyse and purify RNA, results have indicated its capability in a wide range
of RNA applications, from the purification of synthetic oligoribonucleotides to the

analysis of more complex RNAs [177-181].
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Dependence of chromatographic retention on fragment size and base sequence

Various biochemical and molecular biological techniques and the manufacturing of
important nucleic acid therapeutics yield complex mixtures of nucleic acids, which
subsequently must be separated and identified. Separation of nucleic acid mixtures
according to size is critical in manufacturing quality control as it allows for the
identification of the product and any by-products left over from production [168]. Other
than size, properties such as shape, conformation, curvature, melting behaviour, and

sequence variations are relevant to the production and purification process [168].
Predicting retention and size of nucleic acids using IP RP HPLC

A key advantage of HPLC is its ability to separate species based on slight differences
in size and physical properties. The ability to accurately size nucleic acid and separate
nucleic acids based on their length has previously been demonstrated in several
studies where models have been established describing the relationship between size
and retention time in ion-pairing systems. Initial models of the relationship between
nucleic acid size and retention time were purely empirical, with statistical relationships
between various independent variables such as organic content, alkyl chain length
and concentration of ion pair reagent used to predict retention based on previous data
alone.[182] In 1995, Huber described retention capacity factor (s), which is calculated
as s k=blog bp + a where k is a capacity factor, bp is the length of dsDNA fragments
(in base pairs), and a and b are constants calculated via least-squares linear
regression analysis. It was found that there is an almost linear correlation between
the capacity factor and logarithm of base pair up to 400-500 bp TEAA on the non-
porous Poly(styrene-divinylbenzene) (PSDVB)-C1s column [183].

In 1998, Huber simplified this model, demonstrating that this separation is size-
dependent to such a high degree by plotting the retention times of 57 DNA fragments
in TEAA against their retention times; the high separation efficiency of this system did
show signs of the influence of sequence composition and structure on retention;
however, it was found that there is a linear relationship between retention time and the
logarithm of length, in base pairs up to 500 bp [168]. The plot from this study is shown
in Figure 1.12
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Figure 1.12: The linear relationship between retention time and the logarithm

of length in base pairs: Taken from Huber et al. 1998, Column, PS-DVB-C18 (2.1 mm, 5034.6-
mm 1.D.); mobile phase, (A) 0.1 M TEAA, pH 7.0, 8% acetonitrile, (B) 0.1 M TEAA, 20% acetonitrile,
pH 7.0; linear-gradient, 0-100% B in 30 min; flow-rate, 1 ml/min; temperature, 50 °C; sample, 57
restriction fragments ranging from 51 to 2176 bp in length.[168]

In 2002, Gilar studied the influence of organic modifiers, establishing the relationship
between the log of the base length of a fragment and the organic concentration
required to elute it [184]. These capacity factor models provide accurate predictions
for retention, but the regression fitting parameters are wholly dependent on the choice
of mobile phase and must be recalculated for any change in the independent variable.
In 2013, Zhang et al. went a step further, developing a model that included the impact
of both column properties and experimental variables; they could independently
calculate dsDNA size based on their retention times, thus improving and accelerating

separations [185].

Understanding the interaction of analytes with a stationary phase is critical for all
techniques discussed in this chapter, but as RP-IP HPLC is the focus of this body of
work, it will only be discussed in this context. When researchers first tried to model the
retention of analytes IP RP HPLC, the models fell into stoichiometric and

electrostatic/nonstoichiometric [186]. Stoichiometric models focus on forming ion pairs
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within the matrix between the analyte and the ion-pairing reagent, in this case, the
nucleic acid phosphate and the alkylamine, thus enabling the retention of the column
[187].

Electrostatic models focus on the binding of the ion pair reagent to the stationary phase
and the subsequent formation of an electric double layer when the analyte interacts
with the now-charged surface [188]. What became apparent is that both these
scenarios seem to co-occur and that the failure of each model class to account for the

other led to inaccurate retention models.

Cecchi et al. combine the two scenarios into one model using a modified Gibbs free

energy equation and derive an equilibrium constant (K) for four scenarios.

Interaction of the ligand binding site with the analyte

e Interaction of the ligand binding site with the ion pair reagent

e Interaction of the ion pair reagent with the analyte

e Simultaneous interaction of the ligand binding site with the ion pair reagent and

the analyte:
Therefore, the analyte's capacity factor is a summary of all these parts [189].

1.19 Summary

Nucleic acids have emerged as effective platforms for solutions to industrial and
therapeutic problems, but each comes with challenges. Rapid quality control methods
are needed for mRNA vaccines and dsRNA biocontrols to meet the demand for batch
production. Due to their similar chemistries, RP IP HPLC is a likely candidate to satisfy
guality control requirements for both platforms, offering a size-based resolution that
allows for the assessment of identity, integrity, and purity. There is already strong
precedent that reverse phase ion pair chromatography can be used to size DNA in the
100-1000 bp range accurately. Can this mode of analysis be used to size functional
RNAs in the form of dsRNA pesticides in the 100-500 bp range and mRNA vaccines
in the 1000-5000 nt range?

Aptamers are incredibly versatile molecules and have been shown to bind to many
targets with high affinity. However, a significant challenge is the lack of a universal,
well-developed SELEX methodology. While the field has advanced much in the last

three decades, its multi-disciplinary nature often means that each target is approached
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differently without well-established protocols. The development of SELEX methods to
protein targets will involve utilising the innovations of the last three decades where
possible. There is ample evidence regarding protein SELEX that a well-designed
SELEX protocol can generate aptamers that show in vitro and in vivo binding. To do
this, the methods employed must take full advantage of recent innovations in SELEX,
such as NGS.

1.20 Thesis Aims and Objectives

The experimental section of this thesis can be divided into two sections with discrete
aims and objectives. The first section aimed to develop an in-house SELEX protocol
to generate high-affinity aptamers to a protein target Melanoma differentiation-
associated gene-9 (MDA-9)/Syntenin-1. Chapter 3 focuses on the development and
optimisation of a SELEX protocol for the generation of ssSDNA aptamers. Following
optimisation of the ssDNA library design and PCR amplification conditions, novel IP
RP HPLC methods were developed to purify sSDNA.

Chapter 4 utilised the developed IP RP HPLC method to generate ssDNA as part of a
SELEX protocol to generate ssDNA aptamers against a target protein. Following
development and changes to the SELEX protocol, SELEX was successfully used with
next-generation sequencing methods to identify potential sSDNA aptamers, which
were screened for affinity to the target using ITC.

The project's second phase involved developing and applying IP RP HPLC to analyse
dsRNA biocontrols and mRNA therapeutics. Chapter 5 focused on two crucial
emerging classes of nucleic acids: dsRNA biocontrols and mRNA therapeutics.
Developing and applying novel analytical methods for characterising and analysing
dsRNA biocontrols and mRNA therapeutics is a significant challenge. IP RP HPLC
methods using various ion-pair reagents were assessed for the accurate sizing and
analysis of dsRNA biocontrols and mRNA therapeutics. HPLC separations were

performed on monolithic and macro-porous PS DVB stationary phases.
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2 Chapter 2 Materials and Methods

2.1 Chemical Reagents
Unless specified, all chemical reagents and solvents were purchased from Sigma-
Aldrich, Thermo Fisher, Pharmacia, Promega, Qiagen, Bio-Rad, Invitrogen and New

England Biolabs.

2.2 PCR

PCR reactions were performed in a final volume of 50 pl using a Techne Prime thermal
cycler. Standard PCR conditions used to amplify the DNA are shown in Tables 2.1
and 2.2. Variations of the standard PCR conditions are described in the relevant

chapters. Taq polymerase was sourced from New England Biolabs.

Table 2.1: PCR conditions for initial PCR amplification.

Component Desired Concentration Volume Required pl

(25 pl reaction)

dNTP mix 0.2 mM 0.5
PCR buffer 1x 5
Forward Primer 250 nM 0.625
Reverse Primer 250 nM 0.625
MgCl2 1.5 mM 2
Taq polymerase 0.1 u/ul 0.5
Template DNA 1 ng/ 1
H20 N/a 14.75

Table 2.2: PCR cycles for initial amplification

Phase Temperature °C Time (s)
Denaturation 95 30
Annealing 47 30
Extension 72 30

Initial Denaturation 95 60

Final Extension 72 300
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2.3 DNA purification

Ethanol precipitation

Following PCR, dsDNA was resuspended in a final volume of 300 ul HPLC grade
water, and 300 pl of phenol-chloroform solution (Sigma Aldrich) was added. The
solution was vortexed at 13000 rpm for 5 minutes, and the aqueous fraction was
removed and mixed with two volumes of ice-cold ethanol, 1 ul of glycogen was
added, and the solution was cooled at -20 °C for 4 hours. The solution was
centrifuged at 13,000 rpm for 5 minutes, and the pellet was washed twice with 300 pl
of a 70% ethanol solution before re-suspension in H20. For the precipitation of
ssDNA from the HPLC, the above procedure was performed without adding phenol-

chloroform.
Silica magnetic bead clean-up

DNA was mixed with 2X volumes of 5 M guanidinium chloride in 90% ethanol (v/v)
and 50 pl of silica magnetic beads (Dynabeads, Thermo Scientific) for 15 minutes on
a gentle rocker; beads were removed from the solution via magnetic separation and
washed twice with 80% ethanol (v/v). The beads were then dried in a 37 °C

incubator, and the DNA was eluted in HPLC-grade water.
Freeze drying

The eluted fractions were frozen at -80°C and freeze-dried overnight at -120 °C.
Following lyophilisation, the sample was resuspended in 500 pl of HPLC-grade
water. DNA fractions were dried using vacuum centrifugation at 60 °C until dry and

resuspended in 500 pl of HPLC grade water.

2.4 ssDNA re-generation

2.4.1 Exonuclease digestion
One pg of ds PCR product was made up to 100 pl with H20, 10 pl Lambda
exonuclease reaction buffer (10x) and 2 pl (5 units) of Lambda exonuclease (New

England Biolabs). Digestion was carried out at 37 °C in a Techne thermocycler for a
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time defined by the experiment. Following digestion, heat activation occurred at 75 °C
for 10 minutes.

2.4.2 Purification of ssDNA using streptavidin magnetic beads

Table 2.3: Composition of purification buffers

Buffer Composition

Binding/Wash buffer 10 mM Tris-HCI (pH 7.5), 1 mM EDTA
2 M NacCl

Elution Buffer 0.15 M NaOH

The desired volume of magnetic beads was added to a 1.5 ml Eppendorf tube and
washed three times with 2X binding buffer, beads were then resuspended in 2X
binding buffer, and an equal volume of the biotinylated PCR product beads were
incubated for 15 min at room temperature using gentle rotation. Beads were separated
from the supernatant with a magnet; the supernatant was discarded. Beads were
washed once with 1X binding/wash buffer. Beads were resuspended in 50 pl of 0.15
M NaOH and incubated at room temperature for 10 minutes with gentle shaking. The
magnetic particles were captured using a magnet, and the supernatant was removed

and neutralised by adding 5 yl 1.5 M HCI; the elution was repeated twice.

25 HPLC

Samples were analysed by IP-RP-HPLC on a Vanquish HPLC (ThermoFisher), Agilent
1100 HPLC or a U3000 (ThermoFisher), consisting of a degasser, pump, autosampler,
column oven, and UV detector. The chromatography software used was Chromeleon

versions 6.8 and 7.3 Dionex Corporation.
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2.5.1 HPLC columns

Table 2.4: HPLC columns for oligonucleotide analysis

Mode Manufacturer Dimensions Stationary Particle
of Analysis phase size um
Weak IP Thermo 100 mm x 2.1 DNApac 8
(HPLC flow) cm

Weak IP Thermo 0.1 mm x 5.0 PSDVB Monolith
(Capillary flow) cm (Polystyrene

Divinylbenzene)
Strong IP  Thermo 0.1 mm x 5.0 PSDVB Monolith
(Capillary flow cm (Polystyrene

Divinylbenzene)

2.5.2 HPLC Buffers

Triethylammonium  acetate  (TEAA, Sigma-Aldrich), triethylamine (TEA,
ThermoFisher), Tributylamine (TBA, Acros Organics), acetonitrile and water (HPLC
grade, Fisher Scientific), 1,1,1,3,3,3,-Hexafluoro-2-propanol (HFIP, Sigma-Aldrich).
Glacial acetic acid, combined with tributylamine (TBA) to prepare tributylammonium
acetate (TBAA), was sourced from VWR. All oligonucleotides were synthesised by
Eurofins, GeneWiz or IDT. SELEX library was sourced from IDT. For MS analysis,
acetonitrile and water (UHPLC MS grade, ThermoFisher) and 1,1,1,3,3,3,-
Hexafluoro-2-propanol LC-MS grade (99.9% ThermoFisher) were used. TBAA stock
(100 mM) was prepared by combining 6 ml tributylamine (Acros organics) with 1.5 ml
glacial acetic acid (VWR) and made up to 250 ml with 225 ml ACN and 17.5 ml water.

2.5.3 HPLC Gradients

Gradient 1: Mobile phase A 0.1 M TEAA pH 7.0; Mobile phase B 0.1 M TEAA, pH
7.0 containing 25% acetonitrile. Gradient starting at 10% buffer B for 2 minutes,
followed by a non-linear extension (curve 3) to 100% buffer B over 18 minutes at a

flow rate of 0.6 ml/min at 40 °C.

Gradient 2: Mobhile Phase A: TBAA 5 mM 10% acetonitrile. Mobile Phase B: TBAA 5

mM 80% acetonitrile. Gradient starting at 5% buffer B for 2 minutes, followed by a
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non-linear extension (curve 3) of 40% buffer B over 15 minutes, then extended to
100% buffer B over 2.5 minutes at a flow rate of 2.2 pl/min at 50 °C.

Gradient 3: Mobile phase A 0.1 M TEAA pH 7.0; Mobile phase B 0.1 M TEAA, pH
7.0 containing 25% acetonitrile. Gradient starting at 35% buffer B for 2 minutes,
followed by a non-linear extension (curve 2) to 80% buffer B over 18 minutes, then

extended to 100% buffer B over 5 minutes at a flow rate of 0.6 ml/min at 40 °C.

Gradient 4: Mobile Phase A: 0.2% TEA, 50 mM HFIP. Mobile Phase B: 0.2% TEA,
50 mM HFIP, 20% acetonitrile. Gradient starting at 10% buffer B followed by a non-
linear extension (curve 2) to 100% buffer B over 18 minutes, then extend to 100%

Buffer B over 5 minutes at a flow rate of 0.2 ml/min at 30 or 95 °C.

Gradient 5: Mobile Phase A: 0.1 M TEAA 50 mM HFIP. Mobile Phase B: 0.1 M
TEAA, 50 mM HFIP, 25% acetonitrile. Gradient starting at 35% buffer B for 2
minutes, followed by a linear extension to 80% buffer B over 10 minutes, then
extended to 100% buffer B over 5 minutes at a flow rate of 0.6 ml/min at 80 °C.

Gradient 6: Mobile Phase A: 0.1 M TEAA 50 mM HFIP. Mobile Phase B: 0.1 M TEAA
50 mM HFIP 25% acetonitrile. Gradient starting at 25% buffer B for 2 minutes,
followed by a linear extension to 80% buffer B over 22 minutes, then extended to

100% buffer B over 5 minutes at a flow rate of 0.3 ml/min at 80 °C.

Gradient 7: Mobile Phase A: TBAA 5 mM 10% acetonitrile. Mobile Phase B: TBAA 5
mM 80% acetonitrile. Gradient starting at 20% buffer B for 1 minute, followed by a
linear extension to 30% buffer B over 1 minute, followed by a linear extension to 60%
buffer B over 13 minutes, then extended to 90% buffer B over 2.5 minutes at a flow
rate of 2.2 pl/min at 40 °C.

Gradient 8: Mobile phase A 0.1 M TEAA pH 7.0; Mobile phase B 0.1 M TEAA, pH 7.0
containing 25% acetonitrile. Gradient starting at 25% buffer B for one minute, followed
by a non-linear extension (curve 3) to 72.5% buffer B over 16 minutes at a 2.2 pl/min

flow rate.

Gradient 9: Mobile phase A 0.1 M TEAA pH 7.0; Mobile phase B 0.1 M TEAA, pH 7.0
containing 25% acetonitrile. Gradient starting at 30% buffer B for one minute, followed

by a non-linear extension (curve 2) to 48% buffer B over 15 minutes, followed by a
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non-linear extension (curve 2) to 65% buffer B over 5 minutes at a flow rate of 0.3
ml/min at 95 °C

Gradient 10: Mobile phase A: 15 mM DBAA; Mobile phase B: 15 mM DBAA containing
50% acetonitrile. Gradient starting at 45% buffer B for one minute, followed by a linear
extension to 55% buffer B over one minute, followed by a linear extension to extension

to 80% buffer B over 13 minutes at a flow rate of 2.2 pl/min at 50 °C

Gradient 11: Mobile phase A: 15 mM DBAA, mobile phase B: 15 mM DBAA containing
50% acetonitrile. Gradient starting at 40% buffer B for one minute, followed by a linear
extension to 50% buffer B over one minute, followed by a linear extension to 75%

buffer B over thirteen minutes, at a flow rate of 2.2 pl/min at 75 °C.

Gradient 12: Mobile phase A: 15 mM DBAA 50 mM HFIP, mobile phase B 15 mM
DBAA 50 mM HFIP containing 50% acetonitrile. Gradient starting at 20% buffer B for
5 minutes, followed by a non-linear extension to 85% buffer B over 17 minutes at a
flow rate of 2.2 pl/min at 50 °C

Gradient 13: Mobile phase A: TBAA 5 mM containing 10% acetonitrile. Mobile Phase
B: TBAA 5 mM containing 80% acetonitrile. Gradient starting at 35% buffer B for 5
minutes, followed by a non-linear extension (curve 3) to 65% buffer B over 14 minutes

at a flow rate of 2.2 pl/min at 50 °C.

Gradient 14: Mobile phase A: TBAA 5 mM containing 10% acetonitrile. Mobile Phase
B: TBAA 5 mM containing 80% acetonitrile. Gradient starting at 15% buffer B for 5
minutes, followed by a non-linear extension (curve 2) to 60% buffer B over 14 minutes

at a flow rate of 2.2 pl/min at 75 °C.

Gradient 15: Mobile phase A 0.1 M TEAA pH 7.0; Mobile phase B 0.1 M TEAA, pH 7.0
containing 25% acetonitrile. Gradient starting at 35% B for one minute following a non-
linear extension (curve 2) to 57.5% B over 21 minutes at a flow rate of 0.25 ml/min 50
°C.

Gradient 16: Mobile phase A 0.1 M TEAA pH 7.0; Mobile phase B 0.1 M TEAA, pH 7.0
containing 25% acetonitrile. Gradient starting at 35% B for one minute following a non-
linear extension (curve 2) to 52.5% B over 23 minutes at a flow rate of 0.25 ml/min 95
°C.
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Gradient 17: Mobile phase A: 15 mM DBAA, mobile phase B: 15 mM DBAA containing
50% acetonitrile. Gradient starting at 40% B for five minutes, followed by a non-linear

extension (curve 3) to 80% B over 15 minutes at a flow rate of 2.2 pl/min at 50 °C.

Gradient 18: Mobile phase A: 15 mM DBAA, mobile phase B: 15 mM DBAA containing
50% acetonitrile. Gradient starting at 40% B for five minutes, followed by a non-linear

extension (curve 3) to 80% B over 15 minutes at a flow rate of 2.2 pl/min at 75 °C.

Gradient 19: Mobile phase A: TBAA 5 mM containing 10% acetonitrile. Mobile Phase
B: TBAA 5 mM containing 80% acetonitrile. Gradient starting at 40% B for 1 minute,
followed by a non-linear extension (curve 3) to 65% B over 17.5 minutes at a flow rate
of 2.2 pl/min at 50 °C.

Gradient 20: Mobile phase A: TBAA 5 mM containing 10% acetonitrile. Mobile Phase
B: TBAA 5 mM containing 80% acetonitrile. Gradient starting at 40% B for 1 followed
by a non-linear extension (curve 3) to 65% B over 21 minutes at a flow rate of 2.2
pl/min at 75 °C.

2.6 Gel Electrophoresis Analysis

2.6.1 Agarose gel electrophoresis

Agarose gels were prepared within a concentration of 3-4% with Ultrapro Agarose
(molecular biology grade, Appleton) for analysis of oligonucleotides. Gels were run in
a Bio-Rad gel tank in 1 x TAE buffer (Sigma Aldrich) at 100 mv for 45 minutes. Midori
green direct dye (Nippon Genetics) was used for staining. 1 pl of Midori green dye
was added to 4 ul of sample and 1 ul of Midori green dye. The gels were visualised in

a blue light illuminator.

2.6.2 SDS PAGE gel electrophoresis
Proteins were denatured at 95 °C in mercaptoethanol and flash-cooled on ice before
SDS PAGE gel electrophoresis, 6% stacking gel, and 12% resolving gel. Gels were

stained with Coomassie Blue (Thermo Fisher).
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Table 2.5: SDS PAGE gel mix composition

Component (7cm x 7cm x 0.75ml)

6% stacking Gel

12% Resolving Gel

MilliQ Water

40% Acrylamide/bis acrylamide (5%
bis)

0.5M Tris-HCI pH6.3, 0.4% SDS
1.5M Tris-HCI pH8.8, 0.4% SDS
10% ammonium persulphate

Tetramethyl ethylenediamine

1.64ml
562 pl

375 l

37.5 pl
7.5 pl

2.44ml|

1.25ml

1.25ml
50ul
10ul

2.7 SELEX
2.7.1 SELEX buffers

Table 2.6: SELEX Binding/Wash Buffer Composition

Component

Concentration

Sodium Chloride
Potassium Chloride
Magnesium chloride
Calcium Chloride
Tris HCL

140 mM

2mM

5SmM

2mM

20 mM (pH 7.6)

2.7.2 Conventional SELEX protocol

Table 2.7: Conventional SELEX, bead volume, library mass and incubation time,

round-by-round

Round number Bead volume pl Library mass ug Incubation time

min
1 240 74.0 90
2 20 12.0 75
3 24 15.0 75
4 4.9 60
5 5.0 60
6 5.3 5.0 60
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NS

30
5.3
1.64

6.0
5.5
2.0

45
45
45

Table 2.8: Conventional SELEX, Library: MDA-9 molar ratios, round by round

Round Number Library nmol MDA-9 nmol Molar Ratio (Lib:
(approximate) MDA-9)
1 3 3 1
2 0.5 0.25 2
3 0.6 0.3 2
4 0.2 0.1 2
5 0.2 0.1 2
6 0.2 0.067 3
7 0.225 0.067 3
8 0.08 0.02 4

Table 2.9: Conventional SELEX, washes and PCR cycles, round-by-round

Round Number Washes Wash Time PCR Cycles

1 1 8
2 1 18
3 1 7.5 15
4 1 10 12
5 1 15 12
6 1 20 10
7 1 25

8 1 30 6
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2.7.3 Low amplification SELEX protocol

Table 2.10: Low amplification SELEX, bead volume, library mass and incubation
time, round-by-round

Round number Bead volume pl Library mass ug Incubation time
1 214 400 90
2 40 2.5 75
3 40 0.6 60
NS 32 3.8 30
12 3.6 60
7.2 55 45
4.0 6.2 45

Table 2.11: Low amplification SELEX, Library: MDA-9 molar ratios, round by
round

Round Number Library nmol MDA-9 nmol Ratio (Lib: MDA-

9)

1 16 2.67 6

2 0.1 0.5 0.2

3 0.025 0.5 0.05

4 0.15 0.15 1

5 0.225 0.09 2.5

6 0.25 0.05 5

Table 2.12: Low amplification SELEX, washes and PCR cycles, round-by-round

Round Number Washes Wash Time PCR Cycles
1 1 5 0
2 1 0
3 1 12
4 2 10 12
5 2 20 12
6 3 30 8
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1.1 Quantification of Oligonucleotides

Quantification of nucleotides was carried out on a Thermo Scientific NanoDrop
2000/2000c¢ Spectrophotometer at 260 nm.

2.8 List of Oligonucleotides

Table 2.13: List of oligonucleotides used in PCR

Name Length (bp) Sequence 5-3’ Modification Manufacturer
PC1 20 TATATACTGAGCGCATATAT 5’ Phosphate GENEWIZ
PC2 20 TATATACTGAGCGCATATAT 5’ Biotin GENEWIZ
PC3 20 ATATATGACTCGGGTATATA N/a GENEWIZ
PC4 80 ATATATGACTCGGGTATATA-(N40)-ATAT N/a IDT

ATGCGCTCAGTATATA
PC5 20 TATATACTGAGCGCATATAT 5’12 C Spacer Eurofins
PC6 20 TATATACTGAGCGCATATAT 5’ Texas red Eurofins
PC7 20 ATATATGACTCGGGTATATA 5’ Texas red Eurofins
PC8 20 TATATACTGAGCGCATATAT Phosphorthioate Eurofins
PC9 80 ATATATGACTCGGGT N/a Eurofins
ATATAATGGTCCTAATAGCCCTATAGGTA
CACTGACTATAGGCCGATATATGCGCTCA
GTATATA
PC10 80 GTCTATATGATCTGTAACTCATGGTCCTAA N/a EUfOfinS
TAGCCCTATAGGTACACTGACTAT
AGGCCGCCAGCAGTGAGTCATCAGAT
PC11 20 GTCTATATGATCTGTAACTC N/a EUfOfinS
PC12 20 ATCTGATGACTCACTGCTGG N/a Euroflns
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2.9 Mass spectrometry

2.9.1 Instrument Methods and Data Acquisition: Oligonucleotides

Mass spectrometry analysis was performed using an Orbitrap Exploris 240 mass
spectrometer (Thermo Fisher) in negative ion mode. Instrument operation was
carried out using Thermo Scientific Tune and XCalibur software. Data acquisition
was performed using data-dependent acquisition in full-scan negative mode,
scanning from 450 to 3000 m/z, with an MS1 resolution of 240 000 and a normalised
automatic gain control (AGC) target of 300%. Intact mass analysis and
deconvolution were performed using the “Xtract deconvolution” algorithm within
Freestyle software (Thermo Fisher). Deconvolution was performed with the software
considering negative charges and the nucleotide isotope table. Mass accuracy
calibration is performed weekly on this instrument; additionally, mass accuracy was
determined on the day using a 36-base oligo with a mass error of -13.569 ppm.

2.10 Microbial Cell Culture

2.10.1Media
LB Broth: 25 g LB broth, miller (Sigma-Aldrich) was dissolved in 1 L deionised water

and sterilised via autoclave (121 °C for 15 mins at 15 psi).

LB Plates (ampicillin): 40 g LB broth, miller, with agar (Sigma-Aldrich) was dissolved
in 1 L deionised water and sterilised via autoclave (121 °C for 15 mins at 15 psi),
following cooling, but prior to the agar setting, ampicillin was added to a final

concentration of 100 mg/L.

2.11 E. coli transformation

E. coli DH5a cells were used for plasmid cloning, and BL21 cells for MDA-9
expression. Competent cells were prepared using a Zymo ® Mix and Go kit. Briefly,
0.5 ml of E. coli liquid culture (grown overnight) was used to inoculate 50 ml of
ZymoBroth™ in a 500 ml culture flask. The flask was shaken at 250 rpm until it reached
an OD 0.6 (600 nm). The culture was transferred to ice and, following 10 minutes of
cooling was pelleted via centrifugation at 2,500 xg for 10 minutes at 4 °C. The

supernatant was removed, and the cells were resuspended in 5 ml ice-cold Zymo
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wash buffer. The cells were re-pelleted and resuspended in 5 ml ice-cold 1x competent
buffer, divided into 0.2 ml fractions and stored at -80 °C before transformation.

A 0.2 ml aliquot of competent cells prepared in section 2.11 was thawed on ice; 5 ng
of plasmid DNA was made up to a 5 pl volume of deionised water and added to the
cells on ice. Mixing was done by gentle tapping followed by incubation for 30 minutes.
The cells were heat shocked for 30 seconds at 42 °C on a hot plate and then
immediately placed on ice for 5 minutes. 250 ml of SOC medium (ThermoFisher) was
pre-warmed and added to the cells; the cells were then shaken at 225 rpm at 37 °C in
a shaking incubator. Ampicillin plates were inoculated with the cells with an additional

negative control inoculated with SOC medium and incubated at 37 °C overnight.

A single colony was taken from a freshly incubated plate and used to inoculate 5 ml of
LB media containing 100 ug/ml ampicillin; the media was then incubated in a culture
tube at 37 °C for 12 hr with shaking at 250 rpm. Following outgrowth, 2 ml of this
culture was used to inoculate 50 ml of LB media in a culture flask containing 100 pg/ml
ampicillin (2% inoculum). The culture was incubated until it reached OD 0.6 (600 nm),
and the plasmid was either extracted (DH5-a) or the culture was used for protein

expression (BL21).

2.11.1Plasmid DNA Extraction

Plasmid DNA extraction was carried out using a Qiagen miniprep kit; briefly, the cell
culture was spun down and pelleted at 6800 xg in a benchtop centrifuge for 3 minutes
at room temperature. The pelleted cells were resuspended in 250 pl buffer P1 and
mixed with 250 pL buffer P2. Resuspend pelleted bacterial cells in 250 ul Buffer P1
and transfer to a microcentrifuge tube. 350 pl of buffer N3 was added and mixed via
inverting six times prior to centrifugation at 17,900 xg for 10 minutes. The supernatant
was applied to a QlAprep spin column and centrifuged for 60 seconds. The flow-
through was discarded, and washes were performed with buffers PB and PE. To elute

the plasmid, 50 ul of buffer EB was added and centrifuged for 1 min.

2.11.2Restriction digests

Restriction digests were performed with either Sphl, Xbal (New England Biolabs) or a
combination of the two; 1 pug of plasmid was digested in each reaction in 50 pl of 1x
Cut smart buffer (New England Biolabs) containing ten units of enzyme 37 °C for 1

hour.
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2.12 MDA-9 Expression

The petl51/MDA-9 plasmid was transformed into BL21 E. coli as described in 2.11
and grown on an ampicillin plate overnight at 37 °C. A single colony was taken and
used to inoculate 5 ml of LB media containing 100 pg/ml ampicillin; the media was
then incubated in a culture tube at 37 °C for 12 hr with shaking at 250 rpm. Following
outgrowth, 2 ml of this culture was used to inoculate 50 ml of LB media in a culture

flask containing 100 pg/ml ampicillin (2% inoculum).

Following overnight growth of a 50 ml BL21 culture, 1 ml of culture was used to
inoculate 100 ml of LB media containing 100 pg/ml ampicillin (1% inoculum). The cells
were grown to OD 0.6 (600 nm) and induced with IPTG (1 mM) before incubation at
37 °C for four hours. Following induction, cells were centrifuged at 8000 xg for 10
minutes, and the supernatant was removed. Cell pellets were frozen at -80 °C prior to

further use.

2.12.1Cell lysis

Cell pellets were made up to 50 ml in deionised water containing 10 % glycerol,
protease inhibitors (Roche) and lysozyme to a concentration of 1 mg/ml. The cells
were warmed to 37 °C, frozen at -80 °C and thawed at 37 °C. The freeze-thaw was
repeated once; the cells were centrifuged at 8000 xg for 10 minutes, and the

supernatant was divided into 2 ml quantities and frozen at -80 °C for further use.

2.12.2Protein purification: HisPur™ Ni-NTA Resin

Table 2.14: Protein purification buffers

Buffer Components

20 mM sodium phosphate

Equilibration 300 mM sodium chloride
10 mM imidazole

20 mM sodium phosphate

Wash 300 mM sodium chloride
25 mM imidazole

20 mM sodium phosphate

Elution 300 mM sodium chloride

250 mM imidazole
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To prepare for binding, 1 ml of Ni-NTA resin (Thermo Fisher) was added to a 15 ml
falcon tube. The tube was centrifuged for 2 minutes at 700 xg, and the supernatant
was removed. Two resin bed volumes of equilibration buffer were added, and the resin
was resuspended. Centrifugation was repeated, and the supernatant was removed.
Following preparation, 5 ml of cell lysate was made up with an equal volume of
equilibration buffer and incubated with the resin for 30 minutes with gentle rotation.
Following incubation, the tube was centrifuged, and the supernatant was removed.
Two 5ml washes were carried out with wash buffer for 5 minutes, followed by

centrifugation and supernatant removal.

One volume of elution buffer was incubated with the resin for 2 minutes with gentle
shaking to elute MDA-9. The tube was centrifuged, the supernatant was collected, and
the elution was repeated twice. Prior to further use, the protein was dialysed against
an appropriate buffer to remove imidazole using D-Tubes™ (Merck Millipore)

2.12.3Protein-magnetic bead binding for SELEX

For in vitro selection, purified MDA-9 fractions were bound to HisPur™ Ni-NTA
Magnetic Beads (Thermo Scientific). The buffers for each stage were the same as in
Table 2.14. The binding proceeded per the manufacturers' instructions; 300 pl of
beads were placed into an Eppendorf tube, followed by an initial wash with 500 pl of
equilibration buffer. 1 ml of purified protein fraction, dialysed against the equilibration
buffer, was incubated with the beads for 30 minutes. Following binding, the unbound
MDA-9 was removed and the beads were stored in 300 ul of buffer (to maintain bead
concentration). A small fraction of beads was taken (40 pl), and the protein was eluted

in two aliquots of 50 ul elution buffer for quantification.

2.12.4Protein quantification

Quantification of MDA-9 eluted from Ni-NTA beads was carried out using a NanoDrop
2000/2000c Spectrophotometer (Thermo Scientific) at 280 nm prior to accurate
guantification via Bradford assay, using a TEECAN plate reader at 595 nm. A range
of concentrations of Bovine serum albumin (BSA, Sigma Aldrich, see Table 2.15) were
used to generate a seven-point standard curve. The beads were calculated to have a
binding capacity of 0.5 pg/pl of bead suspension for MDA-9. Bradford reagent was

sourced from Bio-Rad.
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Table 2.15: Bradford Assay standard solution concentrations

Solution Number BSA Concentration (ug/ml)
Stock 1500
1 0
0.75
1.5
2.25
3
3.75
4.5
5.25

o N o o~ WD

2.13 Proteomic analysis

2.13.1Reduction, Alkylation and Tryptic digestion

Using a clean scalpel, MDA-9 bands were excised from a stained SDS PAGE gel, cut
into 1 mm? cubes and stored in an Eppendorf tube. They were suspended in 750 pl of
deionised water to destain the cubes before adding 750 pl 200 mM ammonium
carbonate /40% v/iv ACN. The tube was vortexed and incubated at 37 °C for five
minutes. The solution was replaced, and incubation was repeated until the cubes were
destained. The gel pieces were dehydrated by adding 750 ul ACN. Reduction and
alkylation was performed by adding 20 ul of 10 mM dithiothreitol (Sigma-Aldrich) in
100 mM ammonium carbonate and incubated for 45 minutes at 56 °C. The
dithiothreitol solution was discarded, and 20 ul of 55 mM iodoacetamide in 100 mM
ammonium carbonate was added prior to incubation on ice in darkness for 20 minutes.
Following this, 20 ul of 10 mM dithiothreitol in 100 mM ammonium carbonate was
added to quench the alkylation reaction and the supernatant was removed. The gel
pieces were then dehydrated with ACN and stored. The gel pieces were rehydrated
with water before digestion with 50 pl of 5 ng/ pl trypsin solution (Sigma-Aldrich) in 50
mM ammonium carbonate and 1% Protease Max overnight at 37 °C. Following tryptic

digest, the peptide solution was removed before mass spectrometry analysis.

Mass Spectrometry- Peptide Analysis
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LC-MS/MS analysis using nano-flow liquid chromatography (U3000 RSLCnano,
Thermo Scientific) coupled to a hybrid quadrupole-orbitrap mass spectrometer (Q
Exactive HF, Thermo Scientific). Peptides were separated on an Easy-Spray C18
column (75 um x 50 cm) using a 2-step gradient from 3% solvent A (0.1% formic acid
in water) to 50% solvent B (0.1% formic acid in 80% acetonitrile) over 30 minutes at
300 nL min-1, 40 °C. The mass spectrometer was programmed for data-dependent
acquisition with 10 product ion scans (resolution 30,000, automatic gain control 1e5,
maximum injection time 60 ms, isolation window 1.2 Th, normalised collision energy
27, intensity threshold 3.3e4) per full MS scan (resolution 120,000, automatic gain

control 1e6, maximum injection time 60 ms) with a 20 second exclusion time.

Data was searched using MASCOT v 2.5.0 using E. coli database 03032022
(Uniprot), including the MDA-9 sequence. Search parameters “tryptic enzyme* with a
specificity of up to three one cleavages, variable modification of methionine residue
oxidation and carbamidomethylation of cysteine residues. The databases were
searched peptide tolerance = 0.1 Da, MS/MS tolerance = 0.1 ppm Da and peptide
charge 2+, 3+ and 4+). A false discovery rate filter was not applied.

2.14 Isothermal Titration Calorimetry

2.14.1Binding buffers

Table 2.16: BSA aptamer ITC buffer composition

Component Concentration
Sodium Chloride 100 mM
Magnesium Chloride 2 mM
Potassium Chloride 5mM

Tris HCI 20 mM (pH 7.6)
Tween 20 1% viv
Glycerol 10% viv

Table 2.17: Thrombin Aptamer ITC buffer composition

Component Concentration
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Sodium Chloride 140 mM

Potassium Chloride 5mM

Calcium Chloride 1 mM
Tris-acetate 20 mM (pH 7.6)
Glycerol 10% v/v

Table 2.18: MDA-9 ITC buffer composition

Component Concentration
Sodium Chloride 140 mM
Potassium Chloride 2 mM
Magnesium chloride 5mM

Calcium Chloride 2mM

Tris HCL 20 mM (pH 7.6)

2.14.2 ITC method

ITC experiments were run using TA instruments Nano ITC. All aptamers were heated
to 95 °C in the appropriate buffer and then flash-cooled on ice for ten minutes; this
ensures the denaturation of secondary structures. The samples were then degassed
using the degasser associated with the Nano ITC. The desired volume of sample was
injected into the ITC chamber; the titrant was loaded into the 50 ul syringe, which was

screwed into the burette and installed above the sample chamber.

Each titration consisted of a five-minute equilibration followed by an initial purge
injection of 0.2 yl and 19 successive injections of 1.82-2.39 pl (depending on titration)
with a spacing of 180 sec between each injection. The sample chamber was heated
to 25 °C or 37 °C, depending on the titration and stirred at 300 rpm. The raw data was
first corrected for the dilution heat of the ligand (calculated as the mean injection heats
of the last five injections) and then analysed with the Nano analyse software (TA

instruments); the isotherms were fitted with a single-site binding model.
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3 Chapter 3 Development and optimisation of critical
steps in SELEX

3.1 Abstract

Critical steps in the production of DNA aptamers via SELEX include the amplification
of ssDNA following in vitro selection and the generation of ssSDNA from the resulting
dsDNA. Several caveats are associated with current sSDNA amplification and re-
generation methods, which can lower the success rates of SELEX experiments. They
often result in low yields, thereby decreasing diversity or failing to eliminate parasitic
PCR by-products, accumulating by-products from round to round. Both contribute to

the failure of SELEX protocols.

In this chapter, the aim was to optimise each of the critical steps of the SELEX method
before implementing the optimised SELEX method to generate ssDNA aptamers in
future work. In part A of this chapter, library design was informed via extensive
literature research, and PCR conditions were optimised to prevent the formation of
PCR by-products. Following the optimization of the library design in conjunction with
PCR conditions, a comparison was performed between an alternative library design
and PCR conditions from the literature. The optimised PCR method from this study
generated higher-quality PCR products without the presence of by-products observed

in the PCR conditions from the literature.

In part B, 5’ chemical modifications on PCR primers were used to amplify PCR
fragments before separating and purifying the DNA strands using denaturing IP RP
HPLC. This novel method offers significant advantages over existing methods for the
rapid generation and purification of sSDNA of the correct size and offers the
opportunity to improve the development of new aptamers via SELEX. The results
show that using a 5’ Texas Red modification on the reverse primer in the PCR stage
enabled purification of the ssDNA from its complementary strand via IP RP HPLC
under denaturing conditions. Following lyophilisation, sSDNA yields of up to 80%
were obtained. In comparison, the streptavidin-biotin affinity chromatography
generates ssDNA with a yield of only 55%.
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3.2 Introduction

Aptamers have been isolated for various applications ranging from drug detection to
affinity chromatography [5][6]. However, several caveats are associated with
successful aptamer selection via selective enhancement of ligands via exponential
enrichment (SELEX) [7]. A significant problem in SELEX protocols is their low success
rate, partly due to complications relating to the generation of ssDNA following PCR.
This step is crucial as the quality and quantity of SSDNA generated greatly influences
the successful evolution of aptamers [8]. Current methods are low-yielding or fail to
eliminate by-products, which can grow exponentially from round to round [9]. The two
most common methods, exonuclease digestion and streptavidin/biotin affinity
chromatography, particularly suffer from this as they cannot distinguish between

strands of different sizes.

Exonuclease digestion involves labelling the reverse primer in PCR with a 5’
phosphate substrate for phosphate-dependent exonucleases [107]. However, it must
be noted that these nucleases are not completely specific, and so some of the non-
phosphorylated strands can be digested. In addition, any PCR by-products that do
not have a 5’ phosphate group will primarily be undigested by the enzyme and taken
through to the selection stage. Furthermore, any nucleases in the product require
careful removal prior to downstream applications. The streptavidin-biotin affinity
chromatography method involves the labelling of the reverse primer of the PCR
reaction with a 5’ biotin modification; this causes the complementary strand to
interact strongly with streptavidin such that the DNA duplex can be denatured, and
the ssDNA separated [190]. This method also suffers from the inability to distinguish
between products and by-products, potentially contaminating the next selection

stage with streptavidin if additional purification is not carried out [105].

Co-polymerisation within an agarose gel using a polymerisable 5’ modification has
also demonstrated effective separation of the two strands [4]. The gel mixture is
loaded into the wells of a pre-set polyacrylamide gel. When set, high temperatures
denature the duplex and release the strand not covalently linked to the acrylamide
[191]. This separation is efficient, offering yields of over 80 %. Methods such as gel
extraction via crush and soak and asymmetric PCR have yielded reasonable
guantities of ssDNA. Asymmetric PCR involves biasing primer concentrations so that

the concentration of the forward primer exceeds that of the reverse primer. This
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leads to the generation of a higher quantity of the desired strand, making purification
more efficient. When coupled with exonuclease digestion, asymmetric PCR vyields
over 80% [110]. However, these methods still do not address the issue of by-product
formation, particularly those close in size to the DNA template, which are typically
not removed using existing methods [101][71]. In addition, re-generation of SSDNA is
essential for other molecular biology protocols, including sequencing, sample

preparation for mass spectrometry and microarray technology [192][110].

3.3 Results and Discussion Part A: ssDNA Library design and

optimisation of PCR amplification

3.3.1 ssDNA library design

Before implementing SELEX to generate high-affinity nucleic acid aptamers, each step
of the SELEX protocol must be optimised to increase the likelihood of successful
aptamer isolation. Essential parameters to optimise in SELEX methodology include
the design of the aptamer library, PCR and ssDNA re-generation stages and ssDNA
purification. The first part of any SELEX research is library design (see Chapter 1),
which has been shown to impact the overall outcome of a SELEX experiment
significantly. In particular, the design of the priming regions of the aptamer library is
critical to the success of SELEX methods [48,54]. The library was designed based on
previous literature utilising SELEX to successfully generate ssDNA aptamers to
diverse protein targets (see Chapter 1, section 1.6.1 ). Based on previous studies, a
ssDNA library (80 nts) was synthesised with two fixed 20 nt priming regions flanking a

40 nt random region.

The random region of the library (N40) was synthesised with a bias in the base
composition, 25% T, 15% C, 20% A, and 40% G. A higher %G was used to favour
the formation of G quadruplexes. G4 quadruplexes have been found to occur in many
aptamers selected against biologically relevant protein targets, this should not be
surprising as the G tetrad can act as a stable foundation for a vast array of secondary
structures, as discussed in Chapter 1 [193,194]. Besides the benefits of G-quadruplex
forming aptamers, some G-rich DNA sequences demonstrate cancer-selective

antiproliferative activity. While favouring this latent anti-cancer activity in a SELEX
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protocol is tricky, it could be a relevant, beneficial property for any aptamers generated
with an abundance of guanine [195].

The primer regions were selected to be A-T-rich based on previous studies by Crameri
and Stemmer, which showed that their A-T-rich primers significantly increased the
guality of PCR products [75]. The 5’ and 3’ ends of primers can act as starting points
for by-product formation, with A-T consisting of two hydrogen bonds compared to the
three of G-C; as a result, any by-product form should be weaker, and the annealing
temperature should be high enough to hinder their formation following denaturation.

The ssDNA library sequence is shown below.
Library 5°-3’
5-ATATATGACTCGGGTATATA-(N40)-ATATATGCGCTCAGTATATA-3’

3.3.2 Optimisation of ssDNA amplification using PCR

a. Optimising cycle number

The amplification of the ssSDNA using PCR can be a significant challenge in SELEX.
ssDNA aptamers often fold in stable secondary structures, presenting challenges for
PCR amplification, resulting in the formation of PCR by-products. As discussed in
Chapter 1, a poorly optimised PCR method can lead to many problems later in the
SELEX process. Typical PCR by-products include “ladder type” by-products that
behave parasitically and can thus grow accumulatively from round to round, becoming
the major component of the aptamer library and detrimental to the SELEX protocol

that, otherwise, may have succeeded [74].

Therefore, initial work focussed on optimising PCR conditions in SELEX protocols.
The aim was to study the effect of a range of different PCR parameters on the
amplification of the ssDNA library; the parameters optimised throughout the initial
experiments are shown in Table 3.1. Details of the PCR components and experimental
parameters are shown in Chapter 2, section 2.2.
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Table 3.1: PCR variables for rection optimisation

Parameter Range of variation
PCR cycles 10-35
MgCl2 concentration 3.0-5.0 mM
Primer concentration 62.5-1000 nM
Annealing Temperature 47-62 °C

In the initial experiment, the ssDNA random library was amplified from 10 to 35 cycles
to determine the optimal number of amplification cycles needed to achieve maximum
yield without generating significant by-products. Six replicates were run for each cycle
number: 15, 20, 25, 30, and 35. A negative control was run simultaneously in the
absence of DNA polymerase. Gel electrophoresis analysis of these samples is shown
in Figure 3.1A. The results indicate that the initial amplification was successful,
producing the expected 80 bp dsDNA product. However, the gel electrophoresis
analysis revealed two major bands rather than the anticipated single dsDNA band. At
cycle 10, these bands appear as a smear and become more defined at higher cycle
numbers. PCR amplification in SELEX protocols typically runs between 6 and 18

cycles, with a decrease in amplification cycles as the protocol progresses.

b. Optimising MgCl2 concentrations

Magnesium chloride is commonly added to PCR reactions to increase the specificity
of the polymerase, thereby enhancing yield and decreasing by-product formation
[196]. However, concentrations exceeding five mM can cause non-specific
interactions between the primers and non-priming template regions, forming by-
products [197,198].

Five PCR reactions were performed with MgClz concentrations ranging from 1.5 to 6.0
mM. (see Figure 3.1B). In typical SELEX protocols, the MgCl2 concentration ranges
from 0.5-5 mM, with the higher concentration theoretically providing higher yields.

[135,199]. The results show that PCR product quality did not improve significantly
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across the different MgClz concentrations. However, there was a notable increase in
yield when the concentration was increased from 1.5 mM to 3.0 mM. Therefore, it was
decided to increase the MgCl2 concentration. As there was no apparent visual
improvement in yield from 3.0 to 6.0 mM, it was decided to use 3.0 mM going forward.

This would increase yield without the risk of forming byproducts
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Figure 3.1: Optimisation of PCR amplification of the ssDNA SELEX library

sections A-B. A) 4% agarose gel electrophoretogram showing the effect of different cycle numbers
in the PCR B) 4% agarose gel electrophoretogram showing the effect of varying MgCl. concentration
in the PCR.

C. Optimising Agarose Gel analysis

In addition to optimising the PCR conditions, additional work was performed to
optimise the analysis of the PCR products using gel electrophoresis. Initial
experiments used high percentage agarose gels, which required long run times for
each analysis. Furthermore, it was noted that using high percentage agarose gels
(4%) resulted in a significant temperature increase in the gel during the
electrophoresis. It was hypothesised that this could be causing the denaturing of the
dsDNA and the formation of multiple bands in the electrophoresis analysis of the

SELEX PCR products. Therefore, the agarose concentration was lowered to 3%, the
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double-banded product was no longer seen, and only the expected single band was
observed. A comparison of the same PCR products run on a 3% and 4% constant
voltage (100 mV) gel is shown in Figure 3.2C and D.The results show that multiple
bands were observed in the 4% (Figure 3.2C) gel at 100 mV, consistent with previous
results, and as previously noted, it resulted in a high gel temperature during
electrophoresis. In contrast, the 3% gel at (Figure 3.2D) 100 mV resulted in a single
band and no significant increase in temperature during the electrophoresis. These
results confirm that using high % agarose resulted in partial denaturing of the dsDNA
product and the appearance of multiple bands. Therefore, 3% agarose gels were used

for subsequent analysis.
d. Optimising primer concentrations

Primer-primer and primer-product interactions are known to be significant contributors
to by-product formation in PCR. However, primers must be present at sufficient
concentration in the reaction to yield a high dsDNA vyield. The objective was to
determine if a lower primer concentration would reduce by-product formation, thereby
establishing a correlation between by-product levels and primer concentration. PCR
amplifications were performed over 10 or 20 cycles using primer concentration over a
range (62.5 to 250 nM). The results are shown in Figure 3.2E and show that in all
reactions, the successful amplification of the DNA. However, there is no significant
increase in the yield of PCR with varying primer concertation based on gel staining
intensity. An excess of unused primers is evident in the PCR with the highest
concentration of primers (500-1000 nM). Therefore, based on this data, a final primer
concentration of 125 nM was selected, which provided a sufficient yield for the PCR

product and minimised the potential formation of primer dimers.
e. Optimisation of annealing temperature

The annealing temperature in PCR is crucial as it needs to be sufficiently low for
primers to anneal to the template and ensure a high amplification yield, yet not so low
that non-specific binding occurs, which can lead to the formation of PCR parasites
over successive amplification cycles. PCR reactions were conducted across an
annealing temperature gradient from 47 to 62 °C. The goal was to determine if a higher
annealing temperature could improve PCR product quality without negatively affecting

yield. If successful, a higher temperature will be adopted for future experiments.
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Additionally, a negative control was run without any DNA template but with DNA
polymerase and primers present to identify if any primer-primer dimers or larger by-
products were formed. The results of this annealing temperature optimisation
experiment are shown in Figure 3.2F. The results show no significant change in
product quality across the temperature range. Therefore, it was decided to retain the
current annealing temperature of 47 °C, with the expectation that a lower temperature
would increase the yield of the PCR product. At this temperature, there is no sign of
by-product formation in the template control, indicating no significant interaction

between the primers (facilitated by the polymerase) at this annealing temperature.
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Figure 3.2: Optimisation of PCR amplification of the ssDNA SELEX library
sections C-E. A) 4% Agarose gel showing PCR product after 5, 10 and 15 cycles of amplification.
B) 3% Agarose gel showing PCR product after 5, 10 and 15 cycles of amplification. C) 3% Agarose gel
comparing PCR product with varying primer concentrations after 10 and 20 amplification cycles. D) 3%
Agarose gel showing the effect of annealing temperature on PCR product quality. 5 pl of PCR product
was loaded in each lane; agarose gels were stained using Midori direct.
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3.3.3 Comparative analysis of optimised library design and PCR conditions
against an alternative ssDNA library and PCR method.
Further analysis compared the in-house primer design and optimised PCR conditions
against an alternative set of primer sequences and PCR conditions previously used
for SELEX from the literature [200]. An alternative ssDNA template with alternative
primer binding sites was taken from a SELEX protocol optimised for selection against
a protein target [200]. This protocol has been used by independent researchers from
the original study to generate aptamers to COVID-19 spike protein for lateral flow
assays [201]. Independent, successful use of this protocol should indicate that the
primer PCR reaction is robust for SELEX applications and will make a valuable
comparison to the in-house primer/library design and PCR optimisation. An 80 mer
ssDNA oligo and primers were ordered with priming regions that matched the primers
from the previous study and amplified according to the method set out in their

publication for 20 cycles (see Figure 3.2A right panel).

Forward primer- GTCTATATGATCTGTAACTC
Reverse primer- ATCTGATGACTCACTGCTGG
Oligo sequence-

GTCTATATGATCTGTAACTCATGGTCCTAATAGCCCTATAGGTACACTGACTAT
AGGCCGCCAGCAGTGAGTCATCAGAT

PCR products generated from the primer design and previously optimised PCR
conditions were compared to those produced using the alternative ssDNA template
and primer set from the literature after 20 cycles of amplification prior to analysis using
both gel electrophoresis and IP RP HPLC (see Figure 3.2B/C). The agarose gel
electrophoresis analysis reveals that the template amplified with literature-based
primers produced PCR by-products, with two distinct bands between 100 and 150 bp.
In addition, the IP RP HPLC analysis indicates four peaks within this size range,
attributable to by-products. No PCR by-products were observed in this study's
optimised PCR and library design. These findings suggest that the in-house PCR
primers and reaction parameters yield superior quality PCR products compared to the
primers and PCR conditions taken from the literature, which were optimised for a
SELEX protocol against a protein target. Consequently, there is confidence that the
in-house primers and PCR reaction conditions are well-suited for this project. It should

be noted, however, that as defined sequences were used for this experiment the
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quality of PCR product may be poorer in SELEX itself, due to binding of the primers to
complimentary sequences in the random regions within the library as well as problems

arising from sequences with complex secondary structures.

A In house template + Primers Wang et al template + Primers
, DNA template
DNA template 5-ATATATGACTCGGGT 5'GTCTATATGATCTGTAACTCATGGTCCTAATAGC
ATATAATGGTCCTAATAGCCCTATAGGTACACTGA CCTATAGGTACACTGACTATAGGCCGCCAGCAGT
CTATAGGCCGATATATGCGCTCAGTATATA GAGTCATCAGAT-3
Forward primer: 5-ATATATGACTCGGGTATATA Forward primer- 5 GTCTATATGATCTGTAACTC 3
Reverse Primer: 5'- TATATACTGAGCGCATATAT Reverse primer- 5ATCTGATGACTCACTGCTGG 3
Denaturation 95 °C, Annealing 47 °C, Extension 68 °c. Penaturation 95 °C, Annealing 51.6 °C, Extension 68
C.
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Figure 3.3: Comparative analysis of ssSDNA amplification using optimised PCR
conditions. A) Schematic illustration of the PCR workflows used in this study. B) 3% agarose gel
electrophoretogram of the PCR products generated from the two different PCR conditions. 5 pl of PCR
sample was loaded and gel stained with Midori direct. The PCR by-products (higher molecular weight)
DNA fragments are highlighted. C) IP RP chromatogram of the PCR products generated from the two
different PCR conditions. 1 pl of PCR products were analysed using mobile phase A, 5 mM TBAA 10%
ACN; mobile phase B, five mM TBAA 80% ACN, gradient 7 flow rate 2.2 pl/min at 50 °C with UV
detection at 260 nm. The PCR by-products (larger-sized DNA fragments) are highlighted.
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3.4 Results and discussion Part B: Comparison of alternative methods
for the generation of ssDNA in SELEX

3.4.1 Introduction

Following PCR amplification, it is essential to regenerate ssDNA from the duplex PCR
products before proceeding to the following selection round. Various methods have
been reported in the literature for this purpose (see Chapter 1, section 1.9.1). Before
proceeding to the next selection round, the ideal method should provide high yields,
high purity, and minimal additional steps, such as desalting. Exonuclease digestion
and streptavidin/biotin affinity chromatography have been widely used to generate
ssDNA in SELEX and were assessed for their suitability. Initial work focussed on

utilising these methods for the generation of sSSDNA.

3.4.2 Generation of ssDNA using exonuclease digestion

The exonuclease digestion method for ssDNA isolation requires the production of
dsDNA via PCR in which one of the strands has a 5’ phosphate group. This labelling
renders the complementary strand of the PCR product susceptible to phosphate-
dependent exonuclease digestion [107]. PCR products were generated from ssDNA
using a 5’ phosphate labelled primer before exonuclease digestion (see Figure 3.4A).
The results of the initial digestion showed that no obvious ssDNA was generated,
which was consistent with the migration of the ssDNA control template. A potential
third band below the main product, which could be ssDNA, was observed. From this
data, it was concluded that the digestion time should be increased. Therefore,
additional exonuclease digests were carried out over 20-40 minutes (see Figure
3.4B). The results show that like the previous experiment, no obvious ssDNA was
generated, consistent with the migration of the ssDNA control template. To further
investigate, digestion times were extended to two and eight hours to assess whether
the enzyme had a lower activity rate. The results of these extended digestions are
shown in Figure 3.4C. The results show that the two- and eight-hour digests show
signs of digestion, but no ssDNA is generated. It was hypothesised that the enzyme
might not have been as specific to 5’ phosphate-labelled DNA as initially thought and
could have some activity against 5° OH ssDNA. Given the uncertainty surrounding the
feasibility of the exonuclease method, it was decided to explore alternative methods
for this stage of SELEX.
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3.4.3 Generation of ssDNA using streptavidin affinity chromatography

Streptavidin affinity chromatography is commonly utilised for ssDNA generation during
SELEX [190]. A 5’ biotinylated primer is used in the PCR to generate 5’ biotinylated
dsDNA, which is subsequently bound to streptavidin magnetic beads. Due to the
nature and strength of the biotin-streptavidin interaction, this enables elution of the
complementary ssDNA strand via alkaline denaturation. For the initial experiment,
PCR amplification using the previously developed optimised PCR conditions was
employed with a 5 biotinylated primer. A large-scale binding experiment was
conducted to ensure method viability prior to optimisation. Fifteen PCR reactions (total
volume 750 pl) were pooled and incubated with 500 pl of streptavidin beads (5 mg
beads); the binding, washing, and elution steps were performed according to the
protocol described (see Chapter 2, section 2.4.2). Agarose gel electrophoresis
analysis of the eluted ssDNA is shown in Figure 3.4D. While electrophoresis
demonstrated that the ssDNA generated was pure, it would not show whether some
complementary strand was eluted with the desired ssDNA, which is a common
problem with this method [105]. Additional, LC/MS analysis of the purified SSDNA is
shown in Figure 3.4F. The IP RP HPLC and mass spectrometry data verify the
identification of a single significant mass corresponding to the expected mass of the
ssDNA. Therefore, these results confirm that the ssDNA generated from the
streptavidin/biotin affinity purification is pure and viable for use in SELEX. However,
salt removal would be necessary before proceeding with a selection round following

the use of this method.

3.4.4 Determination of ssDNA yield using streptavidin affinity
chromatography

In the initial purification, large quantities of streptavidin beads and PCR product were
used to ensure the generation of a significant quantity of sSSDNA. However, using 0.5
ml of beads in each round of a SELEX protocol, which could potentially exceed ten
rounds, would not be economical as the beads cost ~£200 per ml. Based on the
manufacturer's claim of binding capacity for biotinylated OGNs (Oligonucleotides) to
the beads, 6.75 pg PCR product should bind to 70 ul of beads. To ensure complete
binding of the dsDNA, 140 pl of streptavidin beads was used. Following streptavidin
affinity chromatography and elution of the ssDNA, agarose gel electrophoresis

analysis (see Figure 3.4E) was performed in conjunction with nanodrop UV

83



spectrophotometry to determine the amount of ssDNA eluted (see Table 3.2). The
results show that a yield of 50-60% was obtained using this approach based on 6.75
pg of input dsDNA and elution of 1857.3 ng ssDNA from a theoretical yield of 3.377
Mg, resulting in a percentage yield of 54.9%. These results are consistent with previous

observations using streptavidin affinity chromatography to generate ssDNA [110].

Table 3.2: Determination of ssDNA yield

Fraction Volume A260 nm Concentration Mass
(ut) (ng/ul) (ng)

NaOH elution 50 1.23 35.27 1,763.3

one

NaOH elution 50 0.063 1.88 94

two

NaOH elution 50 blank n/a n/a

three
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Figure 3.4: Analysis of ssDNA purified using exonuclease digestion and

streptavidin/biotin affinity chromatography. Gel electrophoresis analysis of exonuclease
digestion of the dsDNA PCR products from A) 20-minute digestion, B) A range of extended digestion
times, and C) 2-8 hr exonuclease digestion time. Gel electrophoresis analysis of sSSDNA eluted from
streptavidin beads from D) Large scale purification E) Small scale purification. All gel electrophoresis
analysis was performed using 4% agarose gels. 10 yl of PCR product or DNA digest was loaded and
stained with Midori direct. F) IP RP HPLC UV analysis of purified ssDNA, with ESI MS spectra shown
inset. Mobile phase A 0.2% TEA 50 mM HFIP in H,O, mobile phase B 0.2% TEA 50 mM HFIP in
80:20 H,0: ACN, Gradient 4, flow rate 0.2 ml/min. The theoretical and calculated monoisotopic
masses are highlighted. It should be noted that the exonuclease and streptavidin methods were being
worked on before it was discovered that 4% gels denatured the PCR product, so the product bands
are smudged
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3.5 Optimisation of denaturing ion pair reversed phase HPLC for the
purification of ssDNA in SELEX.

Previous results showed that the generation of ssDNA was inefficient using
exonuclease digestion approach in this study. Streptavidin/biotin affinity
chromatography enabled the efficient generation of ssDNA, however this method
suffers from the inability to distinguish between products and by-products as well as
potentially contaminating the next stage of selection with streptavidin if additional
purification is not carried out [105]. Therefore, the aim was to develop a novel method
for generating ssDNA using IP RP HPLC. Previous work had demonstrated that 5
chemical modifications have a noticeable effect on the retention time of OGNSs of the
same length [192]. It was hypothesised that use of various hydrophobic &’
modifications on one strand of a DNA duplex would allow for the two stands to be

resolved in a denaturing HPLC system enabling purification of the ssDNA.

3.5.1 Retention comparison of 5’ modified oligonucleotides using IP RP
HPLC
In the initial experiments | aimed to assess the effect of a variety of 5’ chemical
modifications of oligonucleotides on their retention time when analysed using IP RP
HPLC. It was hypothesised that increasing the hydrophobicity of the 5 modification
would result in the ability to separate the two strands of the DNA duplex when
analysed under denaturing conditions using IP RP HPLC and therefore enable the
separation of the two single strands from an 80 bp dsDNA fragment generated using
PCR products via the same principle. Initial work focused on the analysis of a range
of 5" modifications on the PCR primers including C18, Biotin, Texas Red and a 20-
base primer with a phosphorothioate backbone which were selected due to the
increased hydrophobicity of phosphorothioate OGNs [202—-204].

The modified primers were analysed via both weak IP RP HPLC (triethylammonium
acetate) and strong IP RP HPLC (tributyl ammonium acetate). The strength of an
ion-pair reagent is defined by its overall hydrophobicity. The alkylamine, TEA (short
alkyl chains) is termed a “weak” ion-pair reagent and the more hydrophobic TBA
(longer alkyl chains) is termed a “strong” ion-pair reagent, which has a stronger
interaction with the stationary phase [205]. Comparison of the retention times of the
various 5’ chemical modifications on the ssDNA primers are shown in Figure 3.5A/B

and demonstrate that the phosphorothioate and 5’ Texas Red result in the most
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significant difference in retention compared to the unmodified OGN. The results
show significant shifts in retention time, reflecting the different OGN hydrophobicity in
the order unmodified <C18 < biotin < phosphorothioate < Texas Red. These results
are consistent with previous IP RP HPLC analysis of oligonucleotides with
hydrophobic fluorophores [206—209]. The phosphorothioate OGN is notably broader
when analysed under weak IP RP HPLC due to the large number of
diastereoisomers present [202,204]. This may have implications for its use in the
denaturing HPLC method if fractionating and collecting the phosphorothioate sSDNA
for analysis. Collecting much broader peaks may involve splitting the fractions over

multiple tubes and potentially decreasing yield.

To further analyse the effects of the 5’ modifications, analysis was also performed
using strong IP RP HPLC utilising the larger alkylamine (tributylamine) (see Figure
3.4B). Under these conditions size-based separations largely dominate and the
influence of the 5’ modifications is expected to be reduced [202—204]. The results
show a notably reduced difference in retention time of the various 5 modifications
compared to weak IP RP HPLC (Figure 3.5A). However, the results show that a
difference in overall hydrophobicity of the OGNs is still observed under strong IP RP
HPLC conditions, highlighting that fully size based separations are not achieved. The
results also show that peak broadening of the phosphorothioate OGN is not seen in
the strong ion pair analysis as the strength of interaction between the analyte column
is much stronger hence structural features such as base sequence or structural
isomerism have less impact on retention time. Consistent with weak IP RP HPLC
analysis the phosphorothioate and 5’ Texas Red modifications result in the most

considerable difference in retention compared to the unmodified OGNSs.

The advantage of comparing strong and weak IP RP HPLC is that strong IP RP
HPLC affords much greater resolution and would allow for a more accurate
assessment of the hydrophobicity of each modification, however strong ion pair
reagents such as TBA are less volatile and therefore less suitable for the purification
of ssDNA.
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3.5.2 IP RP HPLC analysis of PCR products amplified using 5° modified PCR

primers

Analysis of the 5 modified PCR primers via strong and weak IP RP HPLC showed
that the phosphorthioate and 5’ Texas Red modifications had the most significant
influence on the hydrophobicity of the oligonucleotides and subsequently lead to the
greatest shift in retention time relative to the unmodified primer. Further experiments
were performed to generate double stranded DNA (dsDNA) to demonstrate that
using the 5’ chemically modified primer (reverse) did not decrease the yield of the
PCR reaction or generate by-products, as this would prevent it from use in a SELEX
protocol. PCR products were generated from each primer and analysed via agarose
gel electrophoresis (see Figure 3.5C). In addition, the effect of the 5 modification on
the overall hydrophobicity of the dsDNA PCR product was also investigated using IP
RP HPLC (see Figure 3.5D).The results in Figure 3.4 C/D show the successful PCR
amplification of the dsDNA using different 5 modified primers. No significant
difference in the yield or purity of the PCR products was observed in comparison to
the unmodified control, demonstrating that in principle they are suitable for the PCR
amplification stage of SELEX. It was expected that the contribution of the 5’
modification on the overall hydrophobicity would be reduced in larger PCR products,
compared to shorter primer sequences due to the increased overall hydrophobicity of
the longer dsDNA. The results show that consistent with IP RP HPLC analysis of the
modified primers (see Figure 3.5A/B) the 5’ phosphorothioate and Texas Red
modifications cause the greatest shift in retention time due to their hydrophobicity. A
broader peak for the 5’- phosphorothioate dsDNA was also observed due to the

presence of the diastereocisomers consistent with previous observations.
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Figure 3.5: IP RP HPLC analysis of 5’ modified primers and PCR products. A)
Weak IP RP HPLC analysis. Mobile phase A 0.1 M TEAA; mobile phase B 0.1M TEAA, 25% ACN.
Gradient 1, flow rate 0.3 ml/min at 40 °C. 5 pmol primer analysed on a DNAPac RP column. B) Strong
IP RP HPLC analysis. Mobile phase A 5 mM TBAA; mobile phase B 5 mM TBAA, 80% ACN. Gradient
2, flow rate 2.2 pl/min at 50 °C, 3 pmol primer injected, separation performed on a monolithic PS DVB
capillary column. C) Agarose gel electrophoresis analysis, 50 ng PCR product was analysed for each
dsDNA PCR product. Staining was performed using Midori Green Direct. D) IP RP HPLC
chromatogram of dsDNA PCR products. Mobile phase A 0.1 M TEAA; mobile phase B 0.1M TEAA in
25% ACN. Gradient 3, flow rate 0.3 ml/min at 40 °C UV detection at 260 nm Chapter 2 section 2.5.3.
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3.5.3 Denaturing IP RP HPLC analysis of 5’ modified dsDNA

Further studies were performed using IP RP HPLC under denaturing conditions to
denature the duplex dsDNA with the aim to resolve the single stranded DNA based
on differences in their hydrophobicity due to the 5’ chemical modification. Initial work
focussed on the analysis using denaturing IP RP HPLC in conjunction with TEAA as
the mobile phase (see Figure 3.6A and Appendix section 7.1). The results for the 5’
Texas Red modified dsDNA analysed under denaturing conditions (95 °C) show the
separation of the two single strands, with the 5’ Texas Red labelled strand eluting

later due to the increased hydrophobicity.

To confirm the identity of the peaks and corresponding ssDNA, the IP RP HPLC was
interfaced with high resolution accurate mass spectrometry (see Figure 3.6B/C). The
results in Figure 3.6 confirm the 2 peaks are the single stranded DNA and the
difference in mass was used to confirm that the later eluting species was the 5’
Texas Red modified ssDNA. Initial mass deconvolution of the two fragments
generated accurate masses that did not match the expected theoretical mass of the
DNA due to the addition of adenine to the 3’ end of each fragment via Taq DNA
polymerase in the PCR reaction as described by McCarthy et al [210]. Taking into
account the addition of 3’ adenine to the DNA products led to parity between the
theoretical and experimental mass for each ssDNA fragment. LC-MS analysis of all
the corresponding 5’ modified dsDNA under non-denaturing and denaturing

conditions is shown in Appendix section 7.2.

Following separation and validation of the ssSDNA using denaturing IP RP HPLC,
further work was performed to isolate and purify the ssDNA. 2 ug of 5 modified
Texas Red dsDNA was separated, and the unmodified ssDNA was fraction collected
from the HPLC prior to freeze drying. Following purification of the sSDNA, further
analysis was performed using IP RP HPLC and agarose gel electrophoresis (see
Figure 3.7). The results in Figure 3.7 show the successful isolation and purification of
ssDNA from dsDNA using IP RP HPLC under denaturing conditions which was
validated using LC MS.
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Figure 3.6: Denaturing IP RP HPLC analysis. A) Texas Red labelled dsDNA was
analysed using weak IP RP HPLC at 95 °C, UV detection 260 nm. Mobile phase A 0.2% TEA, 50 mM
HFIP; mobile phase B 0.2% TEA 50 mM HFIP in 25% ACN analysed on a DNAPac RP column.
Gradient 4, flow rate 0.2 ml/min Chapter 2 section 2.5.3. B) ESI MS spectra unlabelled ssDNA. The
theoretical and calculated monoisotopic masses are highlighted. C) ESI MS spectra of Texas Red
labelled ssDNA. The theoretical and calculated monoisotopic masses are highlighted. Deconvoluted
masses are highlighted within the ESI MS spectra shown in the inset.
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Figure 3.7: Denaturing IP RP HPLC purification of ssDNA. A) IP RP chromatogram of
the Texas Red labelled dsDNA at 95 °C, UV detection 260 nm. Mobile phase A 0.2% TEA, 50 mM
HFIP; mobile phase B 0.2% TEA 50 mM HFIP in 25% ACN. Gradient 4 flow rate 0.2 ml/min, DNAPac
RP column Chapter 2 section 2.5.3. B) LC UV chromatogram of the purified unlabelled ssDNA at 40
°C, UV detection 260 nm. Mobile phase A 0.1 M TEAA, 50 mM HFIP; mobile phase B 0.1M TEAA 50
mM HFIP in 25% ACN. Gradient 4 flow rate 0.2 ml/min. C) ESI MS spectra of the purified unlabelled
ssDNA. The theoretical and calculated monoisotopic masses are highlighted. Deconvoluted masses
are highlighted within the ESI MS spectra shown in the inset. D) Agarose gel electrophoresis analysis
of the dsDNA and purified ssDNA. Staining was performed using Midori Green Direct.
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3.5.4 Optimisation of denaturing IP RP HPLC conditions for the separation of
ssDNA

Previous work had demonstrated that using TEAA as the mobile phase required the
use of high temperatures (95 °C) to completely denature the dsDNA PCR product.
Furthermore, it was noted that at lower temperatures it was not possible to denature
the two DNA strands (see Figure 3.7A). G rich sequences are often identified or
utilised in aptamer libraries, due to their ability to form G-quadruplexes which are
desirable secondary structure elements of aptamers [211]. Therefore, to ensure that
efficient denaturation was possible even for potential G rich sequences an alternative
mobile phase system was investigated to enable more efficient denaturation of the
dsDNA at lower temperatures. Initial work focused on the addition of 1,1,1,3,3,3,-
Hexafluoro-2-propanol (HFIP) to the TEAA mobile phases. The addition of HFIP to
the mobile phases has been shown to have a denaturing effect on duplexes, while
also reducing the effect of oligonucleotide hydrophobicity upon retention [210]. The
results show that under these conditions effective denaturing was achieved at lower
temperatures (80 °C) compared to previous high temperatures required using TEAA
mobile phase (see Figure 3.8B). In addition, an alternative mobile phase system was
employed using TEA/HFIP in conjunction with denaturing IP RP HPLC. Under these
mobile phase conditions it was noted that the PCR products denature at much lower
temperatures in comparison to TEAA. This lower melting temperature is due to the
chaotropic nature of HFIP, disrupting the internal hydrogen bonds of the duplex.

The results show that the duplex dsDNA remains intact only at lower temperatures
typically 30 °C and elevated temperature above this effectively denature the dsDNA.
Therefore, effective denaturation using this mobile phase was observed at 40 °C
(see Figure 3.8D). These results demonstrate that employing TEA/HFIP mobile
phase or simply the addition of HFIP to the TEAA mobile phase enables effective
denaturing of the dsDNA without the requirement for very high temperature and the
requirement of specialised columns ovens that can operate at such temperatures.
Furthermore, the ability to denature the dsDNA more effectively at lower
temperatures is beneficial for the isolation of ssDNA from PCR products with high

melting temperatures and high GC content.
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Figure 3.8: Optimisation of mobile phases for the denaturation of dsDNA. A) IP
RP chromatogram of the Texas Red labelled dsDNA at 80 °C mobile phase A 0.1 M TEAA, mobile
phase B 0.1M TEAA 25% ACN. B) IP RP chromatogram of the Texas Red labelled dsDNA at 80 °C
mobile phase A 0.1 M TEAA 50 mM HFIP, mobile phase B 0.1M TEAA 50 mM HFIP 25% ACN. Gradient
7, flow rate 0.6 ml/min. The resulting ds and ssDNA species are highlighted. C) Denaturing IP RP HPLC
analysis of C18 labelled PCR product mobile phase A 0.2% TEA, 50 mM HFIP, mobile phase B 0.2%
TEA, 50 mM HFIP, 0.2 ml/min, 25% ACN at C) 30°C Gradient 4 D) 40°C Gradient 8 Chapter 2 section
2.5.3. The resulting ds and ssDNA species are highlighted. Analysis was performed on a DNAPac RP
column.
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3.5.5 ssDNA library elution via denaturing HPLC

For application of the method in a SELEX protocol it must be successfully applied to
the isolation of sSDNA from the PCR products of a SELEX library containing a
random region of DNA. This presents a greater challenge compared to the non-
randomised DNA template previously used, as the DNA peaks observed on the IP
RP HPLC will likely be broader because of the random region and further
complicated by the presence of PCR by-products which are often generated in the
PCR of DNA during SELEX.

Following the successful purification of ssDNA using denaturing IP RP HPLC, the
method was adopted for the analysis and purification of sSSDNA generated from a
random ssDNA library (N40) used in SELEX protocols. Texas Red labelled PCR
product was generated from the random ssDNA library (N40) and analysed via
denaturing HPLC (see Figure 3.9). The results show the separation of the two
SSDNA strands as previously observed for the non-random DNA. A broader peak for
the non-labelled ssDNA was observed as expected due to the presence of the
random region (N40) and a large number of different sequences present.
Furthermore, a potential PCR impurity (SSDNA of a different size) is also observed in
the chromatogram. The non-labelled ssSDNA was fraction collected and freeze-dried
before analysis using agarose gel electrophoresis and IP RP HPLC (see Figure 3.8
B/C). The results show the successful purification of the ssDNA (N40) and
furthermore demonstrates the purification of the ssDNA from potential larger length
impurities that were generated in the PCR, which often hamper SELEX methods. In
this case mass spectrometry analysis cannot be used to verify the sequences of the
two ssDNA following denaturation of and separation of the ssSDNA due to the random
sequence nature. However, the presence of the 5’ Texas red group allows for
fluorescence analysis of both the denatured PCR product and the purified ssDNA
(see Figure 3.10). The results in Figure 3.10 show that as expected the later eluting
ssDNA gave the corresponding fluorescence, consistent with previous analysis. In
addition, no fluorescence signal was observed for the purified ssDNA which lacks the

Texas Red label.
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Figure 3.9: Purification of sSDNA generated from a SELEX library. A) IP RP HPLC
analysis of dsDNA generated from a SELEX library (random region N40) under denaturing conditions
(80 °C). B) IP RP HPLC chromatogram of the purified sSSDNA (N40). Mobile phase A 0.1 M TEAA 50
mM HFIP, mobile phase B 0.1M TEAA 50 mM HFIP 25% ACN Gradient 5 flow rate of 0.6 ml/min UV
detection 260 nm Chapter 2 section 2.5.3. 100 ng of dsDNA and 100 ng ssDNA were injected. C)
Agarose gel electrophoresis analysis of the dsDNA and purified ssDNA. Staining was performed
using Midori Green Direct. IP RP HPLC analysis was performed using a DNAPac column.
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Figure 3.10: IP RP HPLC analysis in conjunction with fluorescence detection.
Denaturing IP RP chromatogram of the Texas red labelled dsDNA (N40). Gradient 6, 0.3 ml/min
Chapter 2 section 2.5.3. A) UV detection 260 nm. B) Fluorescence detection: excitation 565 nm,
emission 615 nm. Denaturing IP RP HPLC chromatogram of the purified ssDNA (N40) C ) UV
detection 260 nm D) Fluorescence detection: excitation 565 nm, emission 615 nm. IP RP HPLC
analysis was performed using a DNAPac RP column.
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3.5.6 Purification and fractionation of ssDNA using IP RP HPLC

Following purification of the ssDNA from SELEX PCR products using denaturing IP
RP HPLC it is crucial to ensure that there is minimal sample loss during the removal
of the mobile phase prior to re-suspension and folding of the ssDNA in the SELEX
binding buffer. The criteria for the desalting method is that it must effectively remove
salts that may interfere with the selection stage, must not be too laborious and must
not significantly impact yield. Four alternative methods were assessed and the %
recovery of the sSDNA were evaluated, including ethanol precipitation, capture on
silica coated magnetic beads and removal of the volatile mobile phases using either

rotary evaporation or freeze drying [212] [213].

In each case, an equal mass of the ssDNA was collected via HPLC, and the %
recovery of the ssDNA was determined for each of the different methods. The
results in Figure 3.11 show that the highest yield recovered was obtained using
freeze-drying (80.8 £ 10.6%). The freeze-drying method was taken through to the
higher scale, comparison of the yield of the 2 pug and 8 pg scales resulted in similar
yields of the ssDNA. Therefore, these results demonstrate that high recovery and
yields of ssDNA can be obtained using denaturing IP RP HPLC in conjunction with

freeze drying.

Furthermore, such approaches enable purification of the correct size single stranded
DNA from potential PCR artefacts commonly generated in SELEX procedures.
Verification of the ssDNA obtained was confirmed by both mass spectrometry and
fluorescence analysis. Therefore, these results demonstrate that higher yield of
ssDNA is obtained using denaturing IP RP HPLC optimised in this workflow in

comparison to streptavidin-biotin affinity chromatography.
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Figure 3.11: Comparison of DNA purification methods. A) % recovery was
determined using 2 pg of sSDNA purified using silica coated magnetic beads,
ethanol precipitation, freeze drying, and vacuum centrifugation (n=3). B): % recovery
of 2 ug and 8 pg ssDNA using freeze-drying (n=3).

3.6 Conclusions

One of the main challenges when performing successful SELEX procedures to
generate ssDNA aptamers is the ability to generate high-quality SSDNA in high yields
from the dsDNA PCR products. In this chapter, | have developed and optimised
critical aspects of the SELEX PCR amplification. Optimisation of the library design in
conjunction with PCR conditions was performed. Following optimisation, a
comparison against an alternative ssDNA library and PCR conditions from the
literature was performed. The results showed an improvement in the dsDNA quality
from the PCR conditions | optimised, and the primer sequences used in the design
compared to those taken from a successful SELEX application from the literature. In
addition, further comparative analysis of alternative methods of sSSDNA generation
was performed, including exonuclease digestion and streptavidin affinity
chromatography. Several caveats were identified in the above methods, including
low yields and the purification of sSDNA by-products resulting from the PCR.
Therefore, | developed and optimised a novel denaturing IP RP HPLC for the
purification of sSDNA, demonstrating significant advantages over existing affinity
chromatography and nuclease digestion methods. PCR amplification was performed
utilising a PCR primer containing a variety of hydrophobic tags (5’ Texas Red, C18,
Biotin and phosphorothioate modifications), which enables the separation of the

ssDNA based on differences in their hydrophobicity. Optimal separations were
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achieved using a 5’ Texas Red labelled PCR primer to amplify DNA containing a
random (N40) region. Furthermore, optimisation of the mobile phase conditions was
also performed using the addition of HFIP to the mobile phases, which enables
complete denaturation of the dsDNA at moderate temperatures and circumvents the
high temperatures often required using TEAA. Validation of the ssSDNA obtained was
performed using high-resolution, accurate mass spectrometry analysis and
fluorescence-based HPLC detection. High yields and recovery (80%) of the ssSDNA
were obtained using freeze-drying to remove the volatile mobile phase. Furthermore,
this approach enables purification of the desired ssDNA of the correct size, removing
potential DNA artefacts often generated in the PCR amplification during SELEX
procedures, therefore demonstrating advantages over current affinity

chromatography and nuclease digestion methods.
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4  Chapter 4 In vitro Selection of ssDNA Aptamers
against Syntenin-1/MDA-9

4.1 Abstract

According to the World Health Organization, the ageing of the global population is set
to lead to an increasing cancer burden on global societies. Current cancer treatments
are associated with poor outcomes, including off-target effects and cancer resistance.
Aptamers present an alternative class of affinity ligands, with their ability to interfere
with the metabolic pathways of their targets, a notable example of this being AS1411,
an aptamer to nucleolin, demonstrating cancer cell cytotoxicity both in vitro and in vivo.
This chapter aimed to generate sSsSDNA aptamers against the target Syntenin-1 (MDA-
9). MDA-9 was overexpressed in E. coli and purified before performing SELEX to
select for ssDNA aptamers binding to MDA-9. A random ssDNA library (N40) was
used in the SELEX protocol, utilising a novel denaturing HPLC method to generate
ssDNA at each SELEX round. Initial attempts at the SELEX method resulted in low-
guality PCR products and no significant increase in the % of ssDNA binding to MDA-
9. Therefore, alternative SELEX methods were developed, with three rounds of
selection of ssDNA aptamers without PCR amplification and three rounds of selection
with amplification. The resulting pool was sequenced using NGS, and sequences of
interest were identified using Galaxy tools and FASTAptamer. Using this optimised
SELEX protocol, no significant decline in the quality of PCR product was observed.
However, PCR performed during the sequencing workflow generated poor-quality

products, resulting in lower-quality sequencing data.

Twelve ssDNA sequences identified from the sequencing analysis were synthesised
before determining their binding affinity to MDA-9 using ITC. The results showed that
three different aptamer sequences had binding affinities in the 25-600 nM range.
These results demonstrate the successful isolation of sSSDNA aptamers against MDA-
9. Future studies will include enhancing the affinity of these aptamers for MDA-9 by
removing the primer regions, further truncation of the sequence and incorporation of
modified nucleotides to enhance in vivo stability. Following the enhancement of
affinity, a study demonstrating the inhibition of MDA-9’s function in vitro would provide
insight into any potential in vivo application.
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4.2 Introduction

Aptamers are incredibly versatile molecules and have been shown to bind to a plethora
of targets with high affinity; the issue, however, is the lack of a universal, well-
developed SELEX methodology. While the field has advanced much in the last three
decades, its multi-disciplinary nature often means each target is approached
differently without well-established protocols. The development of SELEX methods for
protein targets will involve the utilisation of the innovations of the last three decades
where possible. There is plenty of evidence regarding protein SELEX that a well-
designed SELEX protocol can generate aptamers that show in vitro and in vivo

binding.

4.2.1 Cancer in the 215 Century

The World Health Organisation (WHO) predicts that cancer is now a greater cause of
mortality than coronary heart disease, with the cancer burden on populations expected
to increase over the coming decades; in 2012, cancer accounted for 8.2 million deaths
worldwide [214]. Common cancer treatments include radiotherapy and chemotherapy,
and while they have shown some success in reducing mortality rates, they are plagued
by side effects that often cause chronic pain in patients [215]. Difficulties in treating
cancer come from insufficiently selective treatments, being unable to distinguish

tumours from healthy tissues, as well as drug resistance and cancer metastasis [216].

The cellular changes that lead to cancer development occur within the genome and
involve the aberrant overexpression of genes in the fledgling tumour tissue compared
to the healthy tissue that it originated from [217]. However, this overexpression only
occurs for a fraction of the genes in the genome, with the majority not being
overexpressed relative to the healthy cells [218]. The implication of this is that cancer
does not randomly express genes in the hope of proliferation, as this would be a waste
of vital resources. The proteins these selectively expressed genes code for must be

critical to many physiological processes that are key to cancer survival.

4.2.2 Syntenin (MDA-9)
Originally identified in the late 1990s as a syndecan-binding protein, Syntenin is a PDZ
domain-containing protein that binds the cytoplasmic C-terminal FYA motif of the

syndecans; it is a widely distributed cytosolic protein that performs several essential
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functions, including recruiting other proteins to form complexes [219][220][221]. The
multi-domain protein consists of 298 amino acids and four domains- N-terminal, PDZ1,
PDZ2 and a C-terminal domain (Figure 4.1)[222]. PDZ domains bind proteins to the
terminus of other proteins, allowing for protein-protein complex formation and enabling
the control of complex cellular functions [222]. Its role in cancer metastasis and
angiogenesis has led to its selection as a target in this project.

Figure 4.1: MDA-9/Syntenin-1: Four domain structures, two PDZ domains (red) flanked by N-
terminal and C-terminal domains https://www.rcsh.org/structure/1N99.

MDA-9 and Cancer

Cancer metastasis, the ability of cancer cells to migrate from their native tissues and
spread to other parts of the body, is the leading cause of mortality in patients with the
disease [223]. In fact, in the case of melanoma, the one-year survival rate of
chemotherapy patients whose cancer has metastasised is less than 30% [224]. MDA-
9 is upregulated in several skin, head and neck cancers [225]. In the case of
melanoma, MDA-9 acts as an essential scaffold that enhances the assembly of protein
complexes, which actively increases metastatic competence in human melanoma
cells [226].
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Angiogenesis is a crucial stage in tumour development; in its early stages of growth,
a tumour is supported by diffusion from surrounding tissues. However, when it reaches
a specific size that is no longer sufficient to allow further growth, the tumour releases
chemical signals such as VEGF vascular endothelial growth factor, which promotes
the sprouting of blood vessels from nearby vasculature, essentially enabling the
tumour to develop its own vasculature system, driving its growth [227]. In vitro and in
vivo studies confirm the role of MDA-9 in the expression of various angiogenic factors,

thus promoting angiogenesis [228].

Aptamers to protein targets have been generated with binding affinities in the
picomolar to micromolar range [229]. However, what makes an aptamer useful is more
than just considering binding affinity. In the case of an enzyme, this is relatively easy
to define: something that inhibits it is function. An aptamer with a Kd (600 nM)
effectively inhibited the function of methyl transferase 1 [230]. This counters the idea
that a very low Kd strong binding aptamer is a ‘better’ aptamer, both the suitability for
its operation environment (in vitro/in vivo) and the effect on the target of interest that
defines it is suitability for an intended purpose. In the context of aptamers as anti-
cancer therapeutics, they must be sufficiently large to conceal their target protein,
thereby acting as an antagonist that blocks their interaction with protein counterparts
or substrates [229]. In the case of the target of this project, Syntenin-1, it is a complex
builder; an aptamer must impede this through steric hindrance of the binding sites
(PDZ domains) to its syndecan targets, and it may not need such a low Kd value (sub
100 nM) to do so.

Previous studies have demonstrated that peptide inhbitors of Syntenin-1 bind to and
‘block’ the PDZ domains, leading to the limitation of cancer cell in vitro, with Kd’s
ranging from 0.8-98 nM when used to simultaneously inhibit PDZ domains via blocking
the domain pocket which dominates the interaction of MDA-9 with ligands. Any
aptamers generated would ideally bind to these domains to achieve the same outcome
[231].Following the development and optimisation of the SELEX methodology outlined
in Chapter 3, this chapter aimed to generate ssDNA aptamers against MDA-9. The
MDA-9 protein was expressed in a suitable host; E. coli was selected due to its ease
of growth and suitability for recombinant protein expression [232]. The gene for MDA-
9 was cloned into a plasmid vector with a histidine tag at the C terminus to allow for
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affinity purification following expression. In addition, this will enable the protein to be
bound to Ni-NTA magnetic beads for the selection stage.

The methods developed in Chapter Three were utilised in the SELEX method to
generate aptamers against MDA-9. NGS sequencing was performed on the resulting
ssDNA library against MDA-9, and bioinformatic analysis was used to identify potential
aptamer sequences. Finally, analysis of several potential sSSDNA aptamers against
MDA-9 were synthesised before further analysis using ITC to determine their binding
affinity for MDA-9.

4.3 Results and Discussion

4.3.1 Expression and purification of MDA-9 in E. coli.

To overexpress the MDA-9 protein in E. coli, the MDA-9 gene sequence (Human,
isoform 1, Uniprot) was codon optimised, synthesised and cloned into the plasmid
pET151 D-TOPO vector by ThermoFisher to generate the plasmid pMDA-9. The
design of the pET151 vector includes a His tag at the N terminus of the inserted MDA-
9 gene to enable purification of the MDA-9 using Ni-NTA affinity chromatography (see
Figure 4.2A [233]. The complete gene sequence used and cloned is shown in
Appendix 12.

The plasmid was transformed into competent DH5-a E. coli cells (see Chapter 2,
section 2.11). The cells were streaked onto an ampicillin agar plate and incubated
overnight at 37 °C. A single colony was selected and grown in a LB media overnight
before extraction and purification of the plasmid DNA and analysis using gel
electrophoresis (see Figure 4.2B). The results confirm the successful cloning of the
plasmid DNA into DH5-a E. coli cells. In addition, restriction digestion in conjunction
with agarose gel electrophoresis was used to confirm the identity of the plasmid DNA
(see Figure 4.2C). Linearization of the pMDA-9 with Sphl (single cut) generates the
corresponding correct size DNA (plasmid size 6654 bp), and the digest with Xbal and
Sphl generates the expected size of DNA fragments (6399 and 255 bp, respectively).
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4.3.2 Overexpression and purification of MDA-9

After successfully cloning the plasmid pMDA-9, it was transformed into competent
BL21 E. coli cells prepared as previously described. Following overnight growth, a 1%
inoculum was used in 100 ml LB media. Cells were grown to OD 0.6 and induced with
IPTG prior to a further four hours of incubation. The cell culture methodology and
protein expression details can be found in Chapter 2, section 2.12. Cells were
harvested before cell lysis, and protein purification was performed via Ni-NTA affinity
chromatography using HisPur™ Ni-NTA Resin (ThermoFisher).

Analysis during protein expression and purification was performed using SDS PAGE
(see Figure 4.2 D/E). The SDS PAGE results show the purification of a single protein
to a high purity in the expected size range (36 kDa). To confirm the successful
expression and purification of MDA-9, gel trypsin digestion in conjunction with LC
MS/MS was performed (see Chapter 2, section 2.13). Data analysis was performed
using the Mascot search engine for protein identification, using the reference protein
sequence database for Escherichia coli (strain K12) (UniProt), 4448 sequences,
downloaded 03032022). The recombinant His tagged human Syntenin (MDA-9)
protein sequence was included as an additional entry to this reference proteome. The
results from the mascot software analysis are shown in Figure 4.2C, which shows the
identification of Syntenin with high (89%) sequence coverage, validating the

successful expression and purification of MDA-9 in E. coli.
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Figure 4.2: Cloning and overexpression of MDA-9 into E. coli. DH5-a cells. A)
Plasmid map (Genohub) of pET151 vector with MDA-9 gene including N-terminal 6x histidine tag. B)
Gel electrophoresis analysis of pMDA-9 from the manufacturer stock and following cloning into DH5-a
cells. C) Gel electrophoresis analysis of pMDA-9 following restriction digestion with Xbal, Sphl and Xbal
+ Sphl. D/E) SDS PAGE analysis following overexpression of MDA-9 in E. coli BL21 cells and
purification using Ni-NTA affinity chromatography, 5 pl protein ladder was loaded MW of the 40 kDa
and 30 kDa proteins are highlighted. E) Mass Spectrometry verification of MDA-9 following in gel tryptic
digestion. A sequence coverage map for MDA-9 is shown with identified regions/peptides in red.
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4.3.3 Generating ssDNA aptamers against MDA-9

SELEX method -1

As discussed in Chapter 1, a protein target can be immobilised in many ways to
facilitate selection. This study used MDA-9 bound to Ni-NTA magnetic beads as this
approach enables rapid isolation, has low non-specific binding and has successful
application in previously published SELEX methods [234,235]. Fellows et al. (2020)
demonstrated that an optimised magnetic bead-based SELEX method generated
aptamers in as little as three rounds; this minimises the risk of PCR parasite formation,
which was a significant concern if high numbers of rounds are required to enrich the
library [236]. For the SELEX protocol, the library designed in Chapter 3 consisted of
80 nts in length, with a central random region of 40 nts in length flanked by two 20 nt

random regions.

The initial protocol adopted a conventional approach to selection, as summarised in
Figure 4.3A. Briefly, 74 pg (3 nmol) of the library was heated to 95 °C in binding buffer
(Chapter 2 section 2.7.1), then flash cooled on ice and immediately incubated with 40
pl of Ni-NTA beads containing no protein as an initial negative selection step to filter
out sequences with an affinity for Ni-NTA beads. The unbound ssDNA sequences
were subsequently incubated with 214 pl of Ni-NTA beads with 96 pg (3 nmol) of MDA-
9 bound for 90 minutes at 25 °C with gentle shaking. In the initial round, the protein

was in an equal ratio to ssDNA to capture every sequence with affinity for the target.

Following incubation, stringent wash procedures were introduced to effectively remove
the non-specific or low-affinity ssDNA binding sequences. However, initial results
demonstrated that it was impossible to progress beyond the early selection rounds.
When three washes were carried out following the initial binding, only a minimal
guantity of ssDNA was eluted from the beads. Two phases of PCR were required to
amplify the DNA to a quantity sufficient for sSDNA re-generation and further rounds of
selection. Gels electrophoresis analysis of the DNA products of these PCR steps is
shown in figure 4.3B/C. The initial PCR step was carried out for only six cycles of
amplification (Figure 4.3B) prior to fractions undergoing an additional 12 amplification
cycles (Figure 4.3C). The results show little or no PCR product from the first six cycles

of amplification; a further 12 cycles of amplification results in a visible PCR product;
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however, the presence of significant by-products is visible. These results demonstrate
that due to the low recovery of sSSDNA, it was impossible to amplify it enough without
by-product formation. Therefore, it was decided to modify the SELEX procedure to

increase the ssDNA eluted at each stage.
SELEX method -2

An alternative selection method was developed utilising a “lower selection pressure”
approach. Following the binding of the ssDNA pool with the Ni-NTA-MDA9 beads, a
single 750 ul wash was used before eluting the ssDNA in water at 95 °C as previously
utilised to remove ssDNA bound to target effectively. This elution method is common
in literature and does not require the addition of reagents such as urea, which will
interfere with the PCR step.

Following each selection round, an initial PCR step was performed to gauge PCR
product quality; decreasing the number of PCR rounds became necessary as the
protocol progressed. The number of PCR cycles by round is shown in Table 4.1. The
only exception was the first round, in which the library yield was high enough to warrant
only a small number of PCR amplification cycles. In addition, in rounds where the
amount of eluted ssDNA was less than 30 ng, an initial six rounds of PCR were carried
out to amplify the ssDNA to enough dsDNA for further amplification.

Following PCR amplification with a 5’ Texas Red labelled reverse primer, denaturing
HPLC was used to isolate the ssDNA as previously developed and described in
Chapter 3. Negative selection “NS” was performed between rounds 6 and 7. Despite
using only a single wash, the selection pressure was increased throughout the
protocol, from the second round onwards, by decreasing the volume of Ni-NTA-MDA-
9 beads to increase the ratio of ssDNA library to MDA-9, increasing competition
between binders. This ratio started at 1:1 (Library: protein) in round two and finished
at 4:1 by round eight. In addition, the incubation time was reduced from 90 minutes in
round one to 45 minutes in round 8. A breakdown of library quantities and

wash/incubation times for each round is presented in Chapter 2, section 2.7.2
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Table 4.1: PCR cycle numbers by round in the conventional SELEX protocol

Round number Number of PCR cycles
1 8

18

15

12

12

10

8

o N o 0o A WODN

Following the SELEX protocol outlined in Figure 4.3A and the modifications described
above, a summary of the results based on the quality of PCR product generated during
the SELEX rounds and the yield of ssSDNA recovered based on quantification of sSSDNA
yield (post elution) from round to round is shown in Figure 4.3 D/E. Following multiple
attempts at selection, the same problems repeatedly arose: a decrease in the quality
of PCR product post-selection (see Figure 4.3F) and a lack of enrichment of ssSDNA
bound to MDA-9 (see Figure 4.3E). Typically, in a successful SELEX method, the %
of ssDNA recovered (eluted ssDNA/input ssDNA) is small and slowly increases as
rounds increase[237]. Thereby, the selection pressure is increased, removing weaker
binding species. However, numerous attempts at the SELEX method failed to enrich
for ssDNA binding to MDA-9 (see Figure 4.3 D/E).
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Figure 4.3: SELEX against MDA-9, method one. A) Schematic illustration of conventional
SELEX protocol utilized to generate ssDNA aptamers against MDA-9.B/C) Gel electrophoretograms
showing PCR (six cycles of amplification) of ssDNA isolated after round one of SELEX. C) Second
stage PCR of dsDNA from the initial PCR (R1). D) Table summarizing input sSSDNA vs output SSDNA
for SELEX rounds 1-8. E) Bar chart showing the % ssDNA recovered for rounds 1-8.F) Gel
electrophoretogram of the PCR products generated from SELEX rounds 4-8, ssDNA control is
highlighted.
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SELEX method -3

With no success at enriching the ssDNA library against MDA-9, alternative SELEX
approaches were explored. More recent SELEX approaches with magnetic bead-
based selections demonstrated that the required selection rounds can be drastically
reduced (as low as three rounds) compared to more traditional SELEX methods [238].
The main problem of the previous SELEX methods was associated with the low quality
of PCR product in the later rounds (see Figure 4.3F), caused by excessive PCR
amplification. PCR by-products are a known problem in SELEX protocols, mainly the
‘ladder” type by-products described by Tolle et al. (2014), which accumulate
parasitically from round to round [74]. Aiming to reduce the impact of PCR on the
protocol, SELEX can be carried out without amplification or with fewer amplification
steps, where a significantly larger quantity of ssDNA library and target have been
previously used; eluted ssDNA from this larger scale selection is directly used for the
next round of selection(s); finally, PCR is carried out on the few sSDNA species that

remain, some of which should be high-affinity aptamers [239-241].

Therefore, an alternative SELEX strategy was adopted (summarised in Fig 4.4A). A
larger quantity of ssDNA library was initially used (395 ug, 16 nmol), and the eluted
ssDNA was directly used in two additional selection rounds. This was done without
PCR amplification to ensure a significant selection pressure at the start of the protocol
consistent with other successful SELEX approaches[241,242]. A negative selection
step occurred between rounds three and four following the first PCR
amplification/ssDNA re-generation. In addition to the early selection pressure, the
number of wash steps increased, and the volume of beads decreased as the protocol

progressed, see Chapter 2 section 2.7.3.

A summary of the results of the % ssDNA eluted and PCR product quality is shown in
Figure 4.4B-D. Figure 4.4C shows that in the later rounds (4-6), there was still a
relatively low % recovery of ssSDNA. However, the number of washes was successfully
increased to remove lower affinity binders. Figure 4.4D shows the PCR product
following the final round of selection. The results show a higher quality PCR product
than was seen previously due to the reduction in the number of rounds of SELEX
requiring PCR amplification. After six rounds of selection, it was decided to proceed
with sequencing, although no enrichment of % ssDNA bound to MDA-9 was observed.
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Figure 4.4: Modified SELEX against MDA-9. A) Schematic illustration of a modified SELEX
protocol utilized to generate ssDNA aptamers against MDA-9.B) Table summarizing input ssDNA vs
output ssDNA for SELEX rounds 1-8 with the number of washes shown. C) Bar chart showing the %
ssDNA recovered for rounds 1-6.D) Agarose gel electrophoretogram of the PCR products generated
from SELEX round 6, ssDNA control is highlighted. E) Gel electrophoretogram of the dsDNA prepared
for next-generation sequencing (NGS) following PCR generated from SELEX round 6 and the original
ssDNA library. Following library preparation, the DNA of the correct size was cut and eluted from the
gel (highlighted in red box).
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Next Generation Sequencing of sSDNA

Following the final round of selection, the ssDNA round 6 library and the initial SSDNA
library were amplified with a 5’ Texas Red reverse primer and 1.2 ug of ssDNA was
re-generated using denaturing HPLC. The resulting ssDNA was sent for NGS
sequencing (CD genomics). Before sequencing, the manufacturer had to complete a
sequencing preparation workflow on the ssDNA library. The library must have binding
sites for sequencing adaptors for the lllumina NGS platform. The manufacturer used
the “TrueSeq’ method. This involves phosphorylation of the 5’ ends, A-tailing of the 3’
ends to enable ligation of sequencing adaptors, ligation of adaptors, and further
amplification by PCR [243]. The adaptors contain a unique identifier for that sequence
(barcode) and the adaptor sequence itself, which enables the hybridisation of the
adaptor region of the sequence with DNA oligos bound to the surface of the Illumina
flow cell. In lllumina systems, sequencing occurs via the ‘clonal’ method, whereby the
sequences bound to the surface are amplified by further PCR reactions before the

primary sequencing process.

These additional PCR steps in the library preparation and sequencing stages increase
the risk of PCR by-product formation, especially as the sequencing provider did not
have enough time to optimise the PCR variables. Gel electrophoresis analysis of the
PCR products of the resulting library (now containing barcodes and adaptors with
sequencing primers attached) is shown in Figure 4.4E. The PCR product for both the
random library and the post-SELEX library contained additional PCR by-products, with
high MW by-products present in the products of both reactions. Therefore, before
sequencing, the correct-sized DNA was cut and eluted from the gel before NGS (see
Figure 4.4E).

4.3.4 Sequencing Data Processing Workflow

lllumina NGS produces data in the form of FASTQ files, which contain reads of 150
bases in length, 5’ (80 bp library)(barcode)(adaptor) 3'. NGS resulted in 12.2 million
reads for each library with sequencing artefacts removed. Additional rounds of NGS
data processing were carried out in Galaxy Tools before examining the library in
FASTAptamer, an R studio program developed for analysing SELEX libraries [244].
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A summary of the workflow used to analyse the NGS sequencing is shown in Figure

4.5. The layout of the Galaxy Tools workflow is based on the work of Thiel et al. (2016)

but with a modification at the end of the workflow to remove primers from the library

[245].

1.
2.

Upload: The FastQ files are uploaded to Galaxy Tools.

Trim Sequences: The random region (bases 21-60 of 150) is isolated from the
rest of the sequence

Prinseq: Using the ‘Prinseq’ tool, reads with a mean quality score (Q) below 30
were discarded; a Q score of 30 represents an error rate of 0.1%.[246]
FASTQ to FASTA and Merge: The FASTQ file is converted to a much smaller
FASTA file, which contains only the sequence and a unique identifier; the two
files corresponding to the forward and reverse end reads are then merged
FASTA to CSV: The FASTA file is converted to a tabular then CSV format,
which allows it to be opened in Microsoft Excel

Cut Primers: The find and replace tool replaces all primer sequences
(presumed to be present in the random region due to a PCR error or other
sequencing error) with the character ‘A’.

CSV to FASTA and Filter: the CSV file is uploaded to Galaxy Tools and
converted into FASTA format. Any sequences with the primer or priming
regions swapped for an ‘A’ character are now shorter than 40 bases and can
be filtered out by length.

FASTAptamer: The FASTA file is uploaded to Fast Aptamer, which ranks the
sequences by the number of reads and gives a value for the number of unique

sequences within the library.[244]

4.3.5 FASTAptamer

FASTAptamer is capable of a broad number of data analysis and processing

applications, including counting, normalizing, ranking and sorting the abundance of

each unique sequence in a population, comparing sequence distributions for two

populations, clustering sequences into sequence families based on Levenshtein edit

distance, calculating fold-enrichment for all the sequences present across populations,

and searching degenerately for nucleotide sequence motifs [244].
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Figure 4.5: Workflow used to analyse NGS data and identify potential sSSDNA aptamer

sequences.
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4.3.6 Random/pre-SELEX Library Sequencing Analysis

The FASTQ files for the random library were processed according to the workflow
outlined in Figure 4.5. Ideally, the primer removal step would be omitted, but as PCR
amplified the library in both the library prep and sequencing stages, PCR by-products
containing the primer sequences could be present. A breakdown of how many reads
passed each stage of filtering is shown in Figure 4.6. Sequencing artefact removal
was performed by the sequence provider (19% of the initial reads), leaving 9.9 million
(Figure 4.6A left panel). The following filtering stage removed low-quality reads with a

mean Q score below 30 million (Figure 4.6B left panel).

Many reads failed this filter, removing 86.3% from the library, leaving 1.3 million reads.
Finally, any N40 regions which contained sequences matching either the primers or
priming regions were removed from the dataset million (Figure 4.6C left panel). The
impact of the PCR amplification is noticeable as 52.5% of reads contained the primer
sequences and were potential PCR by-products million (Figure 4.6D left panel).
Following filtering, FASTAptamer was used to assess the number of duplicate reads.
94% of the initial library consisted of unique sequences, as expected for the initial

random DNA library.

4.3.7 Post SELEX Library Sequencing Analysis and Identification of
Aptamer Candidates

Following the analysis of the pre-SELEX, the post-SELEX library data was processed
using the same workflow. The supplier's artefact filtering workflow removed 97.9% of
reads from the library, leaving only 256,000 reads for further filtering (see Figure 4.6A
right panel). This significantly reduces the number of reads available for processing
and may lead to fewer potential aptamers being identified. The quality of the
sequencing data is significantly lower for the post-SELEX library than for the pre-
SELEX library. A potential reason for this could be an increased number of PCR
amplifications performed, leading to parasitic by-products, which caused problems
during the NGS sequencing. Alternatively, it is proposed that the post-SELEX library
contains some enriched sequences with a high degree of secondary structure
formation, which makes PCR and other steps within the sequencing workflow more

challenging, leading to lower-quality data. Further filtering of the sequences by Q score
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eliminated 18.1% of reads; a much higher proportion of the library at this stage had a
mean Q score greater than 30 compared to the pre-SELEX library (Figure 4.6B right
panel). This is most likely due to many low-quality reads being removed during the

removal of sequencing artefacts.

During the removal of sequences containing PCR primers, 40.7% of reads contained
the primer or sequences complementary to the primers. This is a significant amount,
which indicates that the quality of the PCR product was poor during the sequencing
workflow and has led to additional sequencing errors/ PCR by-products (Figure 4.6C).
Following filtering, FASTAptamer was used to rank the sequences by number of reads
and identify the number of uniqgue and enriched sequences within the library. Figure
4.6D right shows the degree of enrichment within the library; 82.4% of sequences are
unique compared to the libraries' 96%. It is important at this stage to consider the
literature to infer what the abundance of enriched vs unique sequences can reveal
about the degree of enrichment in a SELEX protocol. One way of measuring
enrichment is the proportion of unique sequences within the library as the protocol
progresses; each sequence in the library should be unique (depending on the length
of random regions); as selection progresses and amplification of binders occurs, the
percentage of unique sequences decreases. However, even in later rounds, they
make up most of the sequences in the library; NGS studies of SELEX libraries have
shown that enrichment typically plateaus when the number of unique reads gets to
80% of the library [112].

In the post-SELEX library, the value for the number of unique reads or background
binders is 82.4%; this is not far from the theoretical plateau of enrichment described
in the literature. Potential enrichment was achieved in the post-SELEX library, and the
remaining reads were screened for aptamer candidates. The base composition of the
pre and post-SELEX libraries was compared to the base composition specified in the
library design, shown in Table 4.2. The pre-SELEX library, while having a slight
abundance of guanine, differs significantly in composition from the desired ratio; the
post-SELEX library differs even more so, implying there was a selection pressure
towards a natural base composition and no evidence of guanine-rich sequences
becoming enriched, it can be concluded then, from this experiment, there was no
evidence of evolutionary favourability for G rich sequences in this case despite their

known ability to form stable secondary structures.
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Figure 4.6: NGS outputs summarizing the sequencing data and processing of
the pre and post-SELEX aptamer libraries. A) Identification of sequencing by-products
(done by manufacturer). B) Filtering sequences by mean Phred score (lower than 30) using the
PRINSEQ tool on Galaxy tools. C) Identification of primer-related by-products within the library,
defined as sequences containing eight or more bases in a sequence matching one of the primers. D)
Identifying enriched sequences, defined as sequences with more than one read, uses a fast aptamer
application within R Studio.
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Table 4.2: Base composition of pre- and post-SELEX libraries: Composition is

calculated using the “Base Composition” tool in Galaxy Tools.

Base Specification Pre SELEX Post SELEX
library library
T 25% 26.8% 26.4%
C 15% 18% 21.2%
A 20% 24.6% 23.4%
G 40% 30.6% 29.0%

Twelve sequences with a range of read numbers were selected from the library.

Previous sequencing workflows select the top 10-25 sequences by read count, but

many of these in this dataset are similar. For an initial study, | wanted to select reads

with diverse sequences. Then, the data could be revisited using the ability of

FASTAptamer to find sequences within a family for higher read numbers if candidates

baring similar sequences were found to have high affinity; the top 20 reads for the post

and pre-SELEX libraries can be found in Appendix section 7.4. The reads selected for

further characterisation are shown in Table 4.3.

Table 4.3: Sequences identified from sequencing data selected from

FastAptamer
Sequence Sequence Number
number of reads
1 GGTCGGAAGAGCGTCGTGTAGGGAAAGAGTGTTTGCGGAC 70
2 TCGGCCTATAGTCAGTGTACCTATAGGGCTATTAGGACCA 225
3 TATATCGGCCTATAGTCAGTGTACCTATAGGGCTATTAGG 180
4 GATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAA 93
5 TCAGACCACGCTGATGCCCAGCGCCTGTTTCTTAATCACC 54
6 GGGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTG 88
7 GGGAAAGAGTGTTTGCGGACGTGTAGATCTCGGTGGTCGC 22
8 TTAACGTGAAGTACCGTTATGAGCTGACGGACAGTGTGGG 12
9 TGGTCCTAATAGCCCTATAGGTACACTGATTATAGGCCGA 10
10 GAAGCTTCTCACTGTTTTATAATAAAACGCCCGTTCCCGG 9
11 TTCTCCCGTATTGTTGACATGCCAGCGGGTCGGGGAAACG 52
12 CCCAGAGGCAAAGGGCTCCCAGGATCCCTCAGAGGTCTTT 31
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4.3.8 Characterisation of ssDNA aptamers to MDA-9 using ITC.

After identifying several potential sSSDNA aptamer sequences (see Table 4.3), these
12 sequences were synthesised for further analysis to measure their respective
binding affinities to MDA-9. ITC has been widely used to determine aptamer binding
affinity. Several protein-binding aptamers have been characterised using ITC,
including aptamers for thrombin [123,247,248].

ITC was used to determine the binding affinity of selected aptamers. Furthermore, a
previously identified ssDNA aptamer for thrombin was synthesised as a positive
control. Several biophysical techniques, including ITC, have studied the thrombin
aptamer (TBA) with a Kd of ~50 nM. Although previous studies also report a much
lower Kd of ~8 nM [248,249]. A BSA aptamer with a reported Kd of ~70 nM was also
synthesised as a suitable control [250]. The ITC method is described in detail in
Chapter 2, section 2.14.2.

The binding buffers used in each experiment were the same as described in the
literature for previous studies of these aptamers; in the case of the thrombin aptamer,
many different buffers have been used for studying the affinity of this aptamer, but for
this study, the binding buffer from the original SELEX protocol in which this aptamer
was isolated was used. Each experiment takes the mean heat of the last five injections
as the subtract constant.

Measuring binding affinity of SSDNA aptamers

Three titrations were performed to assess the suitability of the nano ITC for protein-
aptamer binding studies: a water: water titration, a buffer: buffer titration (SELEX
buffer) and an EDTA: CaCl: titration as directed by the instrument manual. The raw
data for these titrations is shown in Figure 4.7A-C and the binding isotherm, for the
EDTA: CaCl: titration. The water and buffer titrations show a clear negative result,
injection heat, but no binding occurs. The EDTA calcium titration was processed into
a binding curve; Kd and stoichiometry calculations are within range of the expected
values; these are established in ITC test kit documents as a stoichiometry (n) between
0.75 and 1.25, a Kd nM between 500 and 850 (nM). Therefore, it can be concluded

that ITC is suitable for use in further binding studies.
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Following initial validation of the ITC equipment, two positive control aptamers were
analysed using ITC. A thrombin aptamer (TBA) is one of the earliest high-affinity
protein binding aptamers to be isolated, and its mechanism of binding is well
understood and has been analysed via ITC previously.[251] An aptamer to BSA has
previously been identified by Wang et al. (2019); the Kd was determined via a partition-
based method and was also selected as a secondary positive control.[250] For the
thrombin assay, five uM thrombin (Cambridge Biosciences) was titrated with 100 puM
thrombin binding aptamer; for the BSA assay, 5 uM BSA was titrated with 100 uM BSA
binding aptamer, and the ITC data is shown in Figure 4.7E-H. Figure 4.7F and H
titration determined a Kd of 16.6 nM + 15.6 nM for the Thrombin-TBA interaction.

These results are consistent with literature values for this aptamer of ~10-50 nM.

The shape of the curve is slightly below the ideal value, with the stoichiometry slightly
lower than 0.75, which is considered the “good” threshold for ITC curves. However,
literature studies of this aptamer also show curves with low stoichiometries
[248,249,252]. The ITC analysis of the BSA aptamer (Figure 4.7 E/G ) results in a Kd
for the BSA titration (190 nM), which is similar (although higher) to the reported value
of 70 nM. It should be noted that the quality of the ITC baseline is not ideal in this
experiment; visual inspection of the raw data in Figure 4.8E reveals a broadening in

the peaks at the start and end of the titration, indicating possible protein aggregation.

It should also be noted that this is not a pure fraction of BSA but was bought as a
powder from Sigma Aldrich. Additionally, this glycerol and tween-20 were added to the
binding buffer out of necessity due to the poor ‘behaviour’ of BSA in solution; a titration
without these detergents added is shown in appendix section 7.5. This and the fact
that the BSA is not entirely pure may be the reason for the deviation of Kd from the
literature value. To critique the suitability of this titration as a positive control for ITC, it
must be considered that BSA in this slightly impure form is available for very cheap
gram guantities and can be used regularly compared to more expensive recombinant

proteins.
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Figure 4.7: . Analysis of blanks and positive controls using ITC. A-B) ITC analysis of
water on water, buffer on buffer titration, heat vs time curve 25 °C, 20 injections, injection time 300 s,
cell volume 300 pl, injection volume 2 pl. C) ITC analysis of EDTA: CacCl, titration, 19 injections, injection
time 300 s, syringe concentration 0.95 mM CacCl,, cell concentration 0.15 mM EDTA, cell volume 160
pl, injection volume 2.4 pl, 25 °C. D) ITC analysis of heat vs time curve for EDTA: CaCl titration plotted
against injection number, the data was analyzed using a single site binding model and the best fit is
shown as a solid line in (D). E) ITC analysis of BSA: aptamer titration 20 injections, injection time 300
s, syringe concentration 100 pM aptamer, cell concentration 5 pyM BSA, cell volume 300 pl, injection
volume 2 pl, 25 °C. F) ITC analysis of Thrombin: aptamer titration 20 injections, injection time 300 s,
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MDA-9 Aptamer binding

The ITC titration and integrated isotherms or ssDNA aptamer sequences 1-4 are
shown in Figure 4.8. A comparison of the baseline data (panels A-D) shows a good
baseline in all cases except sequence 4. This is due to sequence 4 giving a low
enthalpy interaction with the protein; as a result, any baseline anomalies have a more
significant impact on the curve fitting. The kinetic data (panels E-H) show suitable
stoichiometry in all cases (typically defined as an n value between 0.750 and 1.250).
The Kd values are in the nanomolar (163 nM) to low micromolar range (1.2 uM),
demonstrating the successful isolation of several ssSDNA aptamer candidates to MDA-
9. Despite multiple attempts at repeating the titration, sequence four remains difficult
to fit an isotherm to, with integration being challenging due to high signal-to-noise due
to it being a low enthalpy interaction. Therefore, ITC may not be a suitable method for
measuring the Kd of this aptamer.

The titration and curves for ssSDNA sequences 5-8 are shown in Figure 4.9. The ITC
baselines panels A-D are of high quality (except for sequence 7) but the kinetic data
(panels E-H) show that only one of the sequences has a Kd indicating a specific
interaction. Sequence 5 is a non-specific binder with an isotherm that has low
stoichiometry. Sequence 6 is likely a nonspecific binder (approximately 1 uM Kd); the
curve shows acceptable stoichiometry. Sequence 7 appears to have no interaction
with MDA-9, hence why no isotherm can be generated. The baseline is poor due to
the low enthalpy nature of this interaction. The results show that sequence 8 has a
moderate affinity for MDA-9. However, the independent (one-site) binding model,
typically used for aptamer studies, does not fit this data well, as the injection heat does
not plateau as expected for a high-affinity binder. Other techniques may be more
suitable for studying sequence eight as this shows a moderate affinity for the target.
The ITC analysis for sequences 9-12 is shown in Figure 4.10. The injection data
(panels A-D) is of high quality with minimal baseline issues. Examination of the kinetic
data (panels E-H) reveals that sequence 9 has a Kd in the 600 nM range but with a
low stoichiometry. Sequence 10 displays interesting data with the last few injections
dipping below the baseline (see Figure 4.10B); other techniques may be necessary to
understand this interaction, as seen in previous studies of protein binding aptamers
[248]. However, due to the low affinity, this aptamer is only relevant for further study

with the priming regions removed, as this may show a greater affinity for the target;
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the anomalous baseline behaviour contributes to an extensive error range of the Kd.
Sequence 11 demonstrates a high affinity for MDA-9 with a Kd 25 nM £10.8 nM. The
stoichiometry (0.75) is at the lower end of the “good” range. Sequence 12 is a non-

specific binder and does not warrant further study.

The ITC analysis has identified several potential sSSDNA aptamers that bind with Kd’s
in the 10-100s nM range. The ITC analysis also showed various trends, with several
of the ssDNA-protein interactions characterised by high enthalpies. This highlights a
potential caveat of ITC as a method for studying aptamer-protein interactions, as an
aptamer with a low enthalpy but high-affinity interaction would suffer from signal-to-
noise issues due to low injection heats, thus making it challenging to generate and fit
an isotherm to the data. Some ssDNA aptamer candidates are promising, particularly
sequence 11, which has a very low nanomolar Kd. Additional replicates and a
secondary method would be required to confirm. In the initial binding study for the
aptamer candidates, the sequences had the priming regions attached, intending that
the following study would use sequences without the priming region. The aim was to
compare binding affinities with and without primers, which has been done in previous
aptamer studies; a significant difference between the two would demonstrate that the
priming regions were interfering with the binding and that the priming regions would
need to be redesigned [253]. Future work must cover the analysis of the sequences

without the priming regions.
Negative controls

In addition to the ITC analysis of the MDA-9 aptamer sequences, further negative
control studies were performed using the thrombin and BSA aptamers titrated against
MDA-9 in their respective binding buffers. In addition, sSDNA sequence 1 was titrated
against BSA in the SELEX binding buffer used for selection against MDA-9. The ITC
analysis is shown in Figure 4.11, showing that the thrombin aptamer has no interaction
with MDA-9 as expected. Furthermore, the BSA aptamer (panels B and E) shows an
anomalous interaction with MDA-9. Sequence 1 shows a low affinity and non-specific
interaction with BSA (panels C and F), demonstrating a much lower Kd compared to
MDA-9, as expected.
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Figure 4.8: Analysis of ssDNA aptamers against MDA-9 using ITC. ITC data for
titration of MDA-9 with ssDNA sequences 1-4 (S1-4), 19 injections, injection time 300 s, syringe
concentration 100 uM ssDNA aptamer, cell concentration 5 pM MDA-9, cell volume 300 pl, injection
volume 2.0 pl, 25 °C. A-D) Raw calorimetric data plotted as heat vs time curves. E-H) Corresponding
heats of reaction plotted against injection number, the data was analyzed using a single site binding
model and the best fit is shown as a solid line in (E-H).

126



Sequence 5

—_—
=]
I

o
o
I

Concentrated
heat rate (uJ/s)

(=]
N

W

1m

1000

2000
Time (seconds)

Sequence 7

|
3000

4000

o
)
+

o
-
|

(=]

Concentrated
heat rate (pJ/s)

=1

m

1000

2000
Time (seconds)

Sequence 5

3000

4000

0)

-

da B M
N

|

Area Data (uJ)
&

&

I
bt

=

Figure 4.9: Analysis of ssDNA aptamers against MDA-9 using ITC.

Area Data (pJ)
=1

454

s
o
1
rrirterrherrherrbeerbrbeeerbrerber b

e

. _Kd (nM): 8441 + 2563
~ n:0.61%0.32

1/’
/

A

AH (kJ/mol): -1000 + 359
AS (J/mol-K): -3257

/ Confidence level: 95%

| } | : I I | { [ I -] }
5 10 15 20

Injecfion
Sequence 7

I

. ——

" Kd (nM): 627 +3.8x10°
- n: 0.1%0.07
— AH (kJ/mol): -30.8 £ 110
' AS (J/mol-K): 15.5
Confidence level: 95%

N T T T S N T T Y N N T N A |
1 T

T I
] 10 15 20

Injection

Concentrated

Concentrated

heat rate (uJ/s)

heat rate (uJ/s)

n

Area Data (uJ)

Area Data (uJ)

Sequence 6
10§
08+
06+
04
02+
- Il | | 1 L | 1
0 1000 2000 3000 4000
Time (seconds)
Sequence 8
41
31
24
14
0= L‘\L L L| N | ! | I | 1
0 1000 2000 3000 4000
Time (seconds)
Sequence 6
5
of R
s i il
of “" Kd (nM): 904 + 423
E ; n: 0.79 £0.10
a5E AH (kJ/mol): -158 +27.2
E / AS (Jimol-K): -413
204 Confidence level: 95%
'25“5 ! T/. T T T N M B
1 | T I
5 10 15 20
Injection
m Sequence 8
0f * .
o€ .
10E e -
wf s
-30—; /,;/' '
. +* Kd (nM): 656 +459
0 L n: 1.21%0.13
60-£ - AH (kJ/mol): -436 £ 67.6
nE e AS (JImol-K): -1345
.ao-EJ Ry Confidence level: 95%
T |

Toov vy g TP Py
T T T T 1 T
2 4 6 ] 10 12 14 16 1@ 20

Injection

ITC data for

titration of MDA-9 with sequences 5-8 (S5-8), 19 injections, injection time 300 s, syringe concentration
100 pM aptamer, cell concentration 5 pM MDA-9, cell volume 300 pl, injection volume 2.0 pl, 25 °C. A-
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against injection number, the data was analyzed using a single site binding model and the best fit is
shown as a solid line in (E-H).
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Figure 4.10: Analysis of ssDNA aptamers against MDA-9 using ITC. ITC data for
titration of MDA-9 with sequences 9-12 (S9-12), 19 injections, injection time 300 s, syringe
concentration 100 pM aptamer, cell concentration 5 pM MDA-9, cell volume 300 pl, injection volume
2.0 yl, 25 °C. A-D) Raw calorimetric data plotted as heat vs time curves. E-H) Corresponding heats of
reaction plotted against injection number, the data was analyzed using a single site binding model and
the best fit is shown as a solid line in (E-H).
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Figure 4.11: Analysis of ssDNA aptamers against MDA-9 using ITC. ITC data for
titration of MDA-9 with a BSA aptamer, thrombin aptamer (TBA 100 nm Kd) and BSA with ssDNA
sequence 1. A-C) Raw calorimetric data plotted as heat vs time curves. BSA aptamer: 19 injections,
injection time 300 s, syringe concentration 50 uM aptamer, cell concentration 5 pM MDA-9, cell volume
300 ul, injection volume 2 pl, 25 °C. Thrombin aptamer: 20 injections, injection time 300 s, syringe
concentration 100 pM aptamer, cell concentration 5 uM MDA-9, cell volume 300 pl, injection volume
1.8 pl, 37 °C. Sequence 1: 20 injections, injection time 300 s, syringe concentration 100 pM aptamer,
cell concentration 5 pM BSA, cell volume 300 pl, injection volume 2.0 pl, 25 °C. D-F) Corresponding
heats of reaction plotted against injection number, the data was analyzed using a single site binding
model and the best fit is shown as a solid line in (D-F).
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4.3.9 ITC Data summary:
A summary of the ITC data for the sequences identified from the sequencing data is
shown in Table 4.4.

Table 4.4: Comparison of binding affinities for ssDNA aptamer sequences
screened against MDA-9

Sequence number Number of reads Kd (nM) Stoichiometry
(n)
BSA Apt N/a 190 £ 90 0.73
Thrombin Apt N/a 16.1 +11.5 0.61
1 70 579 + 140 1.06
2 225 1,222 + 467 1.01
3 180 163 £ 110 0.84
4 93 427 + 486 1.24
5 54 8,441 + 2563 0.61
6 88 904 + 423 0.79
7 22 627 +>10,000 0.1
8 12 1,133 £478 1.21
9 10 625 + 217 0.69
10 9 764 + 335 0.77
11 52 25.1+10.7 0.75
12 31 2,835 £+ 800 0.80

To summarize, many of the aptamers identified are in the 100-1000 nM Kd range,
which implies they are specific binders; in addition, there is one aptamer in the <50
nM Kd range, which is high affinity. Further work, including studies with alternative
biophysical techniques such as SPR or ELONA, would further validate the analysis of
the ssDNA aptamers for MDA-9 and Kds obtained in this study.

130



4.4 Conclusions

This chapter's primary aim was to isolate high-affinity SSDNA aptamers against MDA-
9. MDA-9 is a protein associated with cancer metastasis and proliferation; therefore,
aptamers acting as antagonists to this protein offer therapeutic potential, as has been
demonstrated by aptamers to other cancer-associated proteins of interest, such as
AS1411. In addition to therapeutic potential, strong binders with poor antagonistic
performance offer diagnostic potential due to the relative ease of aptamer labelling

and the abundance of this protein in cancerous tissue.

A secondary aim was to develop an in-house SELEX protocol that could be used for
future studies. MDA-9 was cloned into E. coli prior to overexpression and purification
of the recombinant protein. Ni-NTA affinity chromatography was used to purify the
protein prior to verification using mass spectrometry. Using SELEX methods optimised
in Chapter 3, a conventional SELEX protocol was implemented. However, applying
selection pressures in conjunction with stringent washing to remove non-specific
ssDNA binders to MDA-9 resulted in low recovery of ssDNA, and the SELEX
procedure either failed in the early rounds due to complete loss of library or the PCR

product quality deteriorated to such an extent that further selection was not possible.

To counter this problem, a low amplification SELEX protocol was designed to minimize
the impact of PCR by-products on the process. A larger amount of sSDNA starting
library was used, and three section rounds were performed with no amplification steps,
followed by three rounds of conventional SELEX. Following the six rounds of selection,
there was no evidence of significant enrichment of the ssDNA pool to MDA-9. NGS
sequencing was performed at this stage. The sequencing data revealed that the PCR
product quality had an impact on the NGS workflow; following the ligation of the
sequencing adaptors to the library, the following amplification yielded poor quality PCR
product, while the desired band could be excised from the gel, PCR occurs during the
sequencing process itself and the impact of by-products in this step cannot be directly

mitigated.

As a result, the quality of sequencing data with sequencing-related artefacts, filtering
by Q score and primer-related artefacts reduced the number of reads from 12 million
to 600 thousand in the pre-SELEX library and just 120 thousand in the post-SELEX
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library. This loss of information is critical as previous studies have shown that high-
affinity aptamers often do not have exceptionally high read counts, and so many could

have been lost due to the poor quality of sequencing data.

Despite the potential low quality of the NGS of the SELEX round 6 library against MDA-
9, twelve potential aptamer candidates were identified for further study using ITC. ITC
was established as a suitable method for analysing aptamer-protein interaction by
analysing well-characterised thrombin and BSA aptamer to their respective proteins.
Kd values were obtained that were consistent with previous studies. The ITC analysis
of the potential MDA-9 aptamers demonstrated that three selected ssDNA sequences
demonstrate high affinity binding to MDA-9. Sequences 1 and 3 are in the sub 600 nM
Kd range, and sequence 11 was the binder with the highest affinity, with a Kd of
approximately 25 nM. Further studies are proposed to examine a wider number of
ssDNA sequences and analysis on selected sequences with the primer regions
removed (truncated sequences) using only the central 40 nucleotides, which may yield

higher affinity aptamers to MDA-9.

5 Chapter 5: Accurate sizing of dsRNA biocontrols
and mRNA therapeutics using ion pair reversed

phase chromatography

5.1 Abstract

RNA biomolecules present a new frontier of solutions for therapeutic and industrial
challenges. dsRNA biocontrols are emerging as a new sustainable approach for pest
management strategies as alternatives to chemical pesticides. In addition, mMRNA has
emerged as a powerful new class of therapeutic, as demonstrated by the recent mRNA
vaccines developed during the Coronavirus pandemic. The analysis of large RNAs is
challenging, and there is significant demand for improved analytical methods to
characterise functional RNAs, including methods for their accurate sizing. In this
chapter, a wide range of ion pair reagents and HPLC conditions were optimised for
the accurate sizing of dsRNA biocontrols and mRNA therapeutics. Under different IP
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RP HPLC conditions, a range of different commercial dsDNA, dsRNA and ssRNA
nucleic acid ladders were used to determine the extent of the linear relationship
between retention time and the logarithm of nucleic acid size (nts or bps). Based on
their retention times, this relationship was used to predict the lengths of various nucleic
acid species, enabling the determination of the most effective chromatography
conditions for sizing dsRNA biocontrols (100-500 bp) and therapeutic mMRNAs (800-
4500 nts). The results show that dSRNAs can be sized accurately (less than 5% error)
against a dsRNA ladder with weak ion pair reagents (TEAA) under non-denaturing
conditions (50 °C).

Furthermore, using stronger ion pair reagents (DBAA) under denaturing conditions
resulted in less than 2.5% error in sizing the dsRNA. The analysis of mMRNA using IP
RP HPLC for accurate sizing was less accurate, resulting in a 15% error against a
high-range RNA ladder under denaturing conditions in DBAA. Furthermore, the linear
relationship between retention time and length breaks down above ~1000 nucleotides
due to a loss of resolution, leading to poor sizing accuracy. The results show that IP
RP chromatography effectively determines single and double-stranded RNA size <
1000 nts/bps. However, resolving therapeutic mMRNAs, typically in the 4000-6000 base
range, is challenging using IP RP HPLC.

5.2 Introduction

RNA is utilised in the single and double-stranded form for several purposes, both
therapeutically and industrially. DSRNA biocontrols have demonstrated success as
biopesticides, with Fire et al. first demonstrating successful gene silencing with oral
delivery of dsRNA to insects, leading to death, in 1998 [37]. Decades of research
eventually led to the first approval of a dsRNA pesticide via the US EPA for use on the
Colorado potato beetle [36,37]. During and after the COVID-19 pandemic, the utility of
MRNA vaccines became abundantly clear. Their direct transdermal injection affords
in vivo expression of a desired antigen in a small local area, effectively inducing
immune response and immunity. The nature of mMRNA means that only a change in
sequence is required to produce a different antigen with minimal changes to the rest
of the formulation [16,18,254].
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Despite the promise of these platforms, with their success comes greater demand for
large-scale batch production and associated regulatory challenges. The use of
pesticides is governed strictly by environmental legislation to mitigate the risk of
environmental damage and (in the case of biocontrols) releasing GMO material into
ecosystems [36,151]. Following approval, mRNA vaccines, like any therapeutic,
require post-marketing surveillance, focusing on quality control in batch production.
The USP guidelines for vaccine quality control include critical quality attributes:

identity, purity, content, and safety, all of which must be satisfied [148,149].

The analytical challenges facing both these platforms are significant. However, while
their functions may differ, their fundamental chemistries are very similar, in theory
allowing for one analytical technique to provide a robust analysis of both these

species.

Several techniques have been demonstrated for nucleic acid analysis, including gel
electrophoresis, capillary electrophoresis and HPLC via anion exchange or ion pair
see Chapter 1). However, IP RP HPLC offers rapid separation of nucleic acids and
has previously been shown to separate dsDNA size-dependently [168,255]. This is
key as it allows for qualitative analysis via size-based separation of products from by-
products and insight into product integrity [256]. This potentially allows for the
satisfaction of all critical quality attributes in a rapid quality control assay.

This chapter will focus on IP RP HPLC to accurately size two specific RNA products,
MRNA for use in vaccines and dsRNA for use as gene silencing pesticides. In addition,
the retention behaviour of modified and unmodified mMRNAs will be compared to
assess the sequence dependence of each ion pair system. This study will investigate
the retention behaviour of double and single-stranded species, following previous work
but on a much larger scale, comparing weak and strong ion pair reagents based on
size and sequence-dependent separation.

This chapter aimed to study the ability of alternative ion pair regents of varying strength
(hydrophobicity) under denaturing and non-denaturing conditions to accurately size
both dsRNA biocontrols and mRNA therapeutics. Ultimately, the aim was to identify
the ideal ion pair reagent and nucleic acid ladder to size each species for a size-
dependent quality assurance assay following production. A secondary aim was to

establish an upper limit for the linear relationship between retention time and the

134



logarithm of length of a nucleic acid, which was established in previous studies. Once
this was established, methods to improve this technique could be explored.

5.3 Results and Discussion

Initial work compared five mobile phase compositions using different ion pair reagents,
including TEAA, DBAA, DBAA HFIP and TBAA. In each mobile phase composition,
three nucleic acid ladders, dsRNA (New England Biolabs), dsDNA (Generuler,
Thermo Fisher), and ssRNA (Riboruler, Thermo Fisher), were analysed under non-
denaturing conditions at 50 °C (see Figure 5.1) and denaturing conditions at 75/95 °C
(see Figure 5.2). To determine the relationship between retention time and nucleic
acid length, a plot of retention times against nucleic acid length (log) was performed
(see Figures 5.1B and 5.2B). For completely size-dependent separations where the
sequence, chemistry and structure of the nucleic acid do not affect the hydrophobicity
of the nucleic acids and subsequent retention time, this would mean all the different
nucleic acid markers of the same size would co-elute. In the initial experiments, the
aim was to compare the three commercial nucleic acid ladders to each other in each
ion pair reagent to assess whether it was possible to form linear relationships between
retention time and the logarithm of the length in each case (R? >0.9) this would allow
for them to be used to estimate the length of the corresponding mMRNA or dsRNA.

Ladders that did not correlate (R2<0.9) would likely not be suitable for sizing.

This would indicate a lack of size or greater sequence dependence when comparing
ladders of different species, i.e. sSRNA to dsRNA. Using this linear relationship, the
length of each RNA fragment could be estimated using their retention time. The
difference between the predicted value and the actual length would determine which
ladder/mobile phase system was most accurate at sizing the RNA. The analysis was
run in triplicate for each sample in this study, with the mean retention time of the three
replicates used for sizing calculations and correlation plots. In all cases, unless
specified injections were highly reproducible (< 0.1-minute retention time drift), error

bars are not plotted on any correlation plots.

Figure 5.1A (left panel) shows that under non-denaturing conditions using weak IP
RP HPLC (TEAA), there are apparent differences in RT of the corresponding ds and
ss species of the same length (nt vs bp), confirming that under these non-denaturing

conditions, significant differences in overall hydrophobicity are observed between ss
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and ds nucleic acids. These results are consistent with previous work demonstrating
that in TEAA, the separation of double-stranded fragments is typically size-dependent,
while the retention of single-stranded fragments is greatly influenced by base

composition [257].

Analysis using the stronger ion pair reagents (DBAA/TBAA) under non-denaturing
conditions (Figure 5.1B) resulted in improved correlations between the ds and ss
nucleic acids. Therefore, a significant reduction in the difference in RT was observed
between ds and ss species using DBAA or TBAA compared to TEAA. However, the
results show a difference in retention time for shorter single and double-stranded

fragments of the same length under these conditions in strong ion pair reagents.

Consistent with the results obtained for TEAA, only minor differences in RT are
observed when comparing dsRNA and dsDNA fragments of the same length under
non-denaturing conditions in stronger ion pair reagents (see Figure 5.1B). These
results demonstrate that predominantly size-dependent separation of the ds nucleic
acids is obtained using either weak or strong ion pair mobile phases for analysis. The
results also show that the most significant difference in RT between ssRNA and
dsDNA fragments of the same length occurs in the lower size range in TBAA (see
Figure 5.1A right panel). This is expected as the effects of the individual sequence
(AT/GC) content on overall hydrophobicity will play a more significant role where

resolution is superior.
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Non denaturing IP RP HPLC (50 °C)
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Figure 5.1: IP RP HPLC analysis of dsDNA, ssRNA and dsRNA ladders at 50 °C.
A) IP RP chromatogram of dsDNA ladder compared against ssSRNA ladder in TEAA and TBAA at 50
°C. B) Graph showing the correlation between log nucleic acid length for ss and dsRNA against
retention time for different IP reagents at 50 °C. Correlations were calculated by combining the series
of two ladders; for example, the series containing the DNA ladder has 12 points; this was combined
with the RNA ladder series to make a series with 19 points for which an R? was calculated. C) Accuracy
of sizing of ssSRNA and dsRNA ladders using the dsDNA ladder. The % difference of the calculated
length vs theoretical length of the RNA is shown. IP RP HPLC separations were performed on a
monolithic PS DVB capillary column at a 2.2 pl/min flow rate at 50 °C with UV analysis at 260 nm.
Separations were performed using gradient 8 (TEAA), 10 (DBAA), 12 (DBAA HFIP), and 14 (TBAA)
see Chapter 2 section 2.5.3.
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Figure 5.1C shows the results of estimating the size of each fragment in the ss and
dsRNA ladders based on their retention times using the linear regression of the dsDNA
ladder. The results show that under native conditions, it is feasible to effectively size
dsRNA against the dsDNA ladder in both weak and strong IP mobile phases. This is
consistent with previous observations that show the separation of ds nucleic acids
largely depends on its length because the bases are within the helix structure and do
not interact with the stationary phase [257]. However, it should be noted that sizing of
the dsRNA using the dsDNA ladder resulted in typical errors ~10-20%, therefore
demonstrating the differences in hydrophobicity between RNA and DNA and potential
structural differences that result in differences in RT of dSRNA and dsDNA of the same

length.

Further work was performed to analyse the nucleic acid ladders under denaturing
conditions (75/95 °C, see Figure 5.2). Under these conditions, the dsRNA and dsDNA
are expected to denature their corresponding ssRNA and ssDNA species, enabling
comparison of only the ss species. The effects of different sequences (base
composition), the effects of 2 OH vs 2° H on the ribose sugar and overall structural
differences can impact the overall hydrophobicity and retention time. The results
demonstrate that, as expected under denaturing weak IP RP HPLC (see Figure 5.2 A
left panel), the significant difference in RT of ss vs ds nucleic acids observed under
non-denaturing conditions has been eliminated. The only exception is that dsSDNA
fragments above 500 bp do not fully denature in TEAA (Figure 5.2 left panel).
However, differences in RT of the same-sized fragments (sSRNA vs ssDNA) are
observed, demonstrating the influence of different chemistry/sequences on the overall

hydrophobicity and RT.
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Denaturing IP RP HPLC (75/95 °C)
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Figure 5.2: IP RP HPLC analysis of dsDNA, ssRNA and dsRNA ladders at 75 °C.
A) IP RP chromatogram of dsDNA ladder compared against sSRNA ladder in TEAA and TBAA at 75
°C. B) Graph showing the correlation between log nucleic acid length for ss and dsRNA against
retention time for different IP reagents at 75 °C. Correlations were calculated by combining the series
of two ladders; for example, the DNA ladder series has 12 points, which was combined with the RNA
ladder series to make a series with 19 points for which an R? was calculated. C) The sizing of sSRNA
and dsRNA was accurate using the dsDNA ladder. The % difference of the calculated length vs
theoretical length of the RNA is shown. IP RP HPLC separations were performed on a monolithic PS
DVB capillary column ) at a flow rate of 2.2 pl/min at 75 °C with UV analysis at 260 nm, except for TEAA
separations, which were performed on a DNAPac column at a flow rate of 0.3 ml/min at 95 °C.
Separations were performed using gradient 9 (TEAA), 11 (DBAA), and 15 (TBAA) see Chapter 2 section
25.3.
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The results shown in Figure 5.2A (left panel) demonstrate the separation of the two
strands from the corresponding dsDNA (same length), highlighting this effect. This
effect is more pronounced in shorter fragments in TEAA, where resolution is greater

and differences in base sequence impact overall hydrophobicity.

Further analysis of the nucleic acids using stronger IP RP HPLC (DBAA/TBAA) under
denaturing conditions (see Figure 5.2 right panel) shows a reduction in the influence
of the sequence and chemistry (ribose vs deoxyribose) on the retention time. Each of
the ss species from the corresponding dsDNA and dsRNA co-elutes. The now
denatured DNA strands notably elute later than the corresponding denatured dsRNA
stands; this is likely due to the increased hydrophobicity of thymine compared to uracil,
which implies sequence effects are playing a role. Under these conditions, where size-
dependent separations dominate, typical % differences in the calculated vs theoretical
size of the ssRNA and dsRNA fragments for DBAA/TBAA (denatured to ssRNA) are
<20%, as shown in Figure 5.2C. Due to its partial denaturation, the dsDNA ladder is
unreliable for sizing in TEAA at 95 °C; higher temperatures may resolve this, but few

column ovens can reach temperatures over 100 °C.

5.3.1 Accurate sizing of dsRNA biocontrols using non-denaturing IP RP
HPLC

Following a comparison of nucleic acid standards under different IP RP HPLC
conditions, further work was performed to analyse various dsRNA biocontrols and
MRNA therapeutics. Different dsRNA biocontrols were expressed in microbial cells
and purified with RNase T1 treatment to generate a range of dSRNAs (see Ross et al.
2024).[258] Analysis of the dsRNA biocontrols under non-denaturing conditions on
both weak (TEAA) and strong (TBAA) is shown in Figure 5.3A.
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Non denaturing IP RP HPLC (50 °C)
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Figure 5.3: Comparison of sizing accuracy of dsRNA biocontrols against

dsDNA, ssRNA and dsRNA ladders at 50 °C A) IP RP chromatogram of dsRNA biocontrols
compared against dsRNA ladder in TEAA and a ssRNA ladder in TBAA at 50 °C. B) Graphs comparing
the correlation between the dsRNA biocontrols to the ss and dsRNA ladders in TEAA at 50 °C.
Correlations were calculated by adding the data points for the dsRNA biocontrols to each ladder series
and calculating an R2.C) Accuracy of sizing of dsRNA biocontrols compared to dsDNA and dsRNA
ladders at 50 °C, the % difference of the calculated length vs theoretical length of the RNA is shown. IP
RP HPLC separations were performed on a monolithic PS DVB capillary column) at a flow rate of 2.2
pl/min at 50 °C with UV analysis at 260 nm, mobile phase A 0.1 M TEAA, mobile phase B 0.1M TEAA
25% ACN. Separations were performed using gradient 8 (TEAA), 10 (DBAA), 12 (DBAA HFIP), and 14
(TBAA) see Chapter 2 section 2.5.3.
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The results show that the dsRNA elute near their expected retention times relative to
the dsRNA ladder. Notably, the 124 bp fragment elutes between the 80 bp and 150 bp
fragments, and the B-actin dsRNA (306 bp) elutes slightly later than the 300 bp ladder
fragment. In the presence of strong ion pair reagents (DBAA/TBAA), all dsRNA
biocontrols analysed, except for the smaller 120 bp fragment, consistently exhibit two
peaks in the IP RP chromatogram (see Figure 5.3A right panel). Interestingly, this
phenomenon was not observed in the dsRNA ladder, although small shoulders/peaks
to the right-hand side of the peak are observed. The earlier of the two peaks has the
expected retention time for the expected length of the dsRNA fragments. The cause
of this discrepancy between the dsRNA ladder and dsRNA biocontrols remains
unclear, as both the samples of dsSRNA and the dsRNA ladder were purified using
Monarch RNA cleanup kits prior to analysis. This split peak pattern has negative
implications for using strong ion pair reagents to size these fragments under non-

denaturing conditions and may reflect potential multimers or aggregates.

Further analysis showing the correlation between the dsRNA biocontrols and dsRNA
ladder and the accuracy of sizing using TEAA under non-denaturing conditions is
shown in Figure 5.3B. The results show a strong correlation coefficient (R?>0.995) and
high-resolution separation under non-denaturing conditions. Conversely, in TEAA, the
fragments size poorly against the ssRNA ladder, closely matching the data in Figure
5.1 and previous studies [257]. Further analysis was performed to determine the length
of the dsRNA biocontrols using linear regression of the nucleic acid ladder. The
percentage difference between each fragment's size and the predicted size, derived
from its retention time, is shown in Figure 5.3C and summarised in Table 5.1. The
results show that under native conditions, TEAA is the most suitable ion pair reagent
for sizing dsRNA biocontrols using the dsRNA ladder. Based on the differences in
retention between single and double-stranded species, it is unsurprising that the sizing
error associated with using the single-stranded ladder for sizing dsRNA is out by two
orders of magnitudes and so has not been plotted. The difference in accuracy between
sizing with the dsDNA and dsRNA ladders is significant; this is likely due to the
difference in hydrophobicity between the two species due to differences in structure
(A form vs B form helices) and the effects of the 2 OH group present in the structure

of DNA, causing it to be less suited for sizing the dsRNA fragments.
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There was an attempt to accurately size the later eluting of the two peaks in TBAA for
each fragment. As they elute within the gradient, the later peaks in DBAA and DBAA
HFIP typically elute in the wash phase and cannot be incorporated into the sizing
model. This data is shown in appendix section 7.6, Table 7.1. It was found that these
peaks may be the result of dimers as they size approximately 1.8 to 2.2 times the
expected length. Further analysis under denaturing conditions may reveal more about

the nature of these later eluting peaks.

5.3.2 Accurate sizing of dsRNA biocontrols using denaturing IP RP HPLC
Following IP RP HPLC analysis under non-denaturing conditions, the dsRNA
biocontrols were further analysed under denaturing conditions. Figure 5.4A shows the
overlaid chromatograms for the dsRNA biocontrols in weak (TEAA left panel) and
strong ion pair (DBAA right). In TEAA, as expected under denaturing conditions, the
corresponding ss species are separated for the dsRNA ladder and dsRNA biocontrols.
These results are consistent with data obtained from denatured DNA and dsRNA
ladders (see Figure 5.2), highlighting the sequence effects on the overall
hydrophobicity of the RNA, resulting in different RT for the same length ssRNA using
TEAA. Analysis in the stronger IP reagent DBAA (see Figure 5.4A right panel) shows
that under denaturing conditions, only a single peak is now observed in contrast with
the two peaks observed under non-denaturing conditions (see Figure 5.3A). This
observation suggests that the previously observed double peaks are likely attributable
to aggregation, dimerisation, or some other weak secondary structure, which can be
effectively denatured at elevated temperatures.

Further analysis was performed by plotting the retention time of each fragment in the
nucleic acid ladder and the dsRNA to examine their correlation(see Figure 5.4B). In
the case of TEAA, where some of the ladder peaks and all the dsRNA peaks are split,
the mean of the two retention times was plotted prior to size calculation, the caveat to
this being a loss of sizing accuracy due to the sequence dependence. The results
show that using TEAA under denaturing conditions is markedly less accurate for
accurate sizing of dsRNA compared to the previous data under non-denaturing
conditions at 50 °C. This is attributed to the impact of sequence-dependent

separations on retention in weak IP RP HPLC.
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Figure 5.4: Comparison of sizing accuracy of dsRNA biocontrols using dsDNA,

ssRNA and dsRNA ladders under denaturing conditions. A) IP RP chromatogram of
dsRNA biocontrols compared against a dsRNA ladder in TEAA and a ssRNA ladder in TBAA at 75/95
°C. B) Graphs comparing the correlation between the dsRNA biocontrols to the ss and dsRNA ladders
in TEAA, DBAA and TBAA at 75/95 °C. Correlations were calculated by adding the data points for the
dsRNA biocontrols to each ladder series and calculating an R2.C) Sizing accuracy of dsSRNA biocontrols
using dsDNA, ssRNA and dsRNA ladders at 75/95 °C all ion pairs, the % difference of the calculated
length vs theoretical length of the RNA is shown. IP RP HPLC separations were performed on a
monolithic PS DVB capillary column at a flow rate of 2.2 pl/min at 50 °C with UV analysis at 260 nm,
except for TEAA separations, which were performed on a nonporous DNAPacRP column at a flow rate
of 0.3 ml/min at 95 °C. Separations were performed using gradient 9 (TEAA), 11 (DBAA), and 15 (TBAA)
see Chapter 2 section 2.5.3.
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The results of the correlation analysis using stronger IP reagents (TBAA/DBAA)
typically show R2 values >0.985, demonstrating that using stronger IP reagents
reduces the influence of the RNA sequence on RT when analysing ssRNA under
denaturing conditions. With the correlations between the dsRNA(corresponding
ssRNA) ssRNA ladders determined, the sizing accuracy for each fragment was
calculated against each ladder in each mobile phase composition (see Figure 5.4 C).

The results show that using TBAA/DBAA, an average of less than 10% deviation in
predicted length from actual length was obtained for sizing the dsRNA biocontrols
using either the dsDNA, ssRNA or dsRNA ladders. Interestingly, using the dsDNA
ladder enables accurate sizing of the dsRNA biocontrol using strong IP RP HPLC
under denaturing conditions. Therefore, despite the strands being denatured, the
difference in the sequence/chemistry of the ssSDNA and ssRNA does not significantly
impact retention time; this is consistent with the findings of the ladder analysis study
in Figure 5.2.

In summary, the results show that the analysis of dsSRNA biocontrols using weak IP
RP HPLC in conjunction with TEAA mobile phases under non-denaturing conditions
and DBAA/TBAA mobile phases under denaturing temperatures can both be utilised
for the accurate sizing and analysis of dsRNA biocontrols. A summary of the data
obtained for each dsRNA in the three most accurate phase/temperature combinations

for sizing is shown in Table 5.1.
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Table 5.1: Comparison of sizing accuracy of dsRNA biocontrols using different
ion pair reagent/ladder combinations.

lon Temp °C Ladder dsRNA Predicted Actual  %Error Mean

Pair %Error
124 bp 122 124 1.6
eGFP 257 267 3.7

TEAA 50 dsRNA _ 34
Beta-actin 315 306 3.1
Dome 11 383 404 51
124 bp 122 124 1.7
eGFP 260 267 2.7

DBAA 75 ssRNA 2.0
Beta-actin 314 306 2.6
Dome 11 408 404 1.0
124 bp 122 124 1.3
eGFP 260 267 25

TBAA 75 dsDNA _ 4.4
Beta-actin 276 306 9.8
Dome 11 419 404 3.8

Due to the peak splitting phenomena, TEAA is the only suitable ion pair reagent for

analysis at 50 °C. Under denaturing conditions, the performance of TBAA and DBAA

is very similar when sizing using all three different nucleic acid ladders (dsRNA,

dsDNA and ssRNA). However, visual inspection of the chromatography data for the

ladders shows DBAA affords better resolution for larger fragments, so it may be
more suitable for the analysis of larger dsRNA in the 500-1000 bp region, with the
SsSRNA ladder being the best for predicting the lengths of dSRNA fragments in the

size range of this study.

5.3.3 Analysis of long mRNA using IP RP HPLC

Following the development and application of IP RP HPLC for sizing dsRNA fragments

(100-500 bp), further analysis was performed to assess the feasibility of accurate

sizing of larger MRNA therapeutics/vaccines. These mRNA typically range from 800-

4500 nts in length and provide a significant analytical challenge to achieve high-
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resolution separations and accurate sizing of such large RNAs. Initial work focussed
on optimising the analysis of a commercial high-range RNA ladder (200-6000 nt) in
various IP mobile phases under native and denaturing conditions, with particular
attention to the resolution of larger fragments. The results of this gradient optimisation

are presented in Figure 5.5

The results show that for the non-denaturing analysis using TEAA, most of the sSRNA
species are separated (see Figure 5.5A). However, the 1500/2000 and 3000/4000 nt
peaks are not fully baseline resolved. Under strong IP conditions, the loss of resolution
of the larger RNA is evident where DBAA and TBAA exhibit complete loss of baseline
resolution above 1000 nt. The analysis under denaturing conditions (see Figure 5.5B)
shows an improvement in resolution using TEAA, where most RNAs are now baseline
resolved. However, no significant improvement in resolution has been achieved for the
larger RNAs in DBAA/TBAA. Such losses in resolution will impact the sizing accuracy
of mMRNAs in downstream studies. Although high-resolution separations were
achieved using TEAA, previous results demonstrate that sequence-specific effects
dominate these separations, and therefore, large RNA fragments may not elute in the
correct order of size, which may need to be considered.

Further analysis was performed using four mRNAs of varying sizes, summarised in
Table 5.2. mRNA was generated via IVT and provided by Dr Zoltan Kis' laboratory
(University of Sheffield).

Table 5.2: mMRNAs used for IP RP HPLC analysis

MRNA Gene Source Size nt
Nluc Nano luciferase IVT 870
eGFP GFP IVT 960
Fluc Firefly luciferase Trilink 1929
CSP Covid spike IVT 4283
protein
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Figure 5.5: IP RP HPLC analysis of a high range ssRNA ladder (200-6000 bp,
Riboruler HR, Thermo Fisher) in weak and strong ion-pair reagents A) HPLC
analysis at 50 °C B) HPLC analysis at 50/75 °C. IP RP HPLC separations were performed on a
monolithic PS DVB capillary column at a flow rate of 2.2 pl/min with UV analysis at 260 nm, except for
denaturing TEAA separations, which were performed on a DNAPac RP column at a flow rate of 0.3
ml/min at 95 °C. Separations were performed using gradient 15/16 (TEAA), 17/18 (DBAA), and
19/20(TBAA) see Chapter 2, section 2.5.3.
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The different mMRNA was analysed under non-denaturing conditions using TEAA,
DBAA and TBAA (see Figure 5.6). Figure 5.6A left panel shows an overlay of the
MRNA and the high-range ssRNA ladder. The results show that the elution order is
not size-dependent for analysing large RNA and mRNA using TEAA at 50 °C. This is
clearly shown in the elution of Nluc mRNA (870 nts), which elutes later than eGFP
(Green fluorescent protein) mMRNA (960 nts). Examining the base composition of each
MRNA (see Table 5.3) shows that the NLuc mRNA has a significantly higher % of AU
(the most hydrophobic bases) [259].

Table 5.3: Base composition comparison of the four mRNA

Fragment %AU
Nluc mRNA 870 nt 64.3
eGFP mRNA 960 nt 43.9
Fluc mRNA 1929 nt 34.6
CSP mRNA 4183 nt 44.5

A higher composition of these bases in the sequence increases the overall
hydrophobicity, resulting in increased retention compared to mRNA with a lower
overall %AU composition but of a larger size. Further effects, such as overall structure,
may also play a role in the overall hydrophobicity and differences seen between the
MRNAs

Analysis of the mRNAs using a stronger IP (DBAA) mobile phase is shown in Figure
5.6 (right panel). The results show that under these conditions, the NLuc mRNA now
elutes prior to the eGFP as expected, according to its size. However, interestingly, the
results also show that the Covid Spike mMRNA (4284 nt ) is eluting earlier than the
FLuc mRNA (1929 nt), which is less than half its length. The base composition does
not explain this anomaly, as the %AU composition of the larger mRNA is more
significant (see Table 5.3). At this stage, there is no explanation for this anomalous
data; it is only seen in the DBAA data, the alternative strong IP reagent (TBAA), and
the fragments elute in size order, except for Nluc which elutes slightly before GFP. A
closer examination of the retention times reveals that Nluc is eluting in the right time

frame relative to the ladder and that GFP is eluting slightly earlier; these off-trend
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effects would indicate that sequence effects play a role even in this strong ion pair
system.

Further analysis was performed to establish the extent of the correlation between the
retention of the mRNA fragments and the high range ssRNA ladder (see Figures
5.6B/C). The data shows that only TBAA shows a strong linear correlation (>0.9)
between retention time and the logarithm of length, with high range linearity observed
in the later eluting larger RNAs. As expected, a lower correlation is observed in TEAA,
where sequence-dependent separations dominate and have a considerable influence
on the RT, leading to inaccurate sizing of the mRNA. Therefore, TBAA emerges as
the only promising candidate for accurately sizing these larger mRNA species under

non-denaturing conditions.

The sizing of the mRNA was performed differently from the previous dsRNA analysis.
In calculating the equation of the line of best fit, peaks presumed to be co-eluting were
excluded. For example, in the DBAA data, only the first six fragments, which were at
least partially resolved, were included in the trendline. Although this approach meant
attempting to size fragments outside of the established linear range, the calculations
were done to assess the sizing accuracy of the larger fragments.

Figure 5.6C shows the sizing data for the four mMRNAS. The sizing accuracy improves
with the order of hydrophobicity of the three ion pairing reagents
(TEAA<DBAA<TBAA). However, even the TBAA data shows inferior sizing accuracy
compared to the dsRNA study, with an average deviation of more than 15% between
predicted and actual lengths. It should be noted that the trendline is skewed by the
inclusion of larger non-baseline resolved fragments in the case of TBAA. For instance,
the 870 nt fragment is the least accurate prediction of the model. If only the first three

fragments are included, the prediction accuracy for the 870 nt fragment improves.

In conclusion, the non-denaturing analysis and sizing indicate that both TEAA and
DBAA are unsuitable due to the non-size-based elution order of mMRNA. While TBAA
offers better sizing accuracy, its resolution deteriorates significantly for RNA fragments
over 2000 nt. Therefore, with the current methodologies, achieving simultaneous
accurate sizing for fragments under 1000 nt and those over 2000-3000 nt may not be
feasible.
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Figure 5.6 Comparison of sizing accuracy at 50 °C of mRNAs against a high

range ssRNA ladder (200-6000 nt). A) IP RP chromatogram of mRNAs overlaid with a high
range ssRNA ladder in TEAA and DBAA at 50 °C. B) Graphs comparing the correlation between
MRNAs and high-range ssRNA ladder in TEAA, DBAA and TBAA at 50 °C. Correlations were calculated
by adding the data points for each mRNA species to the ladder series and calculating an R2.C) Sizing
accuracy of mRNAs using a high range ssRNA ladder at 50 °C all ion pairs, the % difference of the
calculated length vs theoretical length of the RNA is shown. IP RP HPLC separations were performed
on a monolithic PS DVB capillary column at a 2.2 pl/min flow rate at 50 °C with UV analysis at 260 nm.
Separations were performed using gradient 15 (TEAA), 17 (DBAA), and 19(TBAA) see Chapter 2
section 2.5.3.
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5.3.4 Accurate sizing of mRNA using denaturing IP RP HPLC

The mRNA analysis was repeated under denaturing conditions to assess whether the
resolution could be improved or whether anomalous data observed in the DBAA
analysis could be linked to mRNA structure/conformation. Since all fragments
analysed were single-stranded, significant changes in retention behaviour or sizing
accuracy were not anticipated. The results of this analysis are shown in Figure 5.7,
and the order of elution of the mRNA in TEAA under denaturing conditions is the same
as previously observed for non-denaturing conditions. Figure 5.7A (right) illustrates
the corresponding stronger ion pair analysis in DBAA, where the elution order is the
same as previous non-denaturing conditions. The underlying cause of the early elution
of the 4283 nt mMRNA remains unexplained; if this phenomenon is conformation-based,

it appears to be thermostable under these conditions.

The logarithm of length vs time plots was created for the mRNA fragments against the
high-range ssRNA ladder in each ion pair reagent (see Figure 5.7B). Consistent with
the non-denaturing data, only TBAA shows a significant linear correlation between the
MRNA fragments and the ssRNA ladder, although GFP is still eluting slightly early
relative to Nluc and the ladder. The sizing data for the denaturing analysis is presented
in Figure 5.7C. For the TBAA data, the 4283 nt mRNA was excluded from the
calculations due to poor resolution and inconsistent peak shape across multiple
replicates. The sizing data indicates that TBAA is the best performer for sizing, like the
non-denaturing conditions. However, the resolution of the larger RNA fragments in the

strong ion pair conditions remains suboptimal.

While a curved fit could have been applied to estimate the sizes outside the linear
range, the HPLC traces indicate a significant loss of resolution beyond 2000 nt, likely
due to inefficient ion pairing. Although previous models have employed non-linear
functions for size estimation, these approaches depend on consistent retention
behaviour, which is not observed for fragments within this size range. No prior studies
have successfully demonstrated accurate sizing in this range, likely due to the
resolution loss and inconsistent separation between injections. Identifying the upper
limit of the linear relationship between size and retention time has been a key objective

of this chapter, and this limit has now been established.
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Figure 5.7: Comparison of sizing accuracy at 75/95 °C of mRNAs against a high-

range ssRNA ladder (200-6000 nt). A) IP RP chromatogram of mRNA overlayed with a high
range ssRNA ladder in TEAA and DBAA at 75/95 °C. B) Graphs comparing the correlation between
MRNAs to the high-range ssRNA ladder in TEAA, DBAA and TBAA at 75/95 °C. Correlations were
calculated by combining the series of two ladders; for example, the DNA ladder series has 12 points,
which was combined with the RNA ladder series to make a series with 19 points for which an R was
calculated. C) Sizing accuracy of mRNAs using a high range ssRNA ladder at 75/95 °C all ion pairs,
the % difference of the calculated length vs theoretical length of the RNA is shown. IP RP HPLC
separations were performed on a monolithic PS DVB capillary column at a flow rate of 2.2 pl/min at 50
°C with UV analysis at 260 nm, except for TEAA separations, which were performed on a DNAPac RP
column at a flow rate of 0.3 ml/min at 95 °C. Separations were performed using gradient 16 (TEAA), 18
(DBAA), and 20(TBAA) see Chapter 2 section 2.5.3.
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Given the lack of sizing accuracy achieved with the larger mMRNA fragments, itis crucial
to critically evaluate whether IP RP HPLC using TBAA can fulfil the objectives of this
study and serve as a reliable method for accurate sizing of mRNA, particularly
considering the resolution limitations for larger fragments. Therapeutic mMRNASs, such
as the mRNA for the COVID spike protein, typically span several thousand
nucleotides. The fact that the best-performing assay fails for only mRNA within the
therapeutic size range suggests that size-based analysis using IP RP HPLC is not

accurate nor adequate for mMRNA species of this size.

5.3.5 Comparison of the retention behaviour of modified and unmodified
MRNAs using IP RP HPLC

As discussed in Chapter 1, Section 1.2.3, there is significant interest in utilising
mMRNAs with modified nucleotides to improve therapeutic outcomes. This necessitates
adjustments in analytical methods to accommodate the chemical variations introduced
by these structural modifications. Although achieving sizing accuracy for larger
MRNAs proved challenging, this study sought to explore the effect of chemical
modifications on the accuracy of mRNA sizing using IP RP HPLC. Specifically, the
investigation focused on whether modified and unmodified MRNAs of the same size
would co-elute, thereby indicating size-based separation. Differences in retention time
would indicate the predominantly sequence-based mechanism of separation. Three
mMRNAs, with lengths of 870, 960, and 4283 nts, with either uridine or N1-methyl
pseudo uridine, were provided by the research group of Dr Zoltan Kis (University of
Sheffield) and analysed using IP RP HPLC in TEAA, DBAA, and TBAA under both
native and denaturing conditions. These mRNAs were sized against the ssRNA

ladder, following the same methodology as the previous mRNA study.

The data from the analysis under non-denaturing conditions is presented in Figure 5.8.
Panels A-C show the three mRNAs overlaid with N1-methyl pseudo-uridine-containing
counterparts across the three ion pair reagents. The results show that for eGFP and
NLuc mRNA, a difference in retention time is observed between the modified and
unmodified mRNA in TEAA but not in the two stronger IP reagents. These results are
consistent with previous data where IP RP HPLC analysis using TEAA results in more

sequence-dependent separations of single-stranded RNA.
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Figure 5.8: Comparison of RP IP HPLC analysis and size prediction of modified

and unmodified mMRNAs using a high range ssRNA at 50 °C A) HPLC analysis in TEAA.
B) HPLC analysis in DBAA.C) HPLC analysis in TBAA. D) Table comparing the difference in predicted
size in nucleotides between modified (M) and unmodified (U) mRNA in TEAA, DBAA and TBAA using
an ssRNA ladder. IP RP HPLC separations were performed on a monolithic PS DVB capillary column
ata 2.2 pl/min flow rate at 50 °C with UV analysis at 260 nm. Separations were performed using gradient
15 (TEAA), 17 (DBAA), and 19(TBAA) see Chapter 2 section 2.5.3.
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Interestingly, the larger CSP (Covid Spike Protein)mRNA does not exhibit the same
behaviour as its smaller counterparts across any ion pair reagents. In TEAA, the
retention difference between the modified and unmodified fragments is minimal. When
examining the sizing estimates shown in Figure 5.8D, the difference (D) between the
predicted lengths of the modified (M) and unmodified (U) CSP mRNA is only 116 nt.
This data does not suggest size-dependent separation; instead, it implies that at this
size, the overall hydrophobicity of the mRNA is so high that the hydrophobicity
difference between uridine and N1-methyl pseudouridine becomes negligible.
However, it should be noted that the lower resolution of the larger RNA will also play

arole.

Examining the DBAA data in Figure 5.8B reveals that the largest CSP mRNA again
behaves as an outlier, exhibiting a substantial difference in retention time between the
modified and unmodified strands. Despite this anomalous behaviour, the analysis has
provided insights that may explain the unusual behaviour observed for this mRNA in
the sizing study (section 5.3.3). The chromatogram for the modified 4283 nt mMRNA
reveals two distinct peaks: a major peak, sized at 2761 nt, and a minor peak, sized at
1300 nt. Interestingly, this minor peak elutes within a retention window similar to the
unmodified mMRNA. Additionally, close inspection of the baseline for the unmodified
strand reveals an additional, later-eluting peak, which appears within a time window
like the larger peak in the trace of the modified strand. It is proposed that the
anomalous behaviour could be due to different conformations of the mRNA, the
abundance of which is influenced by the absence or presence of chemical

modifications. Further studies are required to investigate this hypothesis.

The analysis of mRNA using TBAA (see Figure 5.8C) shows that the modified and
unmodified eGFP, NLuc and CSP mRNA co-elute and, therefore, does not affect the
sizing or influence the retention time of these MRNAs. However, considerable variation
in retention time and chromatographic quality (e.g., peak widths and intensity) across
different replicates of CSP mRNA was observed in TBAA; therefore, it can be
concluded that TBAA is unsuitable for analysing these larger mRNAs due to the

inconsistency and lack of reproducibility in the chromatography data.
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5.3.6 Comparison of the retention behaviour of modified and unmodified
MRNAs in denaturing IP RP HPLC

Despite the mRNA sizing study indicating minimal differences between denaturing and
non-denaturing conditions for these species, the comparison was repeated at
denaturing temperatures (see Figure 5.9). A comparison of the non-denaturing (Figure
5.8) with denaturing analysis (Figure 5.9) reveals minimal differences between the two
conditions. The most notable differences are the later retention time of the unmodified
MRNA compared to the modified mMRNA in TEAA and the similar retention times of the
Nluc and eGFP mRNA in DBAA and TBAA. These findings suggest that denaturing
conditions do not significantly alter the retention characteristics of these mRNA

fragments.

In conclusion, the IP RP HPLC analysis demonstrates that for mRNAs (under 1000
nt), the N1-methyl pseudo uridine modification increases the retention time of the
MRNA using TEAA under both native and denaturing conditions. Therefore, this
results in the prediction of different sizes of the mRNA determined using a high-range
ssRNA ladder. In contrast, analyses conducted with stronger ion pair reagents under
denaturing conditions result in similar retention times for both modified and
unmodified. Therefore, the chemical modification does not affect the accuracy of
MRNA sizing in conjunction with the high-range ssRNA ladder using strong IP RP
HPLC (Figure 5.8D and Figure 5.9D). These results are consistent with previous data
that show that strong ion pair reagents result in more accurate sizing of mRNAs.
However, the application for analysis of larger mMRNA >1000 nt is limited due to the

low-resolution separations where close or co-elution of these mRNAs are observed.
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Figure 5.9: Comparison of RP IP HPLC analysis and size prediction of modified

and unmodified mRNAs using a high range ssRNA at 75.95 °C A) HPLC analysis in
TEAA. B) HPLC analysis in DBAA.C) HPLC analysis in TBAA. D) Table comparing the difference in
predicted size (D) in nucleotides between modified (M) and unmodified (U) mRNA in TEAA, DBAA and
TBAA using an ssRNA ladder. IP RP HPLC separations were performed on a monolithic PS DVB
capillary column at a flow rate of 2.2 pl/min at 75 °C with UV analysis at 260 nm, except for TEAA
separations, which were performed on a nonporous DNAPac RP column at a flow rate of 0.3 ml/min at
95 °C. Separations were performed using gradient 16 (TEAA), 18 (DBAA), and 20(TBAA) see Chapter
2 section 2.5.3.
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It is hypothesised that this issue may be related to column capacity. In addition to their
intrinsic strength, the ion pair reagents are used at varying concentrations: TEAA at
100 mM, DBAA at 15 mM, and TBAA at 5 mM. As outlined in previous studies, the
concentration of the ion pair reagent influences the capacity factor. It is plausible that
larger fragments require a higher concentration of ion pair reagent to adequately bind
the nucleic acids to the column and maintain resolution. However, low concentrations
of the strong IP reagent are required in conjunction with a high % organic solvent to
elute these large nucleic acids from the stationary phase. Further research is
necessary to test this hypothesis and determine whether increasing the concentration
of the ion pair reagent in conjunction with using alternative organic solvents could

enhance the resolution of larger mRNA fragments.

5.4 Conclusions

One of the most significant challenges facing RNA platforms is rapid, robust quality
control methods which identify the product, determine its integrity, and identify by-
products or leftover materials from batch production. The primary aim of this study was
to evaluate the suitability of IP RP HPLC chromatography for the accurate sizing of
dsRNA biocontrols and mRNA. The ability to accurately size the mRNA assists with
the identity testing of the manufactured RNA and identification (and sizing) of potential

by-products.

The results demonstrate that dsSRNA biocontrols can be accurately sized using IP RP
HPLC under non-denaturing and denaturing conditions, with a sizing error of less than
5% under native and denaturing conditions using alternative nucleic acid ladders. It
can be concluded that the most accurate sizing method was mobile phase DBAA
under denaturing conditions in conjunction with a ssRNA ladder. This method is
precise and efficient, with the entire process completed in under twenty minutes.
Moreover, as evidenced by previous HPLC studies, it can be seamlessly integrated
into existing dsRNA production platforms, making it a practical tool for ensuring
product quality in biocontrol applications.

The analysis and accurate sizing of mMRNA using IP RP HPLC is more challenging and

was shown to be unsuitable for the analysis of large mMRNA fragments exceeding 1000
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nts in length. Given that therapeutic mRNAs used in vaccines, such as the COVID-19
spike protein mRNA, are typically much larger than 1000 nts, IP RP HPLC is not
currently viable as a size-dependent quality control assay for these mRNAs. Although
IP RP HPLC using TEAA (non-denaturing and denaturing conditions) enabled the
separation of the high-range ssRNA ladder, the predominant sequence dependence
in this separation mode results in inaccurate mMRNA sizing. This was clearly
demonstrated by the later elution of Nluc mRNA (870 nt) compared to eGFP mRNA
(960 nt) and the separation of chemically modified mMRNA from unmodified mRNA of

the same size.

In contrast, the stronger IP reagents TBAA and DBAA result in predominantly size-
dependent separations of mMRNA, with slight variation in retention between modified
and unmodified mMRNAs; however, there is a loss of resolution of larger mRNAs
(>1000nt), therefore limiting applications to only smaller mRNA for accurate sizing

using this approach.
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6 Chapter 6 Conclusions and recommendations for future work

6.1 Conclusions

Initial research presented in Chapters 3 and 4 aimed to develop and optimise critical
aspects of the SELEX workflow prior to the generation of sSSDNA aptamers against
MDA-9. A significant caveat associated with SELEX experiments is their failure due to
issues associated with PCR amplification. As the rounds progress through SELEX,
PCR by-products can dominate. In addition, current methods used to isolate SSDNA
can result in low yields and the purification of ssSDNA from these PCR by-products,
hampering the SELEX process. Initial work, therefore, focussed on optimising the
ssDNA library design and PCR conditions to minimise PCR by-products. Using these
optimised conditions, successful amplification of the ssDNA library was achieved,
resulting in a higher quality dsDNA (no by-products) compared to an alternative SSDNA
library design and PCR amplification conditions used in previous SELEX methods in

the literature.

Re-generation of single-stranded DNA is a key and often fatal step in SELEX
protocols, with current methods of exonuclease digestion and streptavidin affinity
chromatography either delivering poor yields (52-69% for the former and 50-55% for
the latter) or failing to eliminate PCR by-products.[231] This creates significant issues
early in SELEX protocols when the copy number of species is low, and inefficient
ssDNA re-generation can lead to a loss of information from the pool. Additionally, the
propensity of these methods to carry through by-products through to later rounds of

selection facilitates their growth.

IP RP HPLC is a powerful method for the analysis of nucleic acids. In this Thesis, |
have utilised and developed IP RP HPLC in several studies. IP RP HPLC was used
to optimise the SELEX methodology and develop a novel method for ssSDNA
regeneration, separating the two strands of a PCR product where the reverse primer
contained a hydrophobic 5’ tag, allowing for the isolation of ssDNA with an 80%
yield, superior to current methods. The method was validated using ESI mass
spectrometry and fluorescence detection of the Texas red 5’ tag. Following the
development of this approach to purify ssDNA, this was subsequently employed to
generate ssDNA aptamers to MDA-9. This novel method can be used on antiquated
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HPLC systems, which are ubiquitous in research institutions, allowing for easy
implementation into SELEX workflows, improving success rates, and generating

more aptamers.

6.1.1 Generation of ssDNA aptamers against Syntenin (MDA-9)

MDA-9 is a differentially regulated prometastatic gene with elevated expression in
advanced stages of Melanoma. MDA-9 is a PDZ protein that binds the cytoplasmic C-
terminal FYA motif of the syndecans, a widely distributed cytosolic protein. PDZ
domains interact with several proteins, many critical regulators of signalling cascades
in cancer. MDA-9 role in cancer metastasis and angiogenesis has led to its selection
as a target in this project. Recombinant MDA-9 was successfully cloned into E. coli

cells prior to overexpression and purification.

Initial studies using SELEX to obtain ssDNA aptamers against MDA-9 were
unsuccessful due to the poor-quality PCR product obtained in later selection rounds.
These results demonstrate that although initial optimisation of the PCR and library
design was performed, this did not prevent the poor-quality PCR product from being
obtained in later selection rounds. Therefore, alterations to the SELEX protocol were
developed to minimise the number of stages where PCR amplification is used, relying
on the ability of next-generation sequencing methods to sequence the final aptamer
pool effectively. This modified approach (three rounds of selection of sSSDNA aptamers
without PCR amplification and three rounds of selection with amplification) was
performed prior to next-generation sequencing and bioinformatics approaches to

identify potential SSDNA aptamers.

Twelve ssDNA sequences identified from the sequencing analysis were synthesised
before determining their binding affinity to MDA-9 using isothermal titration calorimetry
(ITC). The results showed that three different aptamer sequences had binding affinities
in the 25-600 nM range, with one high-affinity aptamer sequence identified. These
results demonstrate the successful isolation of sSDNA aptamers against recombinant
MDA-9. A wide range of further work is proposed to build upon identifying these initial
ssDNA aptamers, including screening alternative sequences identified from NGS for
binding to MDA-9 and using truncation to enhance the binding affinity of identified

aptamers and determine the required minimum OGN sequence. Furthermore, it should
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be noted that in this study, recombinant MDA-9 expressed in E. coli was used rather
than human endogenous MDA-9. Therefore, further studies on MDA-9 expressed in
mammalian cells should be performed to compare the binding affinity to recombinant

MDA-9 expressed in E. coli.

6.1.2 Analysis of mMRNA therapeutics and dsRNA biocontrols using IP RP
HPLC

RNA therapeutics and RNA biocontrols are incredibly promising alternatives to small
molecule-based platforms. Their success has already been proven both during the
COVID pandemic and by the approval of Ledprona as a dsRNA biocontrol. With
success comes greater demand for analytical characterisation of the RNA for batch
release, the measurement of critical quality attributes and final commercial release.
Therefore, there is a need for rapid, reliable methods for qualitative analysis of these

molecules.

Current methods for qualitatively analysing these molecules include gel
electrophoresis and anion exchange chromatography; however, they do not afford
efficient size-based resolution due to structure and sequence effects. This study aimed
to develop and optimise IP RP HPLC to analyse and accurately size mRNA
therapeutics and dsRNA biocontrols. A wide range of alternative IP reagents were
analysed, and IP RP HPLC was performed under denaturing and non-denaturing
conditions. Analysis of a range of nucleic acid markers, including dsRNA, dsDNA and
ssSRNA, was used to assess the upper limit of the linear relationship between retention
time and the logarithm of length (in base pairs/nucleotides) and compared to previous
studies. The ladders were used to estimate the size of four dSRNA biocontrols based
on their retention times using linear regression: a 124 bp dsRNA, eGFP dsRNA (267
bp), B-actin dsRNA (306 bp) and Dome11 dsRNA (404 bp). The major conclusions are
that dsRNA can be accurately sized to within 5% error in the 124-404 bp region in
TEAA under non-denaturing conditions and within 2% in DBAA under denaturing

conditions.

These methods offer robust sizing of dsRNAs and will facilitate rapid QC methods,
increasing the efficiency of production platforms. This will benefit the industry
significantly, increasing the speed at which new dsRNA biocontrols are rolled out.
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Analysis of mMRNA therapeutics and accurate sizing using IP RP HPLC was more
challenging than their smaller double-stranded counterparts. Large mRNA (1000-6000
nts) was separated using TEAA at elevated temperatures. However, under these
conditions, although separation of the RNAs was achieved, the separation mechanism
was predominantly sequence-based and, therefore, unsuitable for accurate mRNA
sizing. This was demonstrated with the analysis of a range of MRNAs of different sizes
and sequences where elution was not in the order of size (nts) of the mRNAs. Analysis
of large RNAs using alternative stronger IP reagents showed that more size-

dependent separations were achieved.

In DBAA, it was found that larger RNAs could be sized within 15% accuracy at 75 °C
up to 2000 nt, with the caveat that typically, under these conditions, a loss of resolution
above 1500-2000 nt prevents accurate sizing of larger therapeutic mMRNAs as the
MRNAs either elute with very similar retention times or co-elute. Therefore, further
work is required, focussing on increasing the resolution under stronger IP RP HPLC
conditions to enable the separation of larger mRNA molecules, which is discussed

below.

6.2 Future Work

The results presented in Chapter 4 demonstrated the successful isolation of sSDNA
aptamers against recombinant MDA-9. However, a wide range of further work is
proposed to build upon identifying these initial SSDNA aptamers. Previous work has
shown that removing the primer sites in sSSDNA aptamers increases the binding affinity
of identified aptamers [253]. Therefore, further work should focus on ITC analysis of
the ssDNA aptamer sequences identified from NGS for binding to MDA-9, without the
primer regions, to assess their effect on MDA-9 binding. Furthermore, such studies
can determine the minimal sequence required for binding to MDA-9. Truncation can
boost affinity in libraries where the priming regions are not playing a significant role in
binding; if they interact with the core region, affinity can be dramatically reduced
[260,261].

Further binding studies should be carried out with ITC and at least one other
biophysical technique to validate the binding affinity data from the ITC analysis. SPR
would be an ideal alternative technique as it is commonly used for affinity screening

and is orthogonal, using light scattering to determine binding as opposed to enthalpy
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in ITC. MST, relying on the mobility of bound vs unbound aptamers would also be
appropriate. Following the priming region, species with an affinity for the target can be
re-screened using Fast Aptamer to find sequences within the same family in the library
for affinity screening. It may be that species from the same cluster as one of the
sequences screened with lower read counts have greater affinity for the target. When
several sequences with affinity have been identified, screening for specificity against
the target must be the next stage. Counter-screening candidates include the magnetic
bead substrate and abundant cellular proteins. Candidates that emerge from the
counter screening must then be optimised for any in vivo application, considering that
this section of the Thesis's main aim was to isolate aptamers as antagonists to MDA-

9, thereby acting as an anti-cancer therapeutic.

One of the simplest ways to increase nuclease resistance is the thiolation of the non-
bridging oxygen atoms in the phosphate backbone. However, as discussed in Chapter
1, the major caveat is that if this is performed after selection, this may change how the
aptamer folds and could completely nullify its affinity for the target. However, complete
thiolation of the phosphate backbone is not, in fact, necessary to increase nuclease
resistance; previous studies have demonstrated that partial thiolation yields significant

exonuclease resistance [262].

With this in mind, and the fact that exonucleases cleave from the 5 and 3’ ends
inwards, a study involving both affinity screening and nuclease digestion of an aptamer
with an increasing number of phosphorthioate groups would assess how much
nuclease resistance could be achieved without a significant impact on affinity. A similar
approach could be taken with other modifications, but phosphorthioate modifications

are very economical.

6.2.1 Optimisation of SELEX methodology

The results of the SELEX study demonstrated that although several aptamer
candidates were identified, the protocol requires further optimisation. There are two
reasons for this conclusion; the first is the poor quality of PCR products during SELEX
and sequencing preparation, which contributed to the lower quality of the sequencing
data compared to the random ssDNA library. The first step in future work is to assess

what role the primers played in forming PCR by-products; the truncation study will
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achieve this. If it is found that the primers are playing a significant role in binding,
further optimisation of the PCR steps may be required; increasing the annealing

temperature may destabilise semi-stable by-products.

Further optimisation of next-generation sequencing could be performed, where it is
proposed that designing the fixed regions of the ssDNA to match the adaptors of the
sequencing provider would eliminate the need for a post-ligation amplification, one of
the critical drivers of by-product formation in this study. However, a caveat of this
approach is that unique barcodes cannot be used for each sequence. Therefore, only
one library can be sequenced on one chip, making sequencing multiple SELEX rounds

more expensive [263].

The second major flaw of all SELEX methodologies employed in this study was the
lack of enrichment after multiple selection rounds. During SELEX protocols, the
infamous “black box” problem was repeatedly encountered; it was unknown whether
the lack of enrichment was due to a genuine lack of species with affinity for the target
or some other problem within the workflow. There are, in fact, SELEX methods that do
offer some insight into the binding stage; these include labelling strategies such as
“flu-mag” SELEX. However, when attaching a fluorescent label to the 5’ end of a
library, how this will affect folding must be considered[238]. Capillary electrophoresis
SELEX may also offer an insight into the proportion of binders in the library at each
round as this approach separates the bound from unbound ssDNA during the
electrophoresis. The ability to directly measure and quantify the amount of ssDNA

binding to the protein target will provide further insight during the SELEX procedure.

6.2.2 Analysis of mRNA therapeutics using IP HPLC

RNA platforms require robust quality control methods; the dsRNA biocontrol study
satisfies this criterion, offering rapid, accurate sizing. However, further work is required
to achieve the same outcome in mMRNA analysis. IP RP HPLC analysis of mRNA
therapeutics has been established for the routine analysis of mMRNA integrity, typically
using TEAA. However, the ability to accurately size mRNA presents significant
challenges. The results in Chapter 5 demonstrate that although separation of large-
sized mRNA fragments can be achieved using TEAA (200-6000 nts), loss of resolution
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for mMRNAs >1000-1500 was observed. This loss of resolution was particularly evident
using the stronger ion pair reagents, DBAA and TBAA. The notable difference other
than hydrophobicity between these and TEAA is the concentration at which they are
used. TBAA at 5 mM and DBAA at 15 mM are considerably lower concentrations than
TEAA at 100 mM. In the work of Huber and later Gilar, peak capacity is associated

with ion pair concentration [183,264].

It is proposed that the efficiency of the ion-pairing mechanism decreases with fragment
length. Therefore, larger mMRNAs require more saturation (a higher ratio of ion-pairing
molecules to phosphates) to interact efficiently with the stationary phase and maintain
resolution. Unfortunately, increasing the concentration of TBAA and DBAA is not
feasible, as it is likely to cause over-retention without any improvement in resolution.
A potential solution is the use of combined IP reagents in the same mobile phase
(weaker and stronger ion pair reagents). Further studies using TEAA and DBAA mixed
at varying concentrations and with varying percentages of organic modifiers could be
performed to extend the range at which accurate sizing of mMRNA is feasible. To fine-
tune accurate sizing, it would be more appropriate to use sizing standards with poly(A)
tails the same length as the mRNA fragments being analysed due to the significant
difference in base composition of RNAs with a poly(A) tail and the effect this may have
on the overall hydrophobicity of the RNA compared to RNA fragments of the same
length without a poly(A) tail.
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7 Appendix

7.1 Denaturing RP IP HPLC separation of strands with various 5’

modifications
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Appendix 1: Denaturing IP RP HPLC analysis of labelled PCR products A) IP RP
chromatogram of unlabeled dsDNA at 95 °C. B) IP RP chromatogram of the 5’ C18 labelled dsDNA at
95 °C. C) IP RP chromatogram of 5’ Biotin labeled dsDNA at 95 °C. IP RP chromatogram of
phosphorothioate dsDNA at 95 °C. Mobile phase A 0.1 M TEAA, mobile phase B 0.1M TEAA 25%
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ACN. Gradient 4, flow rate 0.2 ml/min Chapter 2 section 2.5.3. The ssDNA is highlighted. Nonporous
DNApac column (Thermofisher) used for separation

7.2 LCMS analysis of all DHPLC strands
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Appendix 2: Analysis of unmodified dsDNA using non-denaturing IP RP

HPLC/MS. A) HPLC UV analysis of unmodified dsDNA. B) ESI MS spectra of unmodified dsDNA.
Mobile phase A 0.2% TEA 50 mM HFIP in H,O, mobile phase B 0.2% TEA 50 mM HFIP in 80:20

H,O: ACN, Gradient 4, flow rate 0.2 ml/min Chapter 2 section 2.5.3. The theoretical and calculated
monoisotopic masses are highlighted. Nonporous DNApac column (Thermofisher) used for separation
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Appendix 3: Analysis of 5’ C18 modified dsDNA using non-denaturing IP RP
HPLC/MS. A) HPLC UV analysis of unmodified dsDNA. B) ESI MS spectra of unmodified dsDNA.

Mobile phase A 0.2% TEA 50 mM HFIP

in H>O, mobile phase B 0.2% TEA 50 mM HFIP in 80:20

H,O: ACN, Gradient 4, flow rate 0.2 ml/min Chapter 2 section 2.5.3. The theoretical and calculated
monoisotopic masses are highlighted. Nonporous DNApac column (Thermofisher) used for separation
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Appendix 4: Analysis of 5’ C18 modified dsDNA using non-denaturing IP RP
HPLC/MS. A) HPLC UV analysis of unmodified dsDNA. B) ESI MS spectra of unmodified dsDNA.
Mobile phase A 0.2% TEA 50 mM HFIP in H>O, mobile phase B 0.2% TEA 50 mM HFIP in 80:20
H,0: ACN, Gradient 4, flow rate 0.2 ml/min Chapter 2 section 2.5.3. The theoretical and calculated
monoisotopic masses are highlighted. Nonporous DNApac column (Thermofisher) used for separation

171



>

Absorbance (mAu)

o

Relative Abundance

O

Relative Abundance

(98]
o
| IOVOTTIUIN FUUVTTOUN POV TN PO

[=2]
o
| FATTOON PRIV T

(=]
!

90
85 5
80 3
75 3
70 3
65 3
60 3
55 3
50
45 3
40 3
35 3
30 3
25 3
20 3
15 3

0.2% TEA, 50

mM HFIP 95 °C

PR I SR NI NP SAPE NI NI B |

650

650

700

700

804.987

=M

750 800
814.518
=31
788.096
=32
784 839
=33
750 800

13 14 15

10 12 14 17 18 19 20 21 22 23 24 25
Time min
Theoretical mass: 24975.16 Da
Calculated mass: 24975.08 Da
SC?i‘_i'_‘l
: 525_3;_3 92:’!_5;"
soraes q “:-;;3 1040.001
=28 g

850 900 950 1000 1050 1100
m/z
841 838
=3
&70.727
pr}
870.934
=28 1010.884
D one 935967
R = s71.968
891.002 }
=28 1053.130
824.150 =24
=27 .
850 900 950 1000 1050
m/z

1150 1200

Theoretical mass: 25269.16
Calculated mass: 25270.52

1098.789
=23
1202.578
1148 238 =21

=22

1100 1150 1200

Appendix 5: Analysis of 5°C18 modified dsDNA using denaturing IP RP
HPLC/MS. A) HPLC UV analysis of unmodified dsDNA. B) ESI MS spectra of unmodified dsDNA.
Mobile phase A 0.2% TEA 50 mM HFIP in H20, mobile phase B 0.2% TEA 50 mM HFIP in 80:20
H20: ACN, Gradient 4, flow rate 0.2 ml/min Chapter 2 section 2.5.3. The theoretical and calculated
monoisotopic masses are highlighted. Nonporous DNApac column (Thermofisher) used for separation
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Appendix 6: Analysis of 5’ Biotin modified dsDNA using non-denaturing IP RP
HPLC/MS. A) HPLC UV analysis of unmodified dsDNA. B) ESI MS spectra of unmodified dsDNA.
Mobile phase A 0.2% TEA 50 mM HFIP in H»O, mobile phase B 0.2% TEA 50 mM HFIP in 80:20
H>O: ACN, Gradient 4, flow rate 0.2 ml/min Chapter 2 section 2.5.3. The theoretical and calculated
monoisotopic masses are highlighted. Nonporous DNApac column (Thermofisher) used for separation
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Appendix 7: Analysis of 5°Biotin modified dsDNA using denaturing IP RP
HPLC/MS. A) HPLC UV analysis of unmodified dsDNA. B) ESI MS spectra of unmodified dsDNA.
Mobile phase A 0.2% TEA 50 mM HFIP in H,O, mobile phase B 0.2% TEA 50 mM HFIP in 80:20
H,O: ACN. Gradient 4, flow rate 0.2 ml/min Chapter 2 section 2.5.3. The theoretical and calculated
monoisotopic masses are highlighted. Nonporous DNApac column (Thermofisher) used for separation
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Appendix 8: Analysis of phosphorothioate dsDNA using non-denaturing IP RP
HPLC/MS. A) HPLC UV analysis of unmodified dsDNA. B) ESI MS spectra of unmodified dsDNA.
Mobile phase A 0.2% TEA 50 mM HFIP in H»O, mobile phase B 0.2% TEA 50 mM HFIP in 80:20
H>O: ACN. Gradient 4, flow rate 0.2 ml/min Chapter 2 section 2.5.3. The theoretical and calculated
monoisotopic masses are highlighted. Nonporous DNApac column (Thermofisher) used for separation
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Appendix 9: Analysis of phosphorothioate dsDNA using denaturing IP RP
HPLC/MS. A) HPLC UV analysis of unmodified dsDNA. B) ESI MS spectra of unmodified dsDNA.
Mobile phase A 0.1% TEA 50 mM HFIP in H>O, mobile phase B 0.1% TEA 50 mM HFIP in 80:20
H20: ACN, Gradient 4, flow rate 0.2 ml/min Chapter 2 section 2.5.3. The theoretical and calculated
monoisotopic masses are highlighted. Nonporous DNApac column (Thermofisher) used for separation
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Appendix 10: Analysis of 5’ Texas Red dsDNA using non-denaturing IP RP
HPLC/MS. A) HPLC UV analysis of unmodified dsDNA. B) ESI MS spectra of unmodified dsDNA.
Mobile phase A 0.1% TEA 50 mM HFIP in H,O, mobile phase B 0.1% TEA 50 mM HFIP in 80:20
H.0: ACN, Gradient 4, flow rate 0.2 ml/min Chapter 2 section 2.5.3. The theoretical and calculated
monoisotopic masses are highlighted. Nonporous DNApac column (Thermofisher) used for separation
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Appendix 11: Analysis of 5’ Texas Red dsDNA using denaturing IP RP

HPLC/MS. A) HPLC UV analysis of unmodified dsDNA. B) ESI MS spectra of unmodified dsDNA.
Mobile phase A 0.1% TEA 50 mM HFIP in H>O, mobile phase B 0.1% TEA 50 mM HFIP in 80:20
H20: ACN, Gradient 4, flow rate 0.2 ml/min Chapter 2 section 2.5.3. The theoretical and calculated
monoisotopic masses are highlighted. Nonporous DNApac column (Thermofisher) used for separation
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7.3 MDA-9 Gene sequence

ATGTCTCTGTACCCGTCTCTGGAAGACCTGAAAGTTGACAAAGTTATCCAGGCTCAGAC
CGCTITCTCTGCTAACCCGGCTAACCCGGCTATCCTGTCTGAAGCTTCTGCTCCGATCC
CGCACGACGGTAACCTGTACCCGCGTCTGTACCCGGAACTGTCTCAGTACATGGGTCT
GTCTCTGAACGAAGAAGAAATCCGTGCTAACGTTGCTGTTGTTTCTGGTGCTCCGCTGC
AGGGTCAGCTGGTTGCTCGTCCGTCTTCTATCAACTACATGGTTGCTCCGGTTACCGGT
AACGACGTTGGTATCCGTCGTGCTGAAATCAAACAGGGTATCCGTGAAGTTATCCTGTG
CAAAGACCAGGACGGTAAAATCGGTCTGCGTCTGAAATCTATCGACAACGGTATCTTCG
TTCAGCTGGTTCAGGCTAACTCTCCGGCTTCTCTGGTTGGTCTGCGTTTCGGTGACCAG
GTTCTGCAGATCAACGGTGAAAACTGCGCTGGTTGGTCTTCTGACAAAGCTCACAAAGT
TCTGAAACAGGCTTTCGGTGAAAAAATCACCATGACCATCCGTGACCGTCCGTTCGAAC
GTACCATCACCATGCACAAAGACTCTACCGGTCACGTTGGTTTCATCTTCAAAAACGGTA
AAATCACCTCTATCGTTAAAGACTCTTCTGCTGCTCGTAACGGTCTGCTGACCGAACACA
ACATCTGCGAAATCAACGGTCAGAACGTTATCGGTCTGAAAGACTCTCAGATCGCTGAC
ATCCTGTCTACCTCTGGTACCGTTGTTACCATCACCATCATGCCGGCTITCATCTTCGAA
CACATCATCAAACGTATGGCTCCGTCTATCATGAAATCTCTGATGGACCACACCATCCC
GGAAGTT

Appendix 12: MDA-9 sequence cloned into DH5-a: Human, isoform 1, Uniprot
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7.4 Fast Aptamer library analysis, pre and post-SELEX

Choose data to count™:

Galany25-1PCA e 2fsta

Sample data is available from here.
Return reverse complement of sequences?

Yes ® No

FASTA or CSV download?
® FASTA csv

&

Stat | pownload

*Do not start until loading bar shows 'Upload complete’.
Total sequences: 647516

Unique sequences: 609060

Elapsed time: 5.78 secs

Min. number of reads to plot:

[0 1000

LS

e e S

v o w P a0

Max, rank to plot:

T 0] 1000
e e e e e e

0 Mmoo a0 me e so s0  me  gm s to0
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Reads
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Search:

seqs
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TATTGTTGACATGCCAGCGGGTCGGGGAAACGTGATCCTG

ATTATTGCTTGTGACTGGAGTTCAGACGTGTGCTCTTCCG

GCCGTGTGGACGTAAGCGTGAACGTCAGGATCACGTTTCC

GCGGTGGATCACTCGGCTCGTGCGTCGATGAAGAACGCAG

ACACTTGATGTACTGCCAAGTGGGCAGTTTACCGTAAATA

CAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTT

CTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACC

GCACACCGGTATCCCCGCCCGACAACGACGGCAATGTACT

AGCCCCGGEGAGGAACCCGGGGLCGCAAGTGLGTTCGAAGT

TAAGCGACGCTCAGGCAGGCGTAGCCCCGGEAGGAALCCE

GATGACAGAAATTCTGCTTAAGCAGGCAATGGTGGGGATT

GTAGCCCCGGGAGGAACCCGGGGCCGCAAGTGCGTTCGAA

CAGCCACGCAGACCTTTGATGGTATTGCACAGAATATGGC

CCCCAACGLCATAGCCCCTAATAGCCTCTTACCTCCTTCA

ACTGGATGTTGAGGCCTTGTGGCGGGAATTGCGGTCGGGT

AGGGGTTGTTTCGTGGATGAAAAGGGATTGGATATATGLG

CATCCAATCCAAATGCGGCATCTTCAAACCTCCATGATGC

CCCGCGTTCTCACCCTCCCGTCTCACTATATACCCGAGTC

CCTAAAGCTGTATTTCCCACCCCTTCGCTATCTAATGACC

GCGTAATTCGTGCAGGGTGGAACATGGTCTTGCGTTCGAG

Appendix 13: Top 20 reads (by read count) in pre SELEX libray, screenshot taken from FastAptamer

Choose data to count*:
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Search:

seqs
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TCGGCCTATAGTCAGTGTACCTATAGGGCTATTAGGACCA

TATATCGGCCTATAGTCAGTGTACCTATAGGGCTATTAGG

GGCCTATAGTCAGTGTACCTATAGGGCTATTAGGACCATT

CCTATAGTCAGTGTACCTATAGGGCTATTAGGACCATTAT

GATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAA

GGGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTG

GCCTATAGTCAGTGTACCTATAGGGCTATTAGGACCATTA

TATAGTCAGTGTACCTATAGGGCTATTAGGACCATTATAT

GGTCGGAAGAGCGTCGTGTAGGGAAAGAGTGTTTGCGGAC

TCAGACCACGCTGATGCCCAGCGCCTGTTTCTTAATCACC

TTCTCCCGTATTGTTGACATGCCAGLGGGTCEGGGARACG

GAGTCCTATGGACAAGTGGCCACAAACCACCAGAGTGCCC

ATATCGGCCTATAGTCAGTGTACCTATAGGGCTATTAGGA

GCACACCGGTATCCCCGCOCGACAACGACGGCAATGTACC

CCCAGAGGCAAAGGGCTCCCAGGATCCCTCAGAGGTCTTT

GAACGATGCGTAATGTGTGTATTGCCGTTGCTGTCTTTGC

GGGAAAGAGTGTTTGCGGACGTGTAGATCTCGGTGGTCGC

CTATAGTCAGTGTACCTATAGGGCTATTAGGACCATTATA

CAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTT

GATCGGAAGAGCACAGTCTGAACTCCAGTCACACGGCAGA

Appendix 14: Top 20 reads (by read count) in post SELEX libray, screenshot taken from FastAptamer
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7.5 ITC Titration of BSA with BSA aptamer without detergents

Concentrated heat rate (uJ/s)

0 1000 2000 3000 4000 5000
Time (seconds)

Appendix 15: BSA-BSA aptamer titration: ITC analysis of BSA: aptamer titration
20 injections, injection time 300 s, syringe concentration 100 puM aptamer, cell
concentration 5 uM BSA.
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7.6 Sizing of later eluting peaks in analysis of dsRNAs in TBAA under
non-denaturing conditions

Table 7.1: Size estimation of later eluting dsRNA peaks in TBAA at 50 °C

Fragment Size (bp) Later peak size Ratio
(bp)

eGFP 267 574 2.15

B-actin 306 679 2.22

Domell 404 983 2.43
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Kepwart: Aptamers have shown grea promise as oligonueleotide-hased alfinicy lgands for warious medicinal and ndus-
Iz Peir Hevemwed Phas HFLL teial applications. A eritical step In the production of ONA aptamers via selertive enhancement of ligands by
SELEF expanential enrichment (SELEX) & the genemtion of sDNA from dDNA. There are @ sumber of caveats ago-
"'ml . clated with carent methods for ssDNA generation, which can Jower success mies of SELEX experiments. They
al-:riﬁu._ wdten resalt in bow yields thereby decreasing diversity or fadl to eliminate parasicic POR by-products keading o

lathon of by-prod fromn sound 1o round. Both cosaribute 1o the faflure of SELEX protocols sed
therelore potentially Umir the impaet of apamers compared 1o their pepaide-based andbody counterpans.

W have developed 4 novel methed using ban pair reversed phase HPLC [IF RP HPLD) employed under
denanurisg conditioes for the ssDNA re-generation stage of SELEX, following POR. We have utilised a moge of 5
chemical modifications on PCR prisers 1o ampdify PO (mgments prior 1o separation and purification of the DdA
strands wsing denatusing IP AP HFLC. We have oprimised mobile phses (o enable complete denamumtion of the
DA Al mod I that el the pequirement of high temperanses and results bn sepa-
ration of the ssONA based on differences In their hydrophobieity. Valldation of the ssDNA bolarion and parity
assemment was performed by Inverfacing tee [P BP HPLC with mas specrometry and oorescence-based
deraotiion.

Thiz results show that using a 5 Texss Red medification on the peverse paeimer o the PCR stage enabled pu-
rification of the sDRA from s complimentary strand via IP RF HPLC ander desaruring condiviors. Addicionally,
wie have confirmed the parity of the ssDNA genenated as well & the complers denamrmion of the PCR peoduct
wila the use of mass-sp Ty and M dysis therefure proving the select ve elimination of PCR by-
products and the 4 comgid ry strand. Fallowisg lyophilistion, ssDNA yields of up o B0% were

A In comparisan (ke vidin blotin affisdty choomatography alar genermies poane ssONA with A yield
of 55%. The application of this method 1o mpidly generte and purlfy =DMA af the coreest size, offers the op-
postunicy o impreve the develogp of new via SELEY.

e

1. Introduoction The sparsity of clinically approved aptamers can largely be attribmted to
in vivo issues, their susceptibility po nuclease degradation causing shart

In just 30 years, nacleic acid aptamers have gooe from a theoretical half-lives in buman ssrum [4].

comcept, to the kb bench, to the clinic and beyond [1]. Aptamers can
bind to small molecubes, metal ions, proteins and even whole cells, as a
class of afinity ligands their broad capabilities has bed to their utilisition
in a range of applications such as drag delivery, diagnosis and bio-
semsing [2]. Their rise 2 a feaghble oligonucleotide counterpart to
prabein-besed antibodies was ssen as a new chapeer in bBlomedicine, an
inexpensive, noo-immunogenic aliemative to peptide based antibodies
[4]. However, few aptamers have ever been selected for clinical trials.
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Aside from their in wive problems their wide ranges of potential tar-
gets have led e a plethora of dizgnostic and industrial applications.
Apeamsers have been izalated for a variety of applications ranging from
drug detection to affinity chromatography [5,6]. However, there are 2
mumber of caveats associated with successful aptamer selection via se-
lective enhamcement of ligands via exponential enrichment (SELEX) [7].

A significant problem in SELEX protocals is their low sucoess rate,
this is, in part due io complications relating to the generation of ssDNA
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fallowing PCR. This step is erucial a8 the quality and quantity of ssDNA
generated greatly influences the successiul evalution of aptamers [B].
Current methads are low yielding or fail 1o eliminate by-products which
can grow exponentially from round te round [ 9], The two most common
methods, exonuclease digestion and streptaviding/biotin affinity chro-
matography particularly suffer from this, due 1o their ek of dis-
tinguighing betwesn DNA of different sizes.

Exonicleass digestion invalves labelling of the reverse primer in PCR
with & 5 phosphate, which is a subsirate for phosphate dependant
exonucleases [10]. However, it must be aoted that these nuclsass are
it completely specific and o same of the non-phosphorylated strand
can be digested. In addition, any PCR by-products which do nothave a 5
phosphate group will largely be undigested by the enzyme and will be
taken through 1o the selection stage. Furthermore, the presence of any

! in the prod puires eareful removal prior 1o downstresm
applicationd The streptavidin biotin afinity chromatography method
invalves the Llabelling of the reverse primer of the POR reaction with a 5
biotin modification, this causes the complimentary strand to intesact
strangly with streplavidin such that the DNA duplex can be dermanired,
and the SDMA separated [11). This method alse suffers from the
inability to distinguish between products and by-products as well as
patentially contaminating the next stage of selection with strepiavidin if
additional purification is not carried ouwt [12].

Co-polymerisation within an agarose gel udng a polymerizable 5
miification has d rated effective sep af the two strands.
The gel mixture is loaded nto the wells of a pre-set palyscrylamide gel.
When it hag set, high temperatures are used 1o denature the duplex and
redease the strand which is not covalently linked 1o the acrylamide [15].
This separation is efficient offering yields of over BO%.

Methods such as gel extraction via crush and soak and asymmetde
PCR have been d d 1o yield ble of ssDNA
Asymmetric PCR involves bisgting primer concentralions so that the
concentration of the forward primer excesds that of the reverse primer.
This leads vo the generation of a higher quantity of the desired strand
making purification more efficient. When coupled with exonuckease
digestion, asymmetric PCR affords yields of aver B0% [ 14] However,
these methods <l do not address the isue of by-product formation,
particulady those elose in size 1o the DNA template which are typically
nol removed uding existing methods [15,16]. In addition, re-generation
of =ONA is important for other molecular biolegy protocols, including
sequencing, semple preparation for mass spectrometry and microarray
technology [17,14].

In this study we have utilised a range of 5' chemical modifications on
PCR primers o amplify PCR frag prior 1o i and purifi-
cation of the DNA grands using denaturing 1P RP HPLC which offers
significant advantages over existing methods. The application of this
method o rapidly geserate and purify ssDNA of the correct size, offers
the opportunity o improve the devel il of new ap % via
SELEX.

2, Experimental
21, Muaterials

Triethylammonium acetate (TEAA, Sigma-Aldrich), triethylamine
(TEA, ThermoFisher), Tributylimine (TBA, Acros Organics), scetonitrile
and water [HPLC grade, Fisher Sciemtific), 1,1,1,3,3.3 -Hexafluoro-2-
propancl (HFIP, Sigma-Aldrich). Glacial scetic acid, combined with
tribuitylamine for the preparation af iributylammonium acetate (TBAA)
was sourced fram VWER. All olig leotides were synthesised by
Eurofing, SELEX library was sourced from IDT. For M5 amalysis acelo-
nitrile and water (UHPLC M5 grade, ThermoFigher) and 1,1,1,3.3,5 -
Hexaflwore-2-propanal LC M5 grade (99.9% ThermoFisher) were used.

Jotrnal of Chromasgraply A 1719 (2024) 64600

22 Jan pair-reverse phase high pedformance Bquid chromatograpky (IP-
RF HPLC)

Samples were analysed by IP-RP-HPLC on a Vanguish UHPLC
(ThermoFisher) or Agilent 1100 HPLC using a4 DNAPscRP column (100
mem x 21 mm LD, ThermoFisher L. Chromatograms were generated using
UV detection at a wavelength of 260 nm. Weak TP RP HPLC analysis was
performed uting the following conditions: Mabile phase & 0.1 M TEAA
pH 7.0; Mobile phase B 0.1 M TEAA, pH 7.0 containing 25% acetonitrile
or Mobile Phase A: 0.2% TEA, 50 mM HFIP. Mobile Phase B: 0.2% TEA,
S0 mM HFIP, 2% scetonitrile. Mobile Phase A: 0.1 M TEAA, 50 mM
HFIP. Mobile Phase B: 0.1 M TEAA, 50 mM HFIP, 25% acetonitrile.
Strang IPF RF HPLC was performed using Mobile Phase A: 5 mM TEAA,
10% acetonitrile. Mobile Phase B: 5 mM TEAA, 80% acetonitrile.

HPLC was performed using the following gradients:

Gradient 1. Mobile phase A 0.1 M TEAA pH 7.0; Mobile phase BOO1 M
TEAA, pH 7.0 containing 25% acetonitrile. Gradient starting at 10%
budfer B for 2 min, followed by a non-linear extermsion {curve 3) 1o 100%
buffer B over 18 min at a flow rate of 0.6 ml/min ar 40 °C.

Gradient 2. Mabile Phase A: TBAA 5 mM, 10% acetonitrile. Mabile
Phase B: TEAA 5 mM 80% acetonitrile. Gradient starting at 5% buffer B
for 2 min, followed by & non-linear extension (eurve 3) 40% buffer B
aver 15 min, then extended 1o 100% buffer B over 2.5 min at a flow rate
of 2.2 pl/min an 50 “C.

Gradient 3.  Mobile phase A 0.1 M TEAA pH 7.0; Mobile phase BO.1 M
TEAA, pH 7.0 containing 25% acetonitrile. Gradient starting an 35%
budfer B for 2 min, followed by & non-linear extension (eurve 2) o B0%
baffer B over 18 min, then extended 1o 100% buffer B over 5 min at a
flaw rate of 0.6 ml/min at 40 °C.

Gradient 4. Mobile Phase A: 0.2% TEA, 50 mM HFIP. Mobile Phase B:
0.2% TEA, 50 mM HFIP, 20% acetonitrile. Gradient starting an 10%
buffer B follawed by a noo-linesr extergion (curve 2) 1o 100% buffer B
over 18minutes then extend 1o 100% Buffer B aver 5 min at a Aow rate of
0.2 ml/min at 30 or 95 "C.

Gradient 5. Mobile Phase A: 0.1 M TEAS 50 mM HFIP. Mobile Phase
B: 0.1 M TEAA, 50 mM HFIP, 25% acelonitrile. Gradient starting al 35%
baffer B far 2 min, fallowed by a linear extension 1o BI% buffer B over
10 min, then extended 1o 100% buffer B over 5 min &t a fow rate of 0.6
ml/min at 80 “C..

Gradient 6. Mabile Phase A: 0.1 M TEAA 50 mM HFIP. Maobils Phase
E: 0.1 M TEAA 50 mM HFIP 25% acetonitrile. Gradien! starting a1 25%
buffer B for 2 min, followed by a linear extension 1o B0% buffer B aver
22 min, then extended 1o 100% buffer B over 5 min at a flow rae of 0.3
ml/min at 80 °C.

23 Library and primers

The library (5 ATATATGACTCGGRGTATATANNMNMMMMMMNNNNN
NMNMNNMNNMMNNNNNNNNNNNMNNNNMATAT  ATGOGCTCAGTATAT
A) was souncesd from Integrated DNA Technologies. The non-randomised
template (5-ATATATGACTOGGGETATATAATGETOCTAATAGOOCTATAG
GTACACTGACTATAGGOOGATATATGOGCTCAGTATATA) alarg with the
forward (5-ATATATGACTOGGGTATATA) and reverse (5~ TATATACT
GAGOGCATATAT) primers (unmodified and modified) were souresd from
Euwrofins.

Z4. PCR

PCR amplification was carried out by amplifying either the template
ar the library (50 ng per reaction) with a reverse primer (with the 5
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Fig. 1. IF RP HFLC analysis of 5" modified and phosphomothicate modified primers. A) Weak [P EP HPLC analysis. Mobile phase & 0.1 M TEAA; mobile phase B0.1 M
TEAMA, 25% ACK. Gradient 1, flow rate 0.3 ml/min at 40 °C. 5 pmol primer injected. B) Strang 1P BP HPLC analysis Mobile phase A 5 mM TBAA; mobile phase= B, 5
mhl THAA B0% ACN. Gradient 2, flow mate 2.2 ul/min at 50 °C, 3 pmol primer injected. UV detection at 260 nm.

chemical modification) and an unmaodified forward primer. PORS were
performed in 50 pl Gaal volume wing 50 ng of & sSDMA emplate, 1pl of
10 uM primer, 1 pl of 10 mM dNTPs [New England Biolabs), and 5 units
Tar) polymerase [(Mew England Biolabsg). The PCRs were carried out a1 95
“C fior 30 &, followed by 47 °C for 30 £ and 68 “C far 30  far 15 eyeles. An
initial denaturation step was carried out &1 95 “C at the start of the PCR
for 5 min and a final extension step carvied out at the end at 68 °C for 5
min. Following PCR DNA was purified via ethanal precipitation or use of
silica magnetic beads (Section 2.5).

2.5 DNA purification and desalting

25.1. Ethanol precipimrion

Fallowing PCR, dsDMA was resuspended in a final volume af 300 pl
HPLC grade water and 500 pl of phenol-chloroform solution added. The
solution was vartexed at 13,000 rpm for 5 min and the squeous frsction
removed and mixed with two volumes of ice-cold ethanol, 1 pl of
glyengen was added and the solution was cooled &t —20 °C for four
hours. The solution was centrifuged at 13,000 rpm for 5 min, and the
peller was washed twice with 300 pl of a 70% ethanol solution prios 1o
re-guspension in HeO. For the precipitation of @DNA from the HPLC, the
above procedure was performed  without the adeition phenol-
chlaraform step.

252 Magnetic bead clem-up

DA wies mixed with 2X valumes 5 M guanidinium chlogide in 90%
ethanal (v/%) and 50 pl of silica magnetic beads (Dynabeads, Thermao
Scientific) for 15 min on a gentle rocker, beads were removed from so-
lution via magnetic separation and washed twice with B0% ethanal (v
V). The beads were then dried in a 37 *C incubator and the DNA eluted in
HPLC grade water.

253 Freese drying

The eluted fractions were frazen at —BD *C and freeze-dried over-
night at —120 °C. Following lyophilisation the sample was re-suspencled
in 500 pl of HPLC grade water. DNA fractions were dried in wing a
vacuum centrifugation an &0 “C until dry and re-suspended in 500 pl of
HPLC grade water.

2.5 4. Separation of ssDNA wa strepervidin aparose

Bistinylated PCR product were re-suspended in 1x PBS and incu-
bated with 100 pl streptavidin agarose (Thermeo Fisher Scientific) for 30
min. Following incubation, the gel was washed with 3x valumes 1x PBS.
The ssDMA was eluted with 50 pl 150 mM NaDH (repeated twice for a
ol of three elutions) and neutralised with 5 pl 1.5 M HCL
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Fig. 2. Analysis of dsDNA PCR products generated using a ' modified reverse primer. A) [P RP HPLC chramatogram. Mobile phase A 0.1 M TEAA; mobile phase 8 0.1
M TEAA in 25% ACN. Gradient 3, flow rate 0.6 ml/min at 40 “C UV detection at 260 nm. B) Agarose gel electrophoresis analysis, 50 ng PCR product was analysed for

each of the dsDNA PCR products. Staining was performed using Midori green direct. (For pr of the refi

referred to the web version of this articde.)
2.6. Muss spectrometry

2.6.1. Instrument methods and data acq

Mass spectrometry analysis was performed using an Orbitrap
Exploris 240 mass spectrometer (ThermoFisher) in negative ion mode.
Instrument operation was carried out with Thermo Scientific Tune and
XCalibur software. Data acquisition was performed using data-
dependant acquisition (DDA) in full scan negative mode, scanning
from 450 to 3000 m/z, with an MSI resolution of 240 000 and a
normalized automatic gain control (AGC) target of 300%. Intact mass

lysis and deconvolution was perfo d using the Xtract deconvo-
lution™ algorithm within FreeStyle software (ThermoFisher). Deconvo-
lution was performed selecting the nucleaude isotope lable. negame

ta colowr in this figure legend, the reader is

including C18, Biotin, Texas Red and a 20-base primer with a phos-
phomlhioale backbone wluch wm szler(d due to the increased hy-
phobicity of phesph Jeotides (OGNS) [18 201,
Tbemodiﬁrdpnmmwmamhsed\iabommkl?”}inc
(triethylammonium acetate) and strong IP RP HPLC (tributylammonium
acetate) see Fig. 1. The strength of an jon-pair reagent is defined by its
Il hydrophobicity. The alkyl TEA (short akkyl chains) is
termed a ’neak ion-pair reagent and the more hydrophobic TBA
(loager alkyl chains) is termed & “strong” jon-pair reagent, which has a
stronger interaction with the stationary phase [21). Comparison of the
retention times of the various 5 ch | modifications d ates
that the phosphorothioate and 5 Texas Red result in the largest differ-
ence in retention compared to the unmodified OGN. The results show

charge, charge range 5-50 prior to & ining the pic mass,
All mass spectra are shown in the su-pplememary section (S2-12).

3. Results and discussion

3.1. Retention comparison of 5 modified oligonucleotides using IP RP
HPLC

In our initial experiments we aimed to assess the effect of a variety of
5 chemical modifications of oligonucleotides on their retention time
when analysed using IP RP HPLC. It was hypothesised that increasing
the hydrophobicity of the 5" modification would result in the ability to
separate the two strands of the DNA duplex when analysed under
denaturing conditions using IP RP HPLC and therefore enable the sep-
aration of the two single strands from an 80 bp &SDNA fragment
generated using PCR products via the same principle. Initial work
focused on the analysis of a range of 5’ modifications on the PCR primers

gnifi shifts in r time, reflecting the different OGN hydro-
phobicity in the order unmodified <C18 < biotin < phosphorothioate <
Texas Red. These resulls are cmstexu with pm\uous IP RP HPLC

lysis of olig leotides with hydrophobi

The phosphorothioate OGN is nolxbly broader when analysed under
weak [P RP HPLC due to the large ber of di 3
[18,20]. This may have implications for its use in the denatunng HPLC
method if fractionating and collecting the phosphorothioate ssDNA for
analysis. Collecting much broader peaks may involve splitting the
fractions over multiple tubes and potentially decreasing yield.

To further analyse the effects of the 5" modifications, analysis was
ako performed using strong [P RP HPLC utilising the larger alkylamine
(tributylamine). Under these conditions size-based separations largely
domi and the influence of the 5' modifications is expected to be
reduced |15 20] The results are shown in Fly. 1B and show a reduced
difference in retention time of the various 5' modification compared to
weak IP RP HPLC (Fig. 1A). However, the results show that a difference

[22-25].
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in overall hydrophobicity of the OGNs is still observed under strong IP
RP HPLC conditions, highlighting that fully size based separations are
not achieved. The results also show that peak broadening of the phos-
phorothicate OGN is not seen in the strong ion pair analysis as the
strength of interaction between the analyte cob is much

pic masses are b
to colour in this figure legend, tbcmadalsmfeﬂadmd!wd\mlmolﬂmmkk)

have less impact on time. C with weak [P RP HPLC

analysis the phosphorothioate and 5" Texas Red modifications result in

the largest difference in retention compared to the uamodified OGNs.

However, strong ion pair reagents are less volatile and therefore less
itable for the purification of sSDNA.

=T

hence structural features such as base or str |
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phase (see Supplementary Figure S13). In addition, an altemative mo-
bile phase system was employed using TEA/HFIP in conjunction with
denaturing IP RP HPLC. Under these mobile phase conditions it was
noted that the PCR products denature at much lower temperatures in
comparison to TEAA (see Supplementary Figure S14).

The results show that the duplex dsDNA remains intact only at lower
temperatures typically 30 °C and elevated temperature above this

effectively denature the dsDNA. Therefore, effective denaturation using
this mobile phase was observed at 40 °“C (see Supplementary
Figure S§14). These results demonstrate that employing TEA/HFIP mo-
bile phase or simply the addition of HFIP to the TEAA mobile phase
enables effective denaturing of the dsDNA without the requirement for
vu-yhghl:mpemmndthtmqlmdspecuhmdmhmsm
that can operate at such the ability to

P
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dienature the dsDNA more effectively at lower temperatures is beneficial
for the isolation of ssDNA from PCR products with high melting tem-
peratures and high GC content.

A5 ssDNA library elition via dencisring HPLC

For application of the method in a SELEX protocal it must be suc-
cesfully applied to the isolation of ssDMNA from the PCR products of a
SELEX kbrary containing a random region of DNA. This presents a
greater challenge compared to the non-randomised DRA template pre-
viously used as the DNA peaks oheerved an the IP RP HPLC will likely be
broader due to the effects of the random region and further complicated
by the presence of PCR by-products which are often generated in the
PCR of DMA during SELEX.

Follvwing the successful purification of sDNA, the method was
adopted for the analysis and purification of sDNA generated from a
random ssDMA library (N40) wmed in SELEX protocols. Texas Red
labelled PCR product was generated from the random ssDNA library
[MN40) and amalysed via denaturing HPLC (see Fig. SA). The results shiow
the separation of the two ssDNA strands as previously observed for the
noa-random DNA. A broader peak for the non-labelled ssDNA was
obzerved a5 expected due to the presence of the random region (N40)
and a large number of different sequences present. Furthermors, a po-
tential PCR impurity (ssDNA of a different size) is also observed in the
chromatogram. The non-labelled ssDNA was fraction collected, freeze
diried pricr to analysis using agarcse gel electrophoresis and [P RP HPLC
[=me Figure SBACL The results show the suocessful porification of the
ssDNA (N40) and furthermore demonstrates the purification of the
sxDNA from potential larger length impurities that were generated in the
PCR, which often hamper SELEX methods. In this case mass spectrom-
etry analysis cannot be used to verify the ssquences of the two ssDNA
following denaturation of and separation of the sDNA due o the
random sequence nature. However, the presence of the 5 Texas red
group allows for fAuorescence analysis of both the denatured PCR
priduct and the purified ssDNA (== Fig. 6). The resolts show that as
expected the later eluting ssDNA gave the comesponding fluorescence
consistent with previows analysis. In addition, no fluorescence signal
was observed for the purified sDNA which backs the Texas Red label.

6 Purification and fractionation of ssDNA using IP RP HPLC

Follewing purification of the ssDMA from SELEX PCR products using
denaturing 1P RP HPLC it is impartant o ensure that there is minimal
sample loes during the removal of the mobile phage prior to e
suspensicn and folding of the ssDNA in the SELEX binding buffer. The
criteria for the desalting method is that it must effectively remove salts
that may interfere with the selection stage, must not be too laboriows
and must not significantly impact yield. Four alternative methods wene
assessed and the's recovery of the ssDNA were evaluated, including

ethanol precipitation, capture on silica coated magnetic beads [28,25]
and removal of the wvolatile mobile phases 1=ing either rotary evapora-
tion or freeze drying. In each case squal mass of the sDNA was collected
via HPLC and the® recovery of the ssDNA determined for each of the
different methods (see Fig. 7). The results show that the highest yield
recovered was obtained uging freeze-drying (808 = 10.6%). The
freeze-drying method was taken through to the higher scale, comparison
of the yield of the 2 pg and 8 pg scales resulted in similar % yields of the
sxDNA. Therefore, these results demonstrate that high recovery and
yields of =DNA can be obtained using d ing [P RP HPLC in
conjunction with freeze drying. Furthermore, such approaches enables
purification of the correct size single stranded DNA from potential PCR
artefacts commonly generated in SELEX procedures. Verification of the
sxDNA obtained was confirmesd by both mass spectrometry and fluo-
rescence analysis. A comparison was  ako performed ming
streptavidin-biotin afinity chromatography to purify ssDNA. The yield
was determined to be 55% consistent with previous reports [30]. Veri-
Aeation of the sDRA isolated using streptavidin-biotin affinity chro-
matography was performed osing LC MS. Therefore, thess resolts
demonstrate that a higher yield of sDMNA is obtained using denaturing IP
RF HPLC optimised in this workflosw in comparison o
streptavidin-biotin affinity chromatography.

4. Conclusions

{ne of the main challenges when performing successful SELEX
proscedures to generate sDNA aptamers, is the ability to generate high-
quality s5DNA in high yields from the dsDNA PCR products. In this
study, we have developed and optimised denaturing [P RP HPLC for the
purification of ssDMA demonstrating significant advantages over exist-
ing affinity chromatography and nuclease digestion methods. 'We have
optimised the PCR amplification utilising a PCR primer containing a
variety of hydrophobic tags (5" Texas Red, C18, Biotin and phosphar-
othioate modifications) which enables the separation of the ssDNA
based an differences in their hydrophobicity. Opéimal separations were
achieved using a 5 Texas Red labelled PCR primer to amplify DNA
containing a random (N40) region. Furthermaore, optimisation of the
muobile phase conditions was also performed using with the addition of
HFIP to the mobile phases which emables complete denaturation of the
dsDiNA at moderate temperatures and ciroomyents the reguirement of
high temperatures often required using TEAA. Validation of the ssDNA
obtained was perfformed using high respdution accurate mass spec-
trometry amalysis and fAuorescence based HPLC detection. High yields
and recovery (B0%) of the ssDMNA were obtained osing freeze-drying to
remare the volatile mobile phase. Purthermore this approach enables
purification of the desired ssDNA of the correct size removing potential
DNA artefacts offen generated in the PCR amplification during SELEX
proscedures, therefore demonstrating advantages over current affinity
chromatography and nuclense digestion methods.
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