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Abstract

Biophysical characterisation of a G-quadruplex in the Bcl-x pre-mRNA and the binding

specificity of the ligand GQC-05 — Mohammed Ali Hussayn Bhogadia

Bcl-x is a member of the B-cell ymphoma 2 (Bcl-2) protein family. This protein family consists
of both pro and anti-apoptotic proteins that regulate mitochondrial membrane permeability
in cells. The two alternative 5’ splice sites (5’ss) in exon 2 of Bcl-x gives rise to two antagonistic
splice variants Bcl-X. and Bcl-Xs, which are anti and pro-apoptotic respectively. In many
cancers, activation of oncogenic pathways leads to overexpression of the Bcl-X, isoform,
resulting in cancer cell survival and growth (Boucher et al., 2000). Increasing the amount of
the Xs isoform, thereby promoting apoptosis, is a novel way to kill cancer cells. Our recent
studies have identified an RNA secondary structure known as a G-quadruplex (G4) that has
the potential to form near both splice sites and alter the splicing pattern of Bcl-x (Weldon et
al., 2017, 2018). The ellipticine derivative GQC-05, a previously identified DNA G4 specific
ligand (Brown et al., 2011), has been shown to bind proximal to both 5’ss resulting in a 8-fold
increase in Xs/X. ratio, analogues of which showed considerably less extensive effects
(Weldon et al., 2018). Using various biophysical techniques, we have characterised the RNA
secondary structure element near the Xs 5’ss and have postulated the possible effects of GQC-
05 on these structural features and its role in altering splice site selection. Our results show
that a stable G4 exists downstream of the Xs 5’ss and this structure is stabilised in the
presence of GQC-05. We also show that GQC-05 displays less G4 binding specificity in buffer,
but shows greater G4 selectivity in the presence of a nuclear extract. Therefore, we aim to
understand how these secondary structure elements stabilised by GQC-05 lead to splice site

bias, enabling us to design more potent molecules as novel anti-cancer compounds.
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1.1 Cell death
1.1.1 The importance of cell death

Cell death is an essential mechanism within the body to keep a fine balance between dying
and newly formed cells, thereby controlling total cell number (Renehan et al., 2001). In an
adult, there are around 10 billion cells that die daily to achieve such balance (Renehan et al.,
2001). It is therefore crucial that such process is tightly regulated in order to only remove
those cells that are damaged and not required, rather than those that are healthy and provide
important bodily functions (such as undamaged cardiomyocytes in the contraction of the
heart muscle). Fortunately, there are many regulatory elements and pathways involved in
controlling the cell death response, in which malfunctions have been shown to cause many
different types of diseases. For example, overactive cell death pathways leads to many kinds
of neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease, whereas an
attenuation in this pathway is linked to autoimmune disorders and cancer (Renehan et al.,
2001; Tatton and Olanow, 1999). Therefore, understanding these pathways at the molecular
level is crucial to develop treatments that can be used to intervene in key areas in patients

that have a defective cell death response.

1.1.2 Apoptosis and necrosis

There are two different mechanisms that govern cell death, apoptosis and necrosis .
Apoptosis is known as ‘death by suicide’, and is a clean and efficient way to eliminate
unwanted cells. However, necrosis arises as a result of cell injury or mechanical strain,
inducing rupture of the cell membrane and release of cytoplasmic content into the organism,
causing a local inflammatory response. Failure to clear apoptotic cells may also result in a
necrotic response, and has been shown to be one of the major causes of various autoimmune
diseases such as systemic lupus erythematosus (Tas et al., 2006). In this section, we will be
focussing on the apoptotic pathway, as malfunctions in this response have been linked to

many types of malignancies.
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1.1.3 Apoptosis (programmed cell death)

Apoptosis (type 1 programmed cell death) is an essential process starting at the very early
stages of human development, such as the formation of digits and organ sculpture
(Hernandez-Martinez and Covarrubias, 2011). Apoptosis was first described in 1972 by John
Kerr, who observed distinct morphological changes of apoptotic cells such as cytoplasmic
condensation and membrane blebbing (Kerr, 1972). Apoptosis is a natural homeostatic
mechanism to control cell number in metazoans, such that overgrowth of damaged cells
which threaten the organism can be prevented (Ashkenazi and Dixit, 1998). More recently,
the evasion of apoptosis and replication of damaged cells were shown to be two of the major

hallmarks of cancer cell initiation and progression (Hanahan and Weinberg, 2011).

1.1.4 Mechanisms of apoptosis

In order to prevent replication and growth of damaged cells, the pro-apoptotic pathway is
activated in response to oncogenic stress such as DNA damage. Figure 1.11 shows an
overview of the two main apoptotic pathways that occur in cells as a result of such stimuli:
the mitochondrial intrinsic pathway and the death receptor pathway (also known as the
extrinsic pathway). Both pathways are involved in increasing the mitochondrial membrane
permeability and converge in the release of cytochrome c¢ from the mitochondria and
activation of caspase 9. Caspase 9 then cleaves and activates effector caspases 3, 6 and 7,
which are involved in degrading cellular components such as the nuclear lamina, resulting in
the apoptotic response (Slee et al., 2001). These two pathways are discussed in more detail

below.
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Figure 1.11 Overview of the apoptotic pathways.

Showing both the intrinsic and extrinsic mechanisms of the apoptotic response (adapted
from Czabotar et al, 2014).



The Extrinsic pathway

One method of regulating apoptosis in cells is through extracellular ligands binding to death
receptors on the plasma membrane of cells. These death receptors belong to the tumour
necrosis factor (TNF) receptor family as they all include death domains in the cytoplasmic side
of the receptor (Elmore, 2007). There are various ligands that activate apoptosis in this way,
such as Fas and TRAIL, which are protein ligands expressed in a many human tissues, all of
which have a common mechanism in activating the apoptotic response (Nagata and Golstein,
1995; Wiley et al., 1995).

Binding of the ligand to its cognate receptor results in receptor trimerisation. The death
domains (DD) on the cytoplasmic side of the receptor aggregate, resulting in the recruitment
of adaptor proteins such as FADD (figure 1.11). The death effector domain (DED) of FADD
recruits caspases 8 via interactions with the DED domain of the caspase, bringing them in
close proximity for cross cleavage and hence activation (figure 1.11) (Jin and El-Deiry, 2005).
Unlike the intrinsic pathway, this particular pathway does not involve the Bcl-2 family of
proteins nor regulates mitochondrial membrane permeability directly, but does have an
influence on both of these in a more discrete manner. Activation of caspase 8 via the extrinsic
pathway results in the cleavage of the BH3 only protein Bid, which is normally inactive, to a
truncated Bid (tBid). The active tBid translocates to the mitochondrial outer membrane and
inhibits the anti-apoptotic family of Bcl-2 proteins (guardians), increasing mitochondrial
membrane permeability (figure 1.11) (Jin and El-Deiry, 2005; Kantari and Walczak, 2011).
Active caspase 8 can also activate effector caspases to trigger the apoptotic response

(Czabotar et al, 2014).
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The intrinsic pathway

Another method of activating caspases is through regulating mitochondrial membrane
permeability, known as intrinsic activation (figure 1.11).

The intrinsic pathway is controlled by BH3 only initiator proteins such as BIM and BAD. When
cells are subjected to oncogenic stress, initiator proteins bind and inhibit the ‘guardians’ of
mitochondrial membrane permeability proteins (anti-apoptotic factors), resulting in the
activation and multimerization of pro-apoptotic effectors such as BAX, forming a pore,
increasing mitochondrial membrane permeability to cytochrome ¢ (Czabotar et al., 2014),
resulting in its release in the cytoplasm and binding to APAF1. Binding induces a
conformational change in APAF1, resulting in the recruitment the protein pro-caspase 9 (a
zymogen). When two pro-caspase 9 enzymes are brought into close proximity, they cleave
each other in trans, producing an active tetrameric form of caspase 9, which can now act as
an initiator caspase for the activation of effector caspases, which the action of the latter
ultimately results in apoptosis (Cain et al., 2002).

In addition to cytochrome c, molecules which inhibit the inhibitor of apoptotic proteins (IAPs)
are also released from the mitochondria. Examples include Omi, Smac and Diablo, which

inhibit the inhibitor of caspases, ensuring full caspase activation (Cain et al., 2002).
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1.1.5 The Bcl-2 family of pro and anti-apoptotic proteins

The anti-apoptotic Bcl-2 protein was originally found to be overexpressed in lymphoma as a
result of a translocation of the Bcl-2 gene with the strong promotor of immunoglobulins,
resulting in overexpression of the Bcl-2 protein (Monni et al.,, 1997). Since then, many
homologues of the Bcl-2 proteins have been identified, some of which have both pro and anti-
apoptotic functions.

The pro-survival guardian proteins, such as Bcl-X, consist of 9 alpha helices forming four Bcl-
2 homology (BH) domains. They also have a hydrophobic transmembrane domain, enabling
membrane insertion into organelles such as the mitochondria, hence they are mainly found
within the mitochondria outer membrane (Czabotar et al., 2014). These pro-survival proteins
exert their effect by binding to pro-apoptotic effector proteins such as BAD, thereby
neutralising their pro-apoptotic functions (Muchmore et al.,, 1996; Petros et al., 2000).
Glycine-138 within Bcl-X. found within the binding cleft was shown to be a critical amino acid
in the interaction with pro-apoptotic proteins due to its proton only side chain. Changing to a
bulkier amino acid abolished binding to pro-apoptotic effectors, rendering it inactive (Aritomi

et al., 1997; Muchmore et al., 1996)
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1.1.6 Targeting the apoptotic machinery in cancer cells as a potential therapeutic strategy

In 1971, Knudson described cancer as a multi-hit model, where multiple mutations are
needed in order for a cell to become cancerous (Knudson, 1971). However, if there was a
functional apoptotic machinery present in the cell, every mutation that results in the
development of a cancer cell can be inhibited, as many malignancies, such as breast cancers,
display overexpression of the anti-apoptotic factor Bcl-X, (Espafia et al., 2004). Therefore,
there is extensive research into trying to promote cancer cells towards the apoptotic response
as this can be used in a variety of cancer treatments.

P53 is the most extensively studied protein and is the major tumour suppressor in cells. P53
contains a DNA binding domain and is a transcription factor responsible for the expression of
a variety of genes, including pro-apoptotic genes such as BAX (Fischer, 2017; Zilfou and Lowe,
2009). Another target of p53 is the protein MDM2, a ubiquitin ligase that results in p53
degradation (Freedman et al., 1999). Therefore, cancer cells that overexpress MDM2 would
increase p53 degradation and hence the expression of pro-apoptotic genes would be
reduced. Around 20% of soft tissue tumours, such as Ewing’s sarcoma, exhibit abnormally
high amounts of MDM2 expression (Momand et al., 1998). Therefore, one strategy in
ensuring the apoptotic response is by inhibiting the p53-MDM2 interaction, thereby
increasing the levels of p53 and hence pro-apoptotic genes such as BAX. One such small
molecule that has been developed is nutlin-2, which has 2 bromo-phenyl residues able to
interact with the hydrophobic pockets on the surface of MDM2, thereby mimicking the p53
interaction (Shangary and Wang, 2009). However, this compound is only useful for cancer
cells that overexpress MDM2 but still have wild type p53. Other treatment strategies are

required for cancers that have mutant p53.
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Another strategy to target apoptosis is by inhibiting the binding of BH3 only proteins to anti-
apoptotic factors, thereby increasing the amounts of pro-apoptotic proteins such as BIM at
the mitochondrial outer membrane. An example of a small molecule inhibitor is ABT-737,
which binds via its chloro-biphenyl and thio-phenyl functional groups to the binding pockets
on the surface of Bcl-X, thereby preventing the binding of BH3 only proteins such as BIM (Lee
et al., 2007). ABT-737 has been shown to reduce tumour volume in most small cell lung

cancer (SCLC) and multiple myeloma cell lines (Hann et al., 2008; Kline et al., 2007).

The extrinsic pathway can also be a target to promote cells towards apoptosis. The TRAIL
ligand that binds to its death receptors to activate the extrinsic pathway has a very short half-
life (around 23 — 31 minutes in non-human primates), and so is rapidly cleared from the
plasma (Kelley et al., 2001). However, there has been extensive research into developing anti-
TRAIL receptor antibodies which mimic the ligand to cause receptor trimerisation, some of
which are in phase Il clinical trials (Von Pawel et al., 2014). The effect of such antibodies is to
over-stimulate the extrinsic pathway to increase the apoptotic response.

In summary, targeting the apoptotic machinery has been shown to have advantageous
therapeutic potential. However, rather than intervening with the apoptotic pathway directly,
an alternative strategy is to target the post transcriptional processing (pre-mRNA splicing) of
Bcl-2 family members in order to favour the expression of pro-apoptotic factors and inhibit
the expression of anti-apoptotic proteins as a means to induce apoptosis in cancer cells, and

this will be the aim of the project.

27



1.2 Splicing
1.2.1 Importance of splicing

Alternative splicing (AS) is a key biological phenomenon first observed in 1977, which occurs
in almost all eukaryotic organisms, providing both diversity to the proteome as well as a
regulatory mechanism for the control of gene expression (Chow et al., 1977; Greenberg and
Soreq, 2013). This process involves the removal of intronic sequences and the joining together
of exons. The pattern by which these introns are removed and exons joined together can be
very diverse, meaning that a single unspliced pre-mRNA can give rise to multiple spliced
mRNA products, which in turn can lead to a whole array of proteins with differing functions,
some of which can have antagonistic functions even when derived from the same pre-mRNA
precursor. Before the discovery of AS, and due to the diverse array of proteins found in human
cells, the initial consensus was that the human genome is very complex containing over
150,000 genes (Modrek and Lee, 2002). However, the discovery of only 22,000 genes in the
human genome suggested that protein diversity must be occurring post-transcriptionally, and
that a single pre-mRNA should give rise to multiple different proteins, suggesting that AS has
a much stronger role to play in ensuring protein diversity than originally thought (Lander et
al., 2001). Therefore, modulating the pattern of splicing is a key regulatory step in determining

the pattern of gene expression, and will be discussed below.

1.2.2 Mechanism of splicing

For mRNA splicing to take place, specific sequences on the pre-mRNA act as signals for the
assembly of the spliceosomes and initiation of splicing. The three most important sequences
are the 5’splice site (5’ss), which mark the exon/intron boundary at the 5’end of the exon, the
3’ splice site (3’ss) which marks the intron/exon boundary at the 3’end of the exon, and the
branched site. The 5’ss contains a highly conserved GU, followed by an A or G and in some
rare instances a U (Reyes et al., 1996; Zhang et al., 2007). The 3’ss has a fully conserved AG
and the intronic branched site generally consists of adenosine (Zhang et al., 2007).

Splicing is a 2-step transesterification reaction (figure 1.21). In the first step, the 2’ OH of the
branch point adenosine attacks a phosphate group at the 5’ss, resulting in a 5’exon fragment

with a free 3’OH and a branched lariat. In the second step, the 3’OH of the 5’ exon attacks the
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3’ss, pushing off the intron and resulting in a fully spliced mature mRNA product (Moore et

al., 1993; Staley and Guthrie, 1998).
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Spliced mRNA

Figure 1.21 The splicing reaction.

The 2 step trans-esterification reaction of alternative splicing (adapted from Staley and
Guthrie, 1998).
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The splicing reaction described above is carried out by a large macromolecular complex called
the spliceosome, which is composed of 5 non-coding small nuclear RNAs (snRNAs)
(U1,U2,U4,U5 and U6 snRNAs) and hundreds of proteins (see later). However, the question
arises as to why such complex spliceosome proteins are required to achieve the above
process, if splicing can simply proceed by the RNA alone? Splicing requires nucleotide
precision as to the point of intron excision and exon ligation, otherwise there would be
catastrophic effects leading to frame shifts, and ultimately the formation of potentially lethal
or inactive proteins. Therefore, the role of the spliceosome machinery is to ensure the
precision and accuracy of the splicing reaction (Staley and Guthrie, 1998).

In the mid 80s, the incredibly large size of the spliceosome complex was discovered, after
observing that the yeast pre-spliced mRNA was being associated in a 40S complex, which was
necessary for the splicing reaction (Brody and Abelson, 1985). The spliceosome consists of
more than 100 different proteins and 5 small nuclear RNAs (snRNAs), making 5 essential small
nuclear ribonucleoproteins (snRNPs) termed U1, U2, U4, U5 and U6, which interact with the
pre-mRNA at specific sequences, such as the 5’ss, the 3’ss and the branched site (Will and
Luhrmann, 1997). The sequence of events in their assembly is illustrated in figure 1.22 and

described below.
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Figure 1.22 Overview of the mechanism of alternative splicing.

The sequence of events during spliceosome assembly to achieve alternative splicing (adapted from
Wabhl et al., 2009).
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The very first stage in this assembly is the base pairing of the U1 snRNP to the 5’ss. The Ul
snRNP is a 165 nucleotide RNA consisting of four stem loops, 2 of which are bound by the 70K
and U1-A proteins (figure 1.23 A) (Stark et al., 2001). Another U1 binding protein, termed U1-
C, was shown not to interact with the U1 RNA directly, but rather the N-terminal portion of
the 70K protein (Nelissen et al., 1994). The 5’end of the snRNA is perfectly complementary to
a consensus 5’ss, although it has been shown that the base pairing does not need be 100%
complementary for the splice site to be used (Roca et al., 2013). In order to stabilise the base
pairing between the U1 RNA and the candidate 5’ss, the U1-C protein has a zinc finger which
stabilises the interaction of the 5’end of U1 with the pre-mRNA. The 70K protein (to which
the U1-C is attached) provides further support to the U1-C interaction to the base paired
region, by holding up U1-C protein in place, ensuring a stable interaction of the U1 snRNP to
the 5’ss (figure 1.23 B) (Pomeranz Krummel et al., 2009). At the 3’ss, the U2 auxiliary factor
proteins (U2AF35 and U2AF65) form a heterodimer, with the zinc finger motif of U2AF35
interacting preferentially with a UAGG motif at the 3’ss, and two RNA recognition motifs
(RRMs) of U2AF65 binding to a polypyrimidine rich sequence just upstream of the 3’ss (Corsini
etal., 2007; Shao et al., 2014; Yoshida et al., 2015). The branch point adenosine forms specific
hydrogen bonds to the protein SF1 (Liu et al., 2001). Altogether, at this stage of splicing, both
the 5’ss and the 3’ss have been defined and is known as complex E (figure 1.23 C).

Progression to the pre-spliceosome complex A requires the activity of the ATP dependant
RNA helicase UAP56, which displaces the SF1 protein allowing the U2 snRNA to base pair at
the branch site (Kistler and Guthrie, 2001). Base pairing of U2 causes the branch point
adenosine to bulge out and interact with the protein p14 and subsequently SF3B1 (Parker et
al., 1987; Wu and Manley, 1989). U2AF65 at the 3’ss makes protein interactions with the U2
component SF3B1 (Chen et al., 2017) (figure 1.23 D). Another U2 protein, SF3A1, interacts

with a stem-loop of U1 (Sharma et al., 2014).
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Figure 1.23 Initial stages of splicecosome assembly.

(A) Secondary structure of the U1 snRNP. (B) Portion of the cryo-EM structure of U1 snRNP
showing how the U1 associated proteins stabilize the interaction between the 5" U1 snRNA and
the pre-mRNA (adapted from Pomeranz Krummel et al., 2009). (C and D) Protein assembly at the
3’ss and branch site in complexes E and A respectively (adapted from Wabhl et al., 2009).
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The transition from complex A to the pre-catalytic spliceosome (complex B), involves the
recruitment of the U4/U6.U5 tri-snRNP, in which the U4 and U6 snRNA are strongly base
paired to one another. The 3’ end of the U6 snRNA is single stranded and base pairs with U2
(Anokhina et al., 2013).

Progression from complex B to the activated complex B involves the dissociation of the U1
snRNP at the 5’ss and the separation of U4 from U6, both of which are dependent on RNA
helicases (Mozaffari-Jovin et al., 2012). With U4 dissociating from U6, and U1 being displaced,
U6 base pairs to the 5’ss (Anokhina et al., 2013). This results in a complex in which U6 is pulling
U2 towards the 5’ss, so that the 5’ss can come into contact with the branched site for step 1
of the splicing reaction. However, protein SF3B1 is still attached to the branch point
adenosine which needs to be removed.

To progress from complex B! to the catalytically activated complex B* requires the
dissociation of SF3B1 by the RNA helicase prp2, making the branch point adenosine accessible
to attack the 5’ss to achieve step one (Yan et al.,, 2017). Once step one is achieved, the
formation of complex C is obtained which is ready for the second step of the
transesterification reaction (Yan et al., 2017). At the end of the reaction, all of the splicing

factors dissociate and are recycled for subsequent splicing reactions (Wahl et al., 2009).

1.2.3 Mechanism of alternative splicing

Alternative splicing describes the process in which splicing is regulated to generate multiple
mMRNAs from a single pre-mRNA. There are four main patterns of alternative splicing that can
take place: Exon skipping, alternative 5" splice site (ss) usage, alternative 3’ss usage and intron
retention, all of which are summarised below.

Exon skipping (figure 1.24 A) is a common pattern of splicing, accounting for about 40% of
total splicing events in eukaryotes (Keren et al., 2010). This occurs when an entire exon is
spliced out of the mRNA together with the surrounding intronic sequences. An example of
this pattern of splicing can be observed in the protein myeloid cell leukaemia (Mcl-1), which
belongs to the Bcl-2 family of proteins. Skipping of exon 2 results in the formation of the
shorter pro-apoptotic splice variant Mcl-1s, whereas inclusion of this exon gives rise to the

longer anti-apoptotic isoform (figure 1.24 D) (Shieh et al., 2009).
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Alternative 5’ (donor) and 3’ (acceptor) ss usage are other possible patterns of AS (figure 1.24
B and C), accounting for around 8% and 18% of total splicing events in humans respectively
(Koren et al., 2007). This occurs when there are multiple splice site signals present at either
end of the exon which can be used (Keren et al., 2010; Kim et al., 2008). An example of a gene
which has alternative 5’ss is Bcl-x, which has two antagonistic splice variants depending on
which 5’ss is utilized (discussed in more detail later) (Stevens and Oltean, 2019).

Intron retention is the least common form of alternative splicing (accounting for less than 5%
of total splicing events), and is when the intron is retained in the mature mRNA transcript
(Keren et al., 2010). This is thought of as a failure of the splicing machinery to define the exon-
intron boundary at weaker splice sites, resulting in intron inclusion (Kim et al., 2008). Other
studies have also shown that intron retention is more common in genes containing short
introns, are highly expressed, and contain a low density of both exonic splicing silencers and

intronic splicing enhancers (see later) (Sakabe and de Souza, 2007).
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Figure 1.24 Different patterns of alternative splicing.

(A) exon skipping. (B and C) alternative 3’ss and 5’ss usage respectively. (D) Pattern of splicing
observed with the Mcl-1 pre-mRNA (Keren et al., 2010; adapted from Shieh et al., 2009).

1.2.4 Factors influencing splice site selection

The mechanism of alternative 5’ss selection has been widely studied, as the very first stage in
splicing is the base pairing of U1 to the 5’ss which commits a particular splice site to be used
in splicing. An initial explanation of such a phenomenon is the ability of the U1 to base pair in
the first instance, such that a splice site that most closely resembles the consensus will be
biased over the other (Rogers and Wall, 1980). However, after sequencing of the human
genome, it was demonstrated that more than 9000 sequences that resemble the 5’ss were
not used in the splicing reaction, even with some having an optimum consensus sequence for
base pairing to Ul (Roca et al.,, 2013). Therefore, the question arises as to what

silences/enhances a particular splice site if base pairing of U1 is not the crucial step.
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1.2.4.1 Splicing enhancers and silencers

Splicing factors are proteins that regulate alternative splicing but are not part of the core
spliceosome complex described previously (Fu and Ares, 2014). The first two family of
proteins that were shown to regulate alternative splicing were the serine-arginine (SR) rich
proteins that act as splicing enhancers, and the heterogeneous nuclear ribonucleoprotein
(hnRNPs) that often act as splicing silencers (Fu and Ares, 2014). These proteins bind to cis
acting sequences in the pre-mRNA known as splicing response elements (SREs). There are
different types of SREs within the transcript: intron and exon splicing enhancers (ISEs and
ESEs) and silencers (ISSs and ESSs) (Matlin et al., 2005). Trans acting factors, such as the SRs
and hnRNPs, bind to these SREs and either activate or repress splicing. A single SRE can be
bound by multiple different splicing factors, meaning that there is competition between the
different trans-acting elements. Depending on which factor is bound would ultimately
determine the nature of the splicing reaction. The most extensively studied repressors are
hnRNP A/B and hnRNP | (also known as PTB) which antagonises binding of SR proteins (Fu and
Ares, 2014).

These trans-acting elements have also been shown to interfere with the core spliceosome
components to affect splicing. For example, it has been shown that hnRNP A1 competes with
the U1 snRNP for binding to the 5’ss, whereas the SR protein SRSF1 competes and displaces
hnRNP A1, enhancing U1 binding to the 5’ss (Eperon et al., 2000).

Secondary structure elements that form near splice sites have also been shown to influence
splice site selection. For example, the tau protein is a key player in the pathogenesis of
Alzheimer disease resulting in neurodegeneration, and it has been shown that retention of
exon 10 in the tau mRNA leads to the disease phenotype (Grover et al., 1999). Using RNA
structural analysis, it was shown that a stem loop forms near the 5’ss of exon 10. Mutations
that remove this stem loop showed retention of exon 10, most probably due to the fact that
the 5’ss is made available to the Ul snRNP, resulting in an altered tau protein causing
Alzheimer disease. This shows that the stem loop in tau mRNA is providing a protective
phenotype and is influencing the splicing behaviour of the gene (Grover et al, 1999). Earlier
studies have also highlighted the relevance of RNA secondary structures in splice site

selection and usage (Eperon et al., 1988, 1986).
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1.2.5 Alternative splicing of Bcl-x

Bcl-x is an example of a gene in which alternative splicing has a dramatic influence on its
function. Bcl-x pre-mRNA consists of three exons, and within exon 2 lies two alternative 5’ss
which have the possibility to give rise to 2 different antagonistic splice variants (figure 1.25 A)
(Boise et al., 1993). Use of the upstream site gives rise to the shorter pro-apoptotic Bcl-Xs
isoform, whereas using the downstream site results in the longer anti-apoptotic Bcl-X,
isoform (figure 1.25 A) (Boise et al., 1993). Therefore, interfering with the mechanism of Bcl-
x mRNA splicing by shifting the bias towards either splice variant could determine the fate of
a cell. For example, the use of antisense oligonucleotides against the Bcl-X. 5’ss shift splicing
in favour of the Xs splice variant, and lead to significant levels of apoptosis in prostate cancer
cell lines (Mercatante et al., 2001). This suggests that interfering with the splicing process of
Bcl-x may prove to be an advantageous therapeutic strategy to treat cancers where the anti-
apoptotic variant is overexpressed. Research into Bcl-x splicing goes beyond cancer therapy,
as it was shown that overexpression of the X; splice variant resulted in apoptosis of pancreatic
R-cells leading to diabetes (Barbour et al., 2015). Therefore, understanding the proteins that
regulate the splicing of Bcl-x would help us understand the mechanism of its splice site

selection and then derive potential therapeutic molecules to treat such diseases.

1.2.5.1 Proteins that regulate the splicing of Bcl-x

There are many different proteins that regulate the splicing of Bcl-x which include: the SR
proteins (SRSF1, SRSF2, SRSF3, SRSF7 SRSF9 and SRSF10); the hnRNP family of proteins
(hnRNP A1, PTBP1, hnRNP K and hnRNP F/H); as well as other RNA binding proteins (Sam68,
SF3B1, RBM4, RBM11, RBM25 and RBM10), some of which are summarised in figure 1.25 B
and are discussed below (Bielli et al., 2014; Cloutier et al., 2008; Dominguez et al., 2010;
Garneau et al., 2005; Inoue et al., 2014; Massiello et al., 2006; Merdzhanova et al., 2008;
Paronetto et al., 2007; Pedrotti et al., 2012; Revil et al., 2009; Shkreta et al., 2016; Wang et
al., 2014; Zhou et al., 2008).

One example is the RNA binding protein Sam68, which belongs to the signal transduction and
activation of RNA metabolism (STAR) family of RNA binding proteins (Frisone et al., 2015). The
C-terminus of Sam68 was shown to bind to hnRNP Al, and together they activate the

upstream 5’ss of Bcl-x, resulting in production of the pro-apoptotic Xs isoform (Paronetto et
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al., 2007). The regulation of Sam68 is heavily dependent on its phosphorylation status by Fyn
Kinase, as it was shown that tyrosine phosphorylation of Sam68 reduces its ability to interact
with hnRNP A1, hence favouring the use of the downstream X, site (Paronetto et al., 2007).
SRSF1 was also shown to regulate the activity of Sam68 by inhibiting its action in activating
the upstream 5’ss (Paronetto et al., 2007). Earlier studies showed that SRSF1 and hnRNP Al
are in direct competition in binding to the pre-mRNA, and because Sam68 function is
dependent on its interaction with hnRNP A1, it is not surprising to see that its effects are
neutralised in the presence of SRSF1 (Eperon et al., 2000). In addition, as SRSF1 increases the
binding affinity of the U1 snRNP at both sites, due to the double occupancy model (which
occurs when both alternative 5’ss are simultaneously occupied by the Ul snRNP), the
downstream site is favoured (Eperon et al., 2000).

The ability of SRSF1 to control the activation of the splice sites is also regulated. For example,
the cell cycle kinase NEK2 was shown to phosphorylate SRSF1 and prevent the activation of
the upstream site (Naro et al., 2014). In a somewhat similar way to hnRNP A1, SRSF1 is also
regulated by the protein hnRNP | (also known at polyperimidine tract binding protein 1
(PTBP1)). This protein was shown to bind to a polypyrimidine tract within exon 2 in between
the two 5’ss. Binding of PTBP1 was shown to displace SRSF1, activating the use of the
upstream site and inhibiting the use of the downstream site (Bielli et al., 2014). In a similar
way, the protein RBM4 was also shown to antagonise SRSF1, by binding to the same
regulatory element as SRSF1 on the pre-mRNA (Wang et al., 2014).

The proteins hnRNP F and hnRNP H (F/H) are two trans-acting factors that have been shown
to influence Bcl-x alternative splicing, and bind to and encage G-rich RNA sequences (called
G-tracts), which are present just downstream of the Xs 5’ss (Dominguez et al., 2010; Garneau
et al., 2005). As well as providing a putative binding site for hnRNP F, G-tracts also have the
ability to form structures known as G-quadruplexes (G4s), which consist of base pairing of G
nucleotides in a Hoogsteen dependent manner to form a G-tetrad (see next section). Using
various biophysical techniques, it has been shown that binding of hnRNP F at the Bcl-x G-
tracts and G4 formation are mutually exclusive, and that protein binding is more favourable
than G4 formation (Samatanga et al., 2013). This suggests that hnRNP F can indeed compete
and prevent the formation of secondary structures in Bcl-x, and this has been implicated as a
mechanism to influence Bcl-x alternative splicing. Increasing the amount of hnRNP F leads to

an increase in the usage of the upstream site, perhaps by opening up potential cis regulatory
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elements that would otherwise have been sequestered in a G4 structure (Dominguez et al.,
2010).

A recent study has linked the SR protein SRSF10 to hnRNP F through a DNA damage response.
Under normal growing conditions, SRSF10 binds to hnRNP K as well as hnRNP F, sequestering
hnRNP F from binding to its cis acting G-tract elements. However, upon treating cells with the
DNA damaging agent oxaliplatin, SRSF10 is dephosphorylated, causing hnRNP F to dissociate
and bind to its regulatory element on the RNA, thereby increasing the Xs isoform (Cloutier et
al., 2018).

Other splicing factors such as SRSF2, SRSF9 and hnRNP K have also been implicated in Bcl-x
splicing, with SRSF2 showing an increase in the Xs splice site usage, whereas hnRNP K and
SRSF9 showed Xs repression and X, activation respectively (Merdzhanova et al., 2008;
Michelle et al., 2012; Revil et al., 2009).

In conclusion, there are many different proteins that regulate the splicing pattern of Bcl-x.
This paves the pathway for research into intervening at the molecular level with some of these
splicing factors as a potential therapeutic strategy, some of which will be explored in the next

section.
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Figure 1.25 Mechanisms of Bcl-x alternative splicing.

Exon3

(A) The two splice variants of Bcl-x. (B) Splicing factors which regulate splice site selection on the Bcl-x

pre-mRNA. Green circles are those that suppress the Xs and activate the X, isoform, whereas blue
circles are factors that activate the Xsand suppress the X isoform (adapted from Mercatante et

al.,2001; adapted from Stevens and Oltean., 2019).

40



1.2.6 Targeting the splicing machinery as a therapeutic strategy

One of the key factors in cancer cell survival is their ability to evade apoptosis (see previous
section), giving them the ability to be insensitive to chemotherapeutic agents (Stevens and
Oltean, 2019). One mechanism cancer cells deploy in their ability to evade apoptosis is by
overexpressing the anti-apoptotic Bcl-X.isoform (Fulda, 2009). Therefore, finding treatments
which alter the splicing pattern of Bcl-x to inhibit the expression of the X isoform and activate
the Xs isoform would have great therapeutic potential and ultimately increase the likelihood
of success with therapeutic agents.

As mentioned previously, the splicing factor SRSF1 has been shown to upregulate Bcl-X,,
suggesting that downregulation of this protein would potentially increase the Xs/X. ratio. The
cell cycle kinase AURKA was shown to regulate the expression of SRSF1, and consequently
inhibition of AURKA by the inhibitor VX-680 resulted in down regulation of SRSF1 and an
increase in the Xs isoform in cervical cancer cell lines (Moore et al., 2010). Furthermore,
another study showed that the chemotherapeutic agent, gemcitabine, which inhibits the DNA
synthesis pathway, also results in overexpression of SRSF1, meaning that its effects as an anti-
cancer compound are attenuated. Silencing SRSF1 using siRNA knockdown increased the
potency of gemcitabine as a chemotherapeutic agent (Adesso et al., 2013). In a similar
fashion, the anti-cancer compound NSC606985 (a camptothecin derivative) was shown to be
more effective in triggering apoptosis only after silencing hnRNP K (known to activate the X,
isoform (see earlier)) (Gao et al., 2009). Therefore, targeting the key splicing factors known
to influence splice site selection is a promising indirect approach to increase the effectiveness
and potency of chemotherapy.

Another effective therapeutic strategy to alter pre-mRNA splicing is to use splice-switching
oligonucleotides (SSOs). SSOs are anti-sense oligos that are designed to hybridise to the pre-
MRNA at specific positions to block either RNA-RNA or RNA-protein interactions to bias splice
site selection (Havens and Hastings, 2016). These SSOs require a specific 2’-O-methoxyethyl
(MOE) modification to the ribose to prevent RNase H degradation once in the cell, and can be
administered in vivo using lipid nanoparticles to increase cellular uptake efficiency (Bauman

et al,, 2010). Various different studies using a variety of different cancer cell lines have shown
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that SSOs that target the downstream X.5’ss increase the Xs isoform and reduce cell viability
(Li et al., 2016; Mercatante et al., 2002). However, the effectiveness of SSOs depends heavily
on the expression profile of Bcl-X., in which cancer cells that have greater levels of Bcl-X,
expression are more susceptible to SSO treatment (Mercatante et al., 2001).

In addition to blocking protein or RNA binding sites using SSOs, accessibility of splicing factors
(and thus determining splice site selection) can also be modulated through the secondary
structure of the pre-mRNA alone. For example, aberrant splicing of the tau mRNA (thought to
be involved in dementia) was shown to be modulated by its secondary structure. A stable
stem loop was shown to sequester the 5’ss in the tau mRNA , thereby preventing its
interaction with U1 and inhibiting splicing (Grover et al., 1999). The aminoglycoside antibiotic,
neomycin, was shown to bind and stabilise this stem loop and has the potential to alter the
splicing pattern of Tau (Varani et al., 2000). Furthermore, our lab has shown that the putative
G4 specific ligand GQC-05 has the ability to stabilise a G4 in exon 2 of the Bcl-x pre-mRNA,
and has been shown to increase the Xs/X. ratio (see section 1.7) (Weldon et al., 2018).
Despite these vast arrays of treatment strategies, another consideration is how we can target
these therapeutic agents to tumour cells without having off-target effects. For example,
compounds or SSOs which increase the Xs isoform may be advantageous for cancer therapy,
but would not be beneficial if they also promote apoptosis of pancreatic B-cells. Therefore,
targeted treatment is also very important to consider. Recent studies have shown the use of
exosomes, which are small vesicular structures that can be artificially packaged with anti-
cancer compounds, have the ability to specifically target tumour cells (Dai et al., 2020; Kim et
al., 2016).

In conclusion, there are several strategies to target the splicing machinery as potential
treatment options in cancer. Of particular interest to our study is the ability of RNA secondary
structure elements to alter splice site selection in Bcl-x, particularly the relevance and effects
of potential G-quadruplex structures that have been predicted to form in specific areas of the

Bcl-x pre-mRNA (see later) (Weldon et al., 2018).
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1.3 The G-quadruplex (G4)

The best known DNA structure is the B-form DNA helix, in which base pairing occurs between
adenine and thymine (A-T) or Guanine and Cytosine (G-C) (Crick and Watson, 1953). However,
over a century ago, the formation of another type of DNA secondary structure, known as a
DNA quadruplex, was suggested. This was discovered by the formation of a viscous gel like
material when guanylic acids were present at high concentrations in solution, suggesting
higher order polymerisation (Bang, 1910). In 1962, the first proposed structure of a G-
guadruplex was published by X-ray diffraction, where they diffracted the fibres formed from
GMP rich solutions. From their data they proposed that four guanines come together with a
fourfold rotational axis, with each guanine forming four hydrogen bonds with adjacent
guanines, consisting of an inner and outer network of hydrogen bonds between N1-Og¢ (inner)
and N2-N7 (outer) atoms, thus forming a tetramer like arrangement of the guanines (known
as the G-tetrad, figure 1.31 A) (Gellert et al., 1962). Note that in the classical Watson-Crick
base pairing, only the N1-N»-Os¢ interface forms the three hydrogen bonds with the cytosine,
with no hydrogen bonds emanating from Ny (figure 1.31 B) (Weldon et al., 2016). Their
diffraction pattern data was also consistent with the formation of tetrad aggregates, where
the large planar surface of each tetrad would form strong m-n stacking interactions with
another tetrad, forming a four stranded cylindrical structure with a cavity in the middle, able
to fit water molecules or monovalent cations (figure 1.31 C & D) (Burge et al., 2006; Gellert
et al., 1962; Zimmerman et al., 1975). G4 structures are particularly stable in the presence of
monovalent cations, as the electronegative inward pointing Os from each of the guanine
bases are in close proximity, resulting in electrostatic repulsion and thus making the structure
thermodynamically unfavourable. The presence of a monovalent cation within the cavity
enables co-ordination of the Os, thereby increasing the stability of the G4 (Bochman et al.,
2012). The type of ion that best stabilises a particular G4 structure can vary depending on the
structure of the quadruplex (see later), however the general rule that fits many of the known
G4 DNA structures is: Potassium (K+) > Rubidium (Rb+) > Sodium (Na+) > Lithium (Li+) or

Caesium (Cs+) (Sen and Gilbert, 1990).
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Figure 1.31 G-quadruplex and duplex DNA structures.

(A) Parallel G4 structure of the planar tetrad stabilized a Hoogsteen hydrogen bond network and a
monovalent cation (left). Also shown is the four stranded parallel G4 structure formed by the association
of the tetrads (right) (PDB: 244D). (B) Duplex structure of the Watson-Crick hydrogen bonds between GC
base pairs (left). And the DNA duplex structure formed by Watson-crick base pairings (right) (PDB:
1BNA). (C) Aggregation of the tetrads shown in (A) (PDB: 244D) to form the G4 structure. (D) The central
cavity of the G4, which is able to accommodate monovalent cations (Burge et al., 2006; adapted from
Weldon et al., 2016; Zimmerman et al., 1975).
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In addition to the stabilising ion present in solution, DNA and RNA quadruplexes can be
described as having at least two stacked planar tetrads formed from either one, two or four
individual strands, in which the tetrads can be interconnecting through a series of loops (in
the case of two or four strands) consisting of a random sequence of nucleotides (Burge et al.,
2006).

An example of a unimolecular (or intramolecular) quadruplexes is shown in figure 1.32 C,
which consists of a single DNA or RNA strand, able to fold up into four strands, with the two
stacked tetrads forming between the stretches of guanines within the primary sequence.
Another possibility is the formation of intermolecular quadruplexes, in which the guanines in
the G-tetrad arise through the contribution of either two (as is the case for bi-molecular) or
four (tetra-molecular) strands of DNA or RNA (shown in figures 1.32 A & B respectively)
(Bochman et al., 2012; Burge et al., 2006). Diversity of quadruplexes can also be enhanced
depending on the polarity of the strands. Parallel quadruplexes have all four strands (inter or
intra-molecular) pointing in the same direction (i.e. the 5" and 3’ ends of each strand are on
the same side), whereas anti-parallel G4s have strands in opposing directions. Hybrid
conformations are also possible, for example the 3+1 hybrid in which three of the four strands
point in the same direction, with one strand in the opposing direction (figures 1.33 A & B)
(Mishra et al.,, 2019). In addition to the polarity and strand stoichiometry, further
diversification of G4s have been reported, in which the length and location of the
interconnecting loops can be variable. For example, parallel type G4s require a loop
connection between the bottom tetrad and the top tetrad, and hence often display so-called
double chain reversal (or propeller) loops (figure 1.33 C). Certain G4s can also display edge-
wise (or lateral) loops that connect together two adjacent G strands (figure 1.33 D). A third
possibility is a diagonal loop that links two opposite G-strands (figure 1.33 E) (Malgowska et
al.,, 2016). Therefore, this shows that G4s can be very structurally diverse in nature and
extensive research is being undertaken to understand the functional relevance of such a

diverse array of quadruplex topologies, some of which will be explored later.
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Figure 1.32 Different possible strand stoichiometry of G4s.
(A) Tetramolecular, (B)bimolecular and (C) unimolecular G4s (Burge et al.,2006).
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Figure 1.33 Strand polarities and loop orientations.

(A and B) Schematic of the different strand polarities for both inter and intramolecular quadruplexes (C —
E) The different loop orientations in G4s. (C) Double chain reversal (or propeller) loops. (D) Edgewise (or
laterel) loops and (E) diagonal loops (Mishra et al.,2019; Malgowska et al., 2016).
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1.4 G4s in Biology

To date, there have been around 300 structures of quadruplexes that have been deposited in
the PDB, with 75% of them being DNA structures (Miskiewicz et al., 2020). Discussed below
are some examples of G4 structures and their function, with more emphasis on RNA

guadruplexes which only make up a quarter of all known G4 structures in the PDB.

1.4.1 DNA G4s

The first DNA G4 that was identified and implicated to have a biological role was the human
telomeric repeat sequence G4, in which formation of G4s at the 3’ overhangs prevented the
action the Oxytricha nova telomerase in vitro (Zahler et al., 1991). Initial structural work using
NMR showed that the telomeric overhang sequence d(G4T4G4) in Oxytricha nova, can fold
into an antiparallel bimolecular quadruplex, and by increasing the repeat sequence to
d(GATAGATAGATAGA) resulted in a antiparallel intramolecular quadruplex which the latter
was shown to specifically inhibit telomerase elongation (Oganesian et al., 2006; Smith and
Feigon, 1992). As telomerase is required for the replicative immortality of certain cells, it is
not surprising that this enzyme is upregulated in >85% of tumours, meaning that telomeric
G4 sequences could be potent therapeutic targets in the treatment of certain cancers (Feldser
and Greider, 2007; Moye et al., 2015; Shay and Bacchetti, 1997). As such, extensive work has
been undertaken to solve the structure of the human telomere G4. Studies into the human
telomeric repeat sequence, d[AG3(T2AGs)3], showed that this G4 displays a wide array of
different topologies depending on the nature of the cationic environment, with the formation
of an anti-parallel G4 in the presence of Na+ and a hybrid conformation in the presence of K+,
indicating the vast structural polymorphism of this sequence (Parkinson et al., 2002; Wang
and Patel, 1993).

In addition to their presence at telomeres, DNA G4s have also been shown to be abundantly
clustered in about 60% of human gene promotor regions, suggesting that they may have a
regulatory mechanism to control gene expression patterns (Huppert and Balasubramanian.,
2005; Chambers et al., 2015). G4s were identified in the promotors of various oncogenes,
such as C-myc, Bcl-2 and KRAS, in which their functional relevance and structures have been
determined (Agrawal et al., 2014; Ambrus et al., 2005; Dai et al., 2006; Dickerhoff et al., 2019;
Kerkour et al., 2017).
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1.4.2 RNA G4s

In contrast to DNA G4s, the structure and functions of RNA G4s have been reported to a much
lesser extent. This could be due to the fact that RNA is much more prone to degradation than
its DNA counterpart, both by the presence of ubiquitously found RNases and high pH values,
making RNA studies more laborious than DNA. In addition, the cost of RNA oligonucleotides
are considerably higher than DNA, making structural and biophysical work more expensive as
large quantities of material are required. In addition, many of the DNA G4 structures solved
by NMR relied on the use of site-specific labelling of DNA nucleotides in order to assign the
NMR spectra for structural determination. However, due to the lack of affordable labelled
RNA phosphoramidities, site-specific labelling of RNA oligonucleotides becomes rather
expensive, making this technique unaffordable, resulting in a lower proportion of RNA
structures on the PDB (Adrian et al., 2012). Despite these drawbacks, there have been a
limited number of RNA structures that have been solved by both NMR and X-ray
crystallography.

One of the most extensively studied RNA G-quadruplexes, both structurally and functionally,
is the non-coding telomeric repeat-containing RNA (TERRA). It was initially thought that the
telomeres of chromosomes were transcriptionally silent, however this was disproven over 10
years ago when it was demonstrated that telomeres were actually being transcribed into
TERRA RNA (with heterogeneous lengths, containing repeats of r(UUAGGG)) (Azzalin et al.,
2007).

Several studies have demonstrated that one of the major functions of the TERRA G4 RNA is
to modulate histone modification and heterochromatin formation at the telomeres (Arnoult
et al., 2012; Takahama et al., 2013). It was shown that TERRA G4 RNA acts in a negative
feedback loop to supress its own transcription from the DNA telomeric sequence (Arnoult et
al., 2012). The G4 formed by both TERRA and the DNA telomere was shown to be a docking
site for the telomere binding protein TLS, which binds via its Arg-Gly-Gly (RGG) motif in a G4
specific manner. Upon forming the TLS-G4 complex, histone methyltransferases (such as the
Suv4-20h) are recruited, resulting in histone H4K20 and H3K9 tri-methylation which in turn
leads to telomere shortening, heterochromatin formation and transcriptional repression

(Takahama et al., 2013). Other functions of TERRA RNA have also been reported, such as the
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suppression of innate immune genes in cancer cells and the competitive inhibition of
telomerase (Hirashima and Seimiya, 2015; Redon et al., 2010).

RNA G4s have considerably less topological diversity than their DNA counterparts, with most
structures exhibiting the parallel conformation over the anti-parallel and hybrid forms. This
occurs as a consequence of the 2’hydroxyl group, which locks the bond between the
nucleobase and the sugar in the anti-conformation, making the parallel conformation more
favourable (Song et al., 2016). This is indeed the case for the published structures of TERRA
(figures 1.41 A & B). The very first structure of TERRA was solved by NMR in 2009, in which
the 12 mer RNA sequence r(UAGGGUUAGGGU) resulted in the formation of a bimolecular
parallel propeller type quadruplex (figure 1.41 A) (Martadinata and Phan, 2009). It was also
shown by gel electrophoresis that shorter 9 or 10 mer variations of the sequence resulted in
higher order polymerisation via 5’ stacking of the G4 blocks (Martadinata and Phan, 2009). A
year later, an almost identical structure was solved for the same sequence by X-ray
crystallography (figure 1.41 B) (Collie et al., 2010a). The possibility of the formation of higher
order structures through 5’ stacking attracted much attention, due to the potential of deriving
small molecules that may bind to the 5" interface with the ability to potentially stabilise the
stacking interactions. However, very little structural information about these higher order
structures were known at the time. In 2013, the first solution structure of the stacked TERRA
RNA was published, which involved the 10 mer RNA sequence: r(GGGUUAGGGU) that was
previously shown to from higher order structures by gel electrophoresis (Martadinata and
Phan., 2009). This structure (shown in figure 1.41 C) showed the formation of a bi-molecular
dimer, in which 2 bimolecular quadruplexes form 5’ to 5’ stacking interactions with another
bi-molecular dimer, mediated by the 5’ tetrads as well the adenine in the UUA loop (figure
1.41 D), forming a planar A(G.G.G.G)A hexad at the interface (Martadinata and Phan, 2013).
This paved the way for future work in deriving ligands that are able to bind at the interface
and stabilise its structure.

In addition to their roles in telomeric RNAs, there is growing evidence on the role of RNA G4s
in regulating the alternative splicing of mRNAs, such as the TP53 mRNA and the mRNA of the
human transcription factor Pax9 (Marcel et al., 2011; Ribeiro et al., 2015). Another study has
shown the involvement of an RNA G4 in promoting exon inclusion in the CD44 pre-mRNA

(Huang et al., 2017). More recently, our lab has postulated the involvement of RNA G4s in the
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alternative splicing of the Bcl-x pre-mRNA, which will be discussed in more detail in section
1.7 (Weldon et al., 2018).

RNA G4s have also been reported to have many other functions such as: mRNA transcription
and 3’ end processing (Dalziel et al., 2007, Zheng et al., 2013); mRNA localisation
(Subramanian et al., 2011) and mRNA translation (Bugaut and Balasubramanian, 2012).
Therefore, methods that can help identify the presence of G4 structures in the human
transcriptome will be crucial into understanding their functional relevance in various

biological processes, and will be explored in the next section.

Figure 1.41 Structure of the TERRA RNA G4.

(A and B) Structure of the 12 mer TERRA RNA sequence r(UAGGGUUAGGGU) by NMR (PDB: 2KBP) (A),
and X-ray crystallography (PDB: 31BK) (B). (C) First higher order NMR structure formed by the TERRA 10
mer sequence r(GGGUUAGGGU) with each of the four chains highlighted in magenta, cyan, blue and
green. Magenta and cyan chains form one bi-molecular G4, which is stacked on top of another bi-
molecular G4 formed from the blue and green chains. (D) Zoom of the stacking interface of (D), with the
adenine (green) contributing to the A(G.G.G.G)A hexad (structures in A-C were generated in pyMOL)
(Collie et al., 2010a; Martadinata and Phan., 2009; Martadinata and Phan., 2013).
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1.5 Characterisation of G4 structures in nucleic acids

There are many ways to characterise putative G4 forming regions in RNA and DNA, which
involve bioinformatic, biophysical, biochemical and functional approaches. However, each

approach has its advantages and limitations and will be discussed below.

1.5.1 Bioinformatic approaches

The very first step to characterise a putative G4 (or any nucleic acid structure) is to analyse its
nucleotide sequence. In fact, bioinformatic analysis alone predicts the formation of over 1
million G4 forming sequences within the human genome (Vannutelli et al., 2020). There have
been many studies which have used bioinformatic tools to predict the presence of G4s in the
human genome, such as in promotors of proto-oncogenes, telomeres and at 5’UTRs, and is
therefore the initial stage of structural characterisation of a given sequence (Beaudoin et al.,
2014; Eddy and Maizels, 2006; Huppert et al., 2008; Huppert and Balasubramanian, 2005;
Jodoin et al., 2014).

The first bioinformatic program that could predict G4 structures from a putative quadruplex
sequence (PQS) was published in 2004 and 2005 (D’Antonio and Bagga, 2004; Huppert and
Balasubramanian, 2005). Since then, several others have been developed which differ in the
nature of the PQS that they are able to predict, and are summarised in table 1.511. These vast
arrays of different bioinformatic tools can be used to predict G4s in a wide variety of different
contexts, including those that may not follow the canonical G4 topology (see below)
(Miskiewicz et al., 2020). For example, G4 hunter can be used to predict G4s with mismatching
or bulging nucleotides which do not follow the canonical fold, whereas QGRS mapper can only
predict those following a canonical topology (Bedrat et al., 2016; Kikin et al., 2006). These two

programmes will be discussed in more detail below.
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Tool DNA RNA Multiple Allow Number of Loop length Max PQS’

entry mismatches  tetrads in G4
G4Catchall v v v v >2 1-50 99
G4Hunter v v v >0 >0
G4-iM Grinder v v v 3 >0
G4P Calculator v v v >0 >0
G4Predict v v v >0 >0
G4-Predictor V.2 v v 2-6 0-36 45
G4PromFinder v 2-4 1-10 30
G4RNA screener v v v >0 >0
ImGQfinder v v v 2-10 <25
pgsfinder v v v 2-20 0-9
QGRS Mapper v v 2-6 0-36 45
QPARSE v v v v >2 >0
Quadron v >3 1-12
TetraplexFinder v v v v 2-5 1-50 170

Table 1.511 Features of known G4 prediction bioinformatic tools.

With regards to each of the columns in the table: DNA and RNA indicates if the programme accepts
DNA and/or RNA sequences; multiple entry means that multiple sequences can be imputed in a single
run; allow mismatches implies that the programme will accept bulges and interruptions within the G-
tracts thereby providing a platform to predict non-canonical as well as canonical PQS; number of
tetrads in the G4 indicates the maximum number of tetrads that a particular programme can predict;
loop length indicates the maximum number of nucleotides a loop can adopt for the programme to
predict a G4; max PQS is the maximum sequence length of a PQS that can be imputed into the
programme for a successful prediction (review by Miskiewicz et al., 2020).

QGRS mapper can predict the formation of a unimolecular RNA or DNA G4 with the canonical
G4 sequence of GxNy1GxN,2GxN,3Gx, where x is the number of consecutive guanines (which
must be between 2 and 6) and y is the length of the connecting loops (which can be up to 36
nucleotides) (Kikin et al., 2006). Depending on the number of tetrads and the size of the
connecting loops, a given sequence is assigned a G-score, the higher the score the more likely
that this will fold into a canonical G4. The greater number of tetrads gives a higher score, as
these G4s are more stable due to a greater number of n-rt stacking interactions. In addition,
shorter loops give higher scores as longer loops have been shown to reduce the stability of
G4s (Guédin et al., 2010). The highest score predicted by QGRS mapper is 105, consisting of 6
tetrads with 1 nucleotide connecting loops (Kikin et al., 2006). This programme can accurately
predict the structure of a DNA G4 aptamer, which consists of a four tetrad unimolecular
guadruplex in which the QGRS output prediction was consistent with the NMR determined
structure (Smith et al., 1995). However, a disadvantage of using QGRS mapper is that it will
not correctly predict the formation of quadruplexes outside of the canonical sequence, such

as the structure of the RNA G4 sc1, which is involved in binding the Fragile X mental
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retardation protein (FMRP) (Phan et al., 2011). The solution structure showed the formation
of a three-tiered quadruplex, but QGRS mapper did not predict the formation of one of the
tetrads and only predicts a two stack G4, emphasising its limitation with non-canonical
structures (figure 1.512). False positives have also been identified, in which the programme
predicts the formation of a stable G4 when in fact the sequence does not fold into a
quadruplex in vitro , further emphasising on the limitations of QGRS mapper to predict such
structures (Beaudoin et al., 2014). Therefore, sequence analysis alone cannot give an accurate
representation on the number of PQS that may be present in the human genome, as the true
value may be an over or underestimate due the limitations of predicting non-canonical

structures (Beaudoin and Perreault, 2010; Bedrat et al., 2016).

Sc1: GCUGCGGUGUGGAAGGAGUGGUCGGGUUGCGCAGCG

GGUGUGGAAGGAGUGG 20

Figure 1.512 Structure of a non-canonical G4s not predicted by QGRS mapper.

The nucleotide sequence of the Sc1 RNA (top panel) with the G’s involved in the tetrad formation color
coded. Also shown is the output of QGRS mapper for this sequence, with the predicted G’s involved in
tetrad formation highlighted in blue, suggesting a 2 stacked tetrad conformation (middle panel). Shown
in the lower panel is the structure of this RNA (PDB: 2LA5), showing a 3 stacked tetrad conformation,
with the tetrads color coded according to the G’s in the nucleotide sequence in the top panel (adapted
on pyMOL) (Phan et al.,2011).
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To overcome the issue of predicting non-canonical PQS, other bioinformatic tools have also
been developed such as G4 hunter. This particular programme uses an algorithm that can
detect PQS based on the G-richness and G-skewness of a particular sequence (Brazda et al.,
2019). Within the input sequence, each G or C nucleotide is given an arbitrary score,
depending on the number of G-tracts it is present in. For example, a single guanine (G) will be
assigned a score of 1, (with GG =2, GGG = 3, GGGG = 4..... ). Cytosines will have a negative
score in a similar fashion, depending on the number of C-rich tracts present (C=-1, CC = -2,
CCC=-3,CCCC=-4...). The overall score of a sequence will indicate its propensity to fold into
a G4, meaning that guanines which may not be part of a continuous G-tract (i.e not a canonical
PQS) may also be represented and evaluated as potentially participating in tetrad formation,

opening up the possibility of G4 formation in a much wider context (Brazda et al., 2019).

Based on sequence analysis, our lab has identified six putative regions within the Bcl-x pre-
mRNA that can potentially adopt a PQS, termed Q1-Q6 in table 1.513 (Weldon et al., 2017).
Analysis of the QGRS score (which maps out canonical G4s only), indicates that the PQS within
the Q5 segment has the greatest propensity to form a G4 structure, shown by the highest
QGRS score of 21, in contrast to the other sequences which fall short of this score. However,
when comparing the scores obtained by G4 hunter, the Q2 PQS has the greatest propensity
to fold a G4, shown by a score of 1.059. This suggests that although Q5 has the potential to
fold a relatively more stable canonical G4 compared to Q2 (based on the QGRS scores), Q2
has the ability to potentially fold into a more stable non-canonical structure than a canonical
Q5 quadruplex. Therefore, an array of different G4 predictive tools can give insight into the
nature of a quadruplex that can be formed by a particular sequence, which then paves the

pathway for experimental evidence of such structures.
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Name Bcl-x PQS QGRS score | G4 hunter score
Q1 GAGGGAGGCAGGCGACGAGUUUGAACUGCGGUA 6 0.667
Q2 CCGGGAUGGGGUAAACUGGGGUCGCAUUGUGGCC 17 1.059
Q3 UCGGCGGGGCACUGUGCGUGGAA 11 0.957
Q4 AAGGAGAUGCAGGUAUUGGUGAGUCGGAU 18 0.621
Q5 UUGGAUCCAGGAGAACGGCGGCUGGGUA 21 0.679
Q6 CUGGUUCCUGACGGGCAUGACUGUGGCCAGGUA 15 0.364

Table 1.513 QGRS and G4 hunter score outputs for the six PQS regions of the Bcl-x pre-mRNA (adapted
from Weldon et al., 2017).

1.5.2 Biophysical approaches

After analysing a nucleotide sequence containing a putative G4 forming region using
bioinformatic tools described above, these short identified regions can then be isolated and
examined further using various biophysical techniques to confirm or disprove the presence
of a G4. Discussed below are several methods that have been employed to characterise G4s

in nucleotide sequences, each with their advantages and limitations.

1.5.2.1 UV spectroscopy

Each of the four nucleotide bases display a unique absorption spectrum, in which the
maximum is distinctive of that particular nucleotide (figure 1.514 A). Within a given sequence
there would be a mixture of each of the bases, which would result in the summation of the
absorption spectrum of each individual base, giving rise to an overall absorption with a
maximum at 260 nm (figure 1.514 B) (Otim, 2018). During denaturation, double-stranded
DNA or RNA displays hyperchromicity at 260 nm. This is due to reduced base stacking from
structural unfolding, resulting in an increase in the UV absorption of the nucleotide bases
(Harvey Lodish et al, 2000; Puglisi and Tinoco, 1989). The overall stability of a particular RNA
or DNA structure can be measured by following the absorption at 260 nm as a function of
temperature, which would provide information regarding the overall stability of a particular
RNA or DNA structure. However, this would not provide much information as to the type of

secondary structure that is undergoing the melting process, although it has been shown that
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DNA G4s display hypochromicity at 295 nm over other structures, for example with the
human telomere 27-mer G4 forming sequence (TTA GGG)s TTA (G4-Htel27) (figure 1.514 C),
meaning that one can follow this wavelength (instead of at 260 nm) as more of a direct

measure of the G4 melting process (Del Mundo et al., 2017; Mergny and Lacroix, 2009).
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Figure 1.514 UV characterization of DNA/RNA structures.

(A) UV spectra showing the absorbances of each of the DNA bases. (B) the overall summed effect of
each DNA base, giving an overall maxima at 260nm. (C) UV melting at 295nm of a triplex sequence
(R2) and the human telomere G4 sequence which shows that the hypochromic signature at 295nm is
specific to the G4 forming sequence (Del Mundo et al., 2017; Mergny and Lacroix, 2009; Otim., 2018).
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Another way of characterising nucleic acid structures by UV is to record a thermal difference
spectra (TDS), which is the difference between UV spectra (typically recorded between 220-
320 nm) recorded at high (denaturing) temperature and low (folded) temperature. The
resulting spectrum provides a signature for the type of secondary structure that is being
formed from the nucleotide sequence, and has been tested on various known DNA structures
(figure 1.515 A-D) (Mergny et al., 2005). However, this only provides some evidence as to the
structure being formed and not a direct proof, as many of the structures display similar TDS
signatures, for example that of triplexes and G4s both show hypochromicity at 295 nm
(Mergny et al., 2005). Therefore, in the absence of an atomic resolution structure, further

experimentation is necessary to better characterise the species in solution.
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Figure 1.515 TDS spectra of different DNA structures.

(A) DNA self-complementary duplexes, 100% AT; (B) DNA self-complementary duplexes 100% GC; (C) Pyrimidine
triplexes; (D) DNA G-quadruplexes. The different colours in each spectrum represent different DNA sequences that
display that particular structure. Labelled are the major peaks involved in characterising each structure (adapted from

Mergny et al., 2005).
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1.5.2.2 CD spectroscopy

Circular dichroism (CD) is another powerful biophysical technique to characterize the
secondary structure in solution of biomolecules such as proteins and nucleic acids (del Villar-
Guerra et al.,, 2018b; Greenfield, 2009). One of the major advantages of CD and UV
spectroscopy over other structural techniques is that it has incredibly high throughput,
requiring relatively low sample concentrations (1-2 uM), giving accurate structural
information in a time efficient manner (Corréa and Ramos, 2009). CD relies on the differential
absorption of left and right-handed circularly polarised light by optically active samples.
Optically active samples are defined as having chirality as well as an absorbance, both of
which DNA and RNA nucleotides satisfy, making them amenable for CD characterisation
(Kejnovska et al., 2019). Depending on the particular conformation of a nucleotide containing
structure, a characteristic CD signature is observed.

Analysis of the CD spectrum enables the user to easily distinguish between the three major
types of quadruplexes: Parallel, anti-parallel and hybrid conformations (Kejnovska et al.,
2019). Parallel quadruplexes display a positive peak around 260 nm and a negative peak
around 240 nm (CD1 in figure 1.516), whereas anti-parallel G4s display a negative peak at 260
nm and a positive peak at 295 nm. Hybrid conformations display mixtures of both the parallel
and anti-parallel type G4s, with a reduced positive peak at 295 nm and 260 nm (Vorlickova et
al.,, 2012). However, similarly to the TDS spectra, CD spectra of different structures can
overlap, for example those of a parallel type G4 and an A-type helix (CD1 and CD2 in figure
1.516), making them very difficult to distinguish (Kralovicova et al., 2014; Vorlickova et al.,
2012; Weldon et al., 2016). To overcome this, we can exploit the fact that, unlike duplexes,
G4 formation is dependent on the presence of certain monovalent cations such as K+ or Na+,
and relatively less stable in the presence of smaller cations such as Li+ (Bochman et al., 2012).
Therefore, observing a change to the CD spectrum, or a greater stability from CD melting
assays in the presence of K+ compared to Li+, would indicate the presence of a G4 (Weldon
et al., 2016). In addition to providing structural information, CD spectroscopy has also been
employed as a technique to measure the kinetics of G4 folding, for example with the human
telomere G4 after the addition of K+ (Gray et al., 2014). Furthermore, CD spectroscopy is also
a very useful tool in identifying binding modes of achiral ligands to macromolecules (such as

nucleic acids). As described earlier, detection of a CD signal requires the molecule under study
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to be chiral. This is true for DNA and RNA molecules (Garbett et al., 2007). It is also true for
many DNA or RNA binding ligands, such as ellipticine and porphyrins (see section 1.6), which
are naturally achiral, but become chiral when interacting with a macromolecule and therefore
can give rise to a distinct peak in the far UV range of the CD spectrum, a phenomenon known
as an induced CD (ICD) signal. This phenomenon has been used in many studies to probe the
interaction between small molecules and nucleic acids, and is particularly useful for
determining dissociation constants when the molecule is not fluorescent (Gtuszynska et al.,
2018). In addition, the shape of the induced CD signature can also be correlated with the
binding mode of a ligand to a nucleic acid structure. For example, for intercalating
compounds, if the molecular axis of the ligand is parallel to the pseudo dyad, a positive ICD
signal is produced, whereas if it is perpendicular, a negative ICD is observed (Garbett et al.,
2007). Furthermore, minor groove binders which can interact with B-DNA where the
molecular axis of the ligand is approximately 45° to the base give rise to positive ICD signals
(Garbett et al., 2007). This makes CD a very useful tool to determine a vast array of

measurable parameters.

Previous work on each of the six putative G4 forming sequences found within the Bcl-x pre-
mMRNA display a CD spectrum that is typical for either a parallel G4 or a duplex structure,
indicated by the presence of a positive peak at 260 nm and a negative peak at 240 nm (figure
1.517) (Weldon et al., 2017). The CD melting experiments indicate a monophasic melting
profile for each of the six PQS tested. Interestingly, the Q2 sequence displayed a significantly
higher structural stability than all of the other PQS regions. However, as described above, the
formation of a potential G4 structure in each of these sequences will need to be more
thoroughly characterised by conducting the experiments in potassium or lithium-containing
buffers in order to differentiate the G4 and duplex structures with less ambiguity.

A major disadvantage of CD spectroscopy is that it only provides an overall picture of the type
of structure in solution, meaning that in a heterogeneous sample you may have multiple
peaks corresponding to the mixture of each of the conformers, some of which may or may
not contribute to a major peak, making the data difficult to interpret. Therefore, other
techniques that provide structural insight at nucleotide resolution are required, for example

NMR spectroscopy.
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Figure 1.516 CD spectra of a parallel G4 structure and an A-helix.

CD spectra of a parallel G4 (CD1) and a duplex (CD2), showing that the two have almost overlapping CD spectra
and hence difficult to distinguish (adapted from Kralovicova et al.,2014).
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Figure 1.517 CD spectra and melts of each PQS sequence of the Bcl-x pre-mRNA.

Room temperature spectrum and melting experiments of each of the six indicated PQS regions carried
out in 100 mM KCl. Labelled are the major peaks at 240 and 260 nm (adapted from Weldon et al., 2017).
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1.5.2.3 NMR spectroscopy

Alongside CD and UV spectroscopy, NMR has been widely used to study both the structure
and dynamics of G-quadruplexes (Ambrus et al., 2005; Crnugelj et al., 2002; Phan et al., 2005;
Zhang et al., 2009). This technique relies on the phenomenon of nuclear spin, in which atoms
that have a spin of I= % are NMR active. Spins of % have two distinct orientations when an
external magnetic field (Bo) is applied, with populations aligned with or against By (+2 and -%
respectively). Those that align against Bo have a greater energy than those that align with Bo,
and it is this difference in energy that is detected by NMR (Roth., 1984). NMR active nuclei
that are commonly used for biological and chemical applications are: *H, **N and *3C (Zou and
Sadler, 2015). While *H is a natural isotope, *°N and *3C are rare isotopes (the natural ones
being *N and !2C) and NMR studies of these atoms requires isotopic labelling of the
molecules. Outlined below are some of the approaches that have been used to characterise
the presence of G4s in nucleic acid sequences by NMR spectroscopy.

The first and simplest way to assess if a nucleotide sequence can fold into a quadruplex is by
analysing the one-dimensional *H NMR spectrum. In this spectrum, we observe all of the
exchangeable and non-exchangeable protons in a structured macromolecule. Figures 1.518
A-D highlights regions within a 1D spectrum that correspond to distinct protons in DNA or
RNA. Firstly, the non-exchangeable protons of the ribose sugar moiety display chemical shifts
between 4-6ppm, which include the protons H1 — H5' (see ribose numberings in figure 1.518
A). Secondly, the non-exchangeable amino (NH;) resonances of G, C and A bases which
include protons H2, 6 and 8 and resonate between 7-8ppm (see purine and pyrimidine base
numberings in figures 1.518 B and C). Finally, the exchangeable imino (NH) protons of G, T
and U bases resonate between 10-15ppm if involved in hydrogen bonds (Adrian et al., 2012;
Flrtig et al., 2003; Germann, 2012). In particular, this region (10.0-15.0ppm), provides
valuable information regarding base pairings. This is because these imino protons would
normally be in exchange with deuterium when exposed to the solvent, resulting in the proton
signal to disappear. However, these imino protons become protected when involved in
hydrogen bonds via Watson-Crick or Hoogsteen base pairs, causing their signal to appear
(Furtig et al., 2003). Therefore, chemical shifts in the 10-15ppm region of the NMR spectrum
provide useful information regarding the folding of the molecule and the nature of the base

pairs in a given structure. For example, G-C base pairs would display signals around 12.0-
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13.5ppm (with some appearing in the 8-9ppm region, see table 1.520), whereas A-U would
give rise to chemical shifts between 13-15ppm (table 1.520). Therefore, characteristic
Watson-Crick base pairs result in chemical shifts between 12-15ppm (CD2 in figure 1.519 A)
(Patel and Tonelli, 1974). It is also possible to observe signals for non-canonical G-U wobble
base pairings in the 10-12ppm region (Flrtig et al., 2003). Unlike CD spectroscopy, NMR
allows to distinguish with greater ease the spectrum of a quadruplex or a duplex, as
Hoogsteen base pairings give rise to imino peaks between 10.0-12.0ppm (figure 1.518 D and
CD1 figure 1.519 A) (Feigon et al., 1995; Webba da Silva, 2007; Weldon et al., 2016). In
addition, imino protons in the internal G-tetrads do not exchange with the solvent as readily
as their Watson-Crick or external-tetrad counterparts, making these peaks appear much
sharper (Smith and Feigon, 1992; Wang and Patel, 1993). Within a G4 structure, each guanine
tetrad gives rise to four imino peaks (one per guanine), meaning that simply counting the
number of peaks in the 10-12ppm region of a well resolved 1D spectrum gives an indication
as to the number of tetrads which form the putative G4. For example, 12 sharp imino peaks
would suggest 3 stacked tetrads as was seen with an optimised (mutated) c-myc promotor
guadruplex sequence (figure 1.521 B, lower panel) (Ambrus et al., 2005).

Analysis of the 1D NMR spectra can also give an idea on the heterogeneity of the sample in
solution, indicating whether structural determination by NMR would be feasible. For
example, the two-repeat tetrahymena telomeric G4 sequence d(TGGGGTTGGGGT) was
shown to exist in two different conformations via analysis of its 1D spectrum (Phan et al.,
2004). It is also very common that heterogeneity gives rise to broad overlapping peaks in the
1D spectra, such as the c-myc promotor wild-type sequence (figure 1.521 B, top panel),
making structural determination near impossible (Adrian et al., 2012; Ambrus et al., 2005; Le
et al., 2012). A commonly used approach to reduce sample heterogeneity, and thereby
improving the quality of the 1D spectrum, is by making mutations to the wild-type sequence
in order to isolate a single species in solution (figure 1.521 A). For example, making mutations
that remove the excess guanines and G-tracts from the c-myc wild-type sequence (which may
be involved in G4 formation in minor conformational states) gave rise to a single species and
a much better resolved 1D NMR spectrum, enabling structure determination (Ambrus et al.,

2005; Le et al., 2012).
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In summary, analysis of the 'H NMR spectra can provide information on the type of base pairs
existing within the structure as well as providing insight into the feasibility of NMR for
structural determination.

If the 1D NMR spectrum displays sharp, well resolved peaks, further 2D NMR
characterisations can take place. One example that has been implemented widely in G4s is
the nuclear overhauser effect correlation spectroscopy (NOESY), which enables identification
of spatial distances between nuclei (Jeener et al., 1979). Within a G-tetrad, there are distinct
NOESY peaks between the guanine H1 imino proton to the next guanine’s H8 (figure 1.519 B),
giving distinct NOESY patterns which characterise the G-tetrad (figure 1.519 C) (Phan et al.,
2011).

1.5.2.3.1 In vivo NMR detection of G4s

With all the biophysical methods described earlier providing useful tools to characterise the
presence or absence of a G4 in vitro, a major question in the nucleic acid field is to prove their
existence in vivo, in which there have been contradictory studies which argue either case for
RNA G4s (Biffi et al., 2014; Guo and Bartel, 2016). Therefore, trying to apply some of these
biophysical tools to more physiologically relevant conditions would provide insight into the
structures being formed within cells, for which NMR spectroscopy has been used.

In cell NMR spectroscopy of nucleic acids has relied upon the use of Xenopus laevis oocytes
to mimic the cellular environment. Due to their large diameters (approx 1 mm), it enables
easy microinjection of exogenous nucleic acid sequences directly into the oocyte, enabling
NMR analysis of the query sequence in a physiologically relevant context (Giassa et al., 2018).
The first report of using in cell NMR to probe G4 structures came from the study of the human
telomere G4 DNA sequence d(Gs(TTAGs)sT), which adopts an anti-parallel basket type
structure in vitro (figure 1.522 A) with the presence of sharp imino peaks as shown in figure
1.522 B (Lim et al., 2009). Injection into oocytes resulted in a broadening of these imino peaks,
which may arise as a result of increased viscosity around the nucleic acid sequence due to the
presence of proteins and other endogenous material within the oocyte (figure 1.522 C).
Incubating the sequence in the oocyte lysate resolved some of the peak broadening issues,
whilst still maintaining the physiological environment originally present in the oocyte (figure
1.522 D). Furthermore, the imino spectrum in the oocyte lysate shows much greater spectral

overlap than its buffer only counterpart (figures 1.522 B and D respectively), suggesting the
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presence of multiple G4 structures in the oocyte lysate, indicating the structural
polymorphism of G4s in the intracellular environment (Hansel et al., 2009). This suggests that
the structures observed in vitro may not necessarily reflect the structures in vivo, meaning
that interpretation of biophysical data in normal buffers should be taken with caution.
Another advantage of NMR spectroscopy for in cell analysis over other biophysical techniques
is that it allows detection of labelled exogenous nucleic acid sequence with NMR active nuclei
that would not be present in the cellular extract, thereby eliminating the background signal.
For example, the TERRA RNA telomeric sequence: r(UAGGGUUAGGGU) was shown to adopt
multimeric G4 structures by in vitro mass spectrometry (Collie et al., 2010b), and was revealed
to adopt these same structures in X.laevis oocytes using °F labelled RNA, providing further
evidence that RNA G4s can fold in cells (Bao et al., 2017; Biffi et al., 2014)

Only in the last few years, there has been some progress to translate the in-cell NMR from
oocytes to mammalian human cells, thereby making the system even more relevant. Instead
of direct microinjection, electroporation or chemical induced transfection protocols have

been developed (Dzatko et al., 2018; Yamaoki et al., 2018).
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Figure 1.518 The expected chemical shift regions within the 1D spectrum for all of the
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exchangeable and non-exchangeable protons in nucleic acids.
(A) Chemical shift regions corresponding to each of the protons in nucleic acids. Also shown are
the numbering of each proton in the ribose ring of RNA. (B and C) Base numberings within purine
(B) and pyrimidine (C) bases. (D) Example of a proton NMR spectrum of the G4 DNA sequence
d(GCGGTCGGT), (adapted from Germann., 2012; Webba da Silva, 2007).
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Figure 1.519 NMR characterization of G4s

(A) 1D NMR spectrum showing the characteristic imino peaks of a Watson-Crick duplex (CD2) and of a G4
(CD1). (B and C) NOE connectivities observed within a G-tetrad between H1 and H8 of adjacent guanines
(Adrian et al., 2012; Kralovicova et al.,2014; Phan et al., 2011; Weldon et al., 2016).
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Base Base-pair atoms Chemical-shift Distance [A]

pair regions [ppm]

G:C G N1-H1--N3 C 12-13.5 1.89
G N2-H2--02 C 8-9 208
G 02:-H4-N4 C 8-9 1.71
G N2-H2 6.5-7 -
C N4—H4 6.5-7 -

U:A U N3-H3--N1 A 13-15 1.93
U O4---H6-N6 A 75-85 1.82
A N6—H6 65-7 -

G:U G N1-H1--02(04) U 10-12 1.76
G 02:-H3—-N3 U 1-12 1.96

Table 1.520 Expected NMR chemical shifts.
Expected chemical shifts of Watson-Crick and wobble base pairings in nucleic acids (Furtig et al., 2003).

A
WT C-myc: TGGGGAGGGTGGGGAGGGTGGGGAAGG

Mutant C-myc: TGAGGGTGGGTAGGGTGGGTAA

WT C-myc

Mutant C-myc

Figure 1.521 Heterogeneity in the c-myc DNA sequence and how this relates to the 1D NMR spectrum.
(A) Sequences of the c-myc wild-type (WT) sequence and the mutant c-myc sequence designed to reduce
sample heterogeneity. (B) 1D NMR spectrum in the imino region of the WT and mutant c-myc sequences
(Le et al., 2012).
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Figure 1.522 In vivo NMR studies on the human telomere G4 DNA sequence: d(G3(TTAG;)sT).

(A) The anti-parallel basket type structure of the G4. (B) 1D NMR spectrum of the imino region of the
sequence in buffer: 10.5 mM NaCl, 110 mM KCl, 130 nM CaCl,, 1 mM MgCl,, 10% D20, pH=7.5). (C and D)
Imino region of the same sequence recorded in the oocyte (C) or the oocyte lysate (D) (Hansel et al., 2009).

1.5.2.4 Fluorescence detection of G4 structures

Fluorescence spectroscopy is a sensitive and high throughput technique that has been used
extensively to study the structure and function of nucleic acid sequences. In brief, the
fluorescence phenomenon arises as a result of the photo-selective excitation of certain
molecules by specific wavelengths of light, which result in electronic transitions within the
molecule. After absorbing a certain wavelength, electrons are excited from a ground state
(So), to a higher first or second electronic singlet state (S; and S; respectively). Some molecules
in S2 can convert to Si by a radiation-less de-excitation of the electrons to a lower energy
excited state. Molecules in the excited singlet state then de-excite to So, resulting in the

emission of a photon, giving rise to fluorescence (Lakowicz, 2006).

Fluorescence spectroscopy has played an important part in providing evidence for the
existence of RNA G4s in living cells (though somewhat controversial) (Biffi et al., 2014). This
was achieved by immunofluorescence microscopy, in which they used an engineered G4
specific antibody BG4 (Biffi et al., 2013). Secondary and tertiary antibodies that were

conjugated with the fluorophore Alexa 594 were able to bind to the BG4-G4 complex and
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resulted in the appearance of cytoplasmic foci, in which they confirmed that these were
indeed caused by the presence of endogenous RNA G4s within living cells (Biffi et al., 2014).

A more direct approach to detect G4 and other nucleic acid secondary structures is to use
specific fluorescent ligands that can bind to and recognise a specific structure. In general
terms, DNA or RNA binding molecules have various possible binding modes when recognising
nucleic acid structural motifs. These include major and minor groove binders, electrostatic
binding to the sugar phosphate backbone and base intercalators (Almagwashi et al., 2016).
G4 specific ligands often display additional forms of interactions, such as end-stacking with
the external tetrad (see below for examples). One of the best characterised DNA binders that
is being used in a vast array of applications associated with nucleic acid biology is ethidium
bromide, which was shown to display enhanced fluorescence when intercalating in dsDNA or
RNA, and is often used as a staining method to detect duplex structures (Olmsted and Kearns,
1977). However, later studies also showed that ethidium derivatives could also bind to G-
tetrads, lacking the structural specificity needed to confirm the presence of such structures
(Koeppel et al., 2001). Therefore, using fluorescent ligands that are able to show structural
specificity would be very helpful to characterise the presence of nucleic acid structures in
solution. For example, the ligand N-methyl mesoporphyrin (NMM) was identified as a highly
specific parallel G4 binder, making it useful as a probe to detect the presence of parallel G4s

(del Villar-Guerra et al., 2018a; Kreig et al., 2015).

G4 specific ligands can be used as a method to confirm the presence of a putative G4 in vitro
or in vivo by a method called G4 fluorescence turn on assay (summarised in figure 1.523), in
which changes in the fluorescence property of that specific ligand upon binding to its target
would be a marker to indicate the presence of a G4 in a given sequence (Umar et al., 2019).
For example, the aforementioned porphyrin class molecule NMM (figure 1.524 A) was shown
to bind with high specificity to parallel G4s over single stranded, anti-parallel, hybrid, or
duplex structures, which was shown by a greater fluorescent enhancement (Aexc=393nm, Aemm=
620 nm) when bound to parallel G4s over the other structures (figure 1.524 B)(Kreig et al.,
2015; Nicoludis et al., 2012a; Sabharwal et al., 2014). In 2012, a crystal structure of NMM
bound to the human telomere 22 mer DNA G4 sequence (Tel22) d[AGGG(TTAGGG)s3] was
published (PDB:4GOF), which showed end staking to the Tel22 G4 dimer (figure 1.524 C)
(Nicoludis et al., 2012b).
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Figure 1.523 Principles of the fluorescence turn on assay
An overview of how fluorescent G4 specific ligands can be used as probes to confirm the existence
of G4s in a given nucleic acid oligonucleotide sequence (adapted from Umar et al., 2019).

The Benzothiozole ligand, thioflavin T (ThT) (figure 1.525 A), was initially shown to bind
protein fibrils and stack with the aromatic amino acids (Biancalana and Koide, 2010), but later
studies demonstrated its involvement as a G4 specific ligand, in which ThT showed greater
fluorescence intensity (Aexc= 450 nm, Aemm= 485 nm) and affinity for human telomere G4
forming sequences over duplex, triplex and single stranded DNA (figure 1.525 B) (Gabelica et
al., 2013). However, unlike with NMM, there is no structure of ThT in complex with a G4
structure so the exact binding mode and the nature of the G4 conformation that is recognised
by ThT is yet to be determined. Still, molecular docking results show a much lower binding
free energy for the end-stacking mode over the groove binding mode in RNA G4s, suggesting
a possible end-stacker to the G4 tetrad in a similar manner to NMM (figure 1.525 C) (De La
Faverie et al., 2014; Xu et al., 2016).

A third class of ligand that has been extensively studied as a G4 turn on sensor is the

Triphenylmethane family members, particularly malachite green (MG) and crystal violet (CV).
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In 2009, the specificity of both MG and CV was reported by fluorescence, with CV displaying
much greater selectivity (and hence greater fluorescence) for G4 DNA sequences than MG, in
which the latter also showed fluorescent enhancement to a similar extent for duplex
sequences. In addition, CV also displayed greater selectivity for intramolecular rather than
intermolecular G4 conformations (Kong et al., 2009b). The same group also identified further
selectivity and fluorescence enhancement (Aex= 540 nm, Aemm= 640 nm) of CV for anti-parallel
G4 structures over parallel (which contrasts that of NMM), and the proposed hypothesis was
that the diagonal and lateral loops of anti-parallel G4s provide protection from quenching of
the ligand fluorescence by the solvent, whereas side loops in parallel type G4s may not
provide as much protection (Kong et al., 2009a ; Kreig et al., 2015).

Therefore, fluorescence spectroscopy is a very powerful tool for confirming the presence of
G4s as well as providing more detailed structural information such as the strand polarity.
However, it is important to consider that these ligands also have the ability to alter the
topology of the structure by themselves, meaning that structures that may not exist naturally
could be induced in the presence of the ligand, giving false positive results (Weldon et al.,
2016). Therefore, data interpretation of fluorescence measurements should always be

assessed alongside data obtained with the other biophysical techniques described above.
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Figure 1.524 Structure and specificity of the porphyrin class molecule NMM

(A) Chemical structure of NMM. (B) Fluorescence enhancement assays of NMM with different
nucleic acid secondary structures. (C) Structure of NMM bound to the human telomeric G4 dimer
(PDB: 4GOF), showing a 1:1 stacking stoichiometry (Nicoludis et al., 2012).
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Figure 1.525 Structure and specificity of the Benzothiozole ligand ThT.

(A) Chemical structure of ThT. (B) Fluorescence emission spectra of ThT in the presence of different
nucleic acid structures, with the maximum fluorescence occurring for G4 structures. (C) Proposed binding
mode of ThT based on molecular docking simulations (De La Faverie et al., 2014; Xu et al., 2016).
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1.5.3 Biochemical and functional approaches

As well as providing evidence for the formation of G4 structures by biophysical approaches
described above, further evidence is necessary to prove their existence in a cellular context.
Biophysical methods rely on the use of small RNA or DNA fragments that have the ability to
form into putative G4 structures based on bioinformatic analysis. However, a limitation with
these techniques is that it does not consider the structural consequences of these sequences
when imbedded in larger nucleic acid molecules (in which they are normally present), where
there will be competition between G4 and other secondary structures. Therefore, methods
that are able to provide evidence for the existence of G4s in long functional RNA transcripts
or DNA sequences and in the presence of nuclear or cell extracts, will help provide evidence
for their existence in a more cellular context (Weldon et al., 2017).

Primer extension assays have been used extensively as a tool to detect the formation of both
DNA and RNA G4s in vitro (Cogoi and Xodo, 2006; Kumari et al., 2015; Kwok and
Balasubramanian, 2015). In this technique, annealed labelled primers are extended either by
a DNA polymerase (to detect DNA G4s) or reverse transcriptase (to detect RNA G4s) enzymes
and probing the position at which extension stalls as a consequence of a secondary structure.
Indeed, formation of a stable secondary structure would terminate the extension of the
cDNA, resulting in a truncated product that can be observed on a denaturing PAGE
sequencing gel. By analysing the resulting cDNA fragments in the presence of either K+ or Li+
would provide information as to the nature of the secondary structure causing the extension
stall, with greater stalling in the presence of K+ indicating a G4 mediated termination (Kumari
et al., 2015). This method has been used to successfully identify the presence of RNA G4s in
long RNAs, such as the 5’UTR of NRAS (Kumari et al., 2008; Kwok and Balasubramanian, 2015).
Similar studies have also shown the formation of DNA G4s when short stretches of G4
sequences are imbedded within plasmids (Kumari et al., 2015). However, complications in
data interpretation do arise when trying to attempt these experiments in nuclear or cellular
extracts, as there is also possibility of stalling as a result of protein-RNA interactions rather

than a presence of a stable secondary structure (Smith et al., 2014).
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Once a particular G4 has been identified by bioinformatic and biophysical analysis, the
functional effect of the putative G4 can then be tested by observing the effects of G4
abolishing mutations in functional assays. Many studies have looked at the effects of DNA and
RNA G4s on gene expression, both within the promotors of DNA sequences and within mRNA
sequences and 5’UTRs (Beaudoin and Perreault, 2010; Kong et al., 2018; Murat et al., 2014).
To determine such changes, reporter genes are placed downstream of the sequence of
interest, for example the luciferase gene from the firefly Photinus pyralis, which when
expressed after translation, gives a quantifiable fluorescence signal proportional to gene
expression (Smale, 2010). This technique has been widely implemented to assess the effects
of G4s and G4 abolishing mutations in a wide variety of biological functions. For example,
presence of G4 forming sequences in the 5’UTRs resulted in translational repression which
correlated with a lower luciferase fluorescence compared to G4 abolishing mutations which
had the opposite effect (Beaudoin and Perreault, 2010). Another study used a similar
technique with the GFP gene instead of luciferase by determining that G4s within the mRNA
sequence prevents ribosomal elongation (Murat et al., 2014). However, to confirm that G4s
are the functional consequences of such biological phenomenon, G4 abolishing mutations
were necessary. This has the disadvantage of yielding false negative results, as changes to the
primary sequence also has the ability to alter the binding site of proteins involved in the
biological reactions. For example, the binding site of the transcription factor Sp1 overlaps that
of a G4 in the promotor of the pseudorabies virus, and it was demonstrated that G4 abolishing
mutations did not only abolish the formation of the G4 itself, but also the binding of Sp1 (Kong
et al., 2018). Therefore, interpretation of such data should be taken with care when using G4
mutations in functional assays.

GFP and luciferase has also been helpful to study the effects of G4s in alternative splicing
assays. For example, the gene TP53 (a major tumour suppressor) was shown to form different
splice variants. The wild-type fully spliced variant (FS-p53) lacks intron 2, whereas the
alternatively spliced non-functional splice variant (AS-p53) retains intron 2 (Courtois et al.,
2002). Using biophysical and primer extension assays, regions within intron 3 were shown to
fold into G4 structures, and it was shown that G4 abolishing mutations reduced the levels of
FS-p53 and increased levels of AS-p53, suggesting that a G4 in intron 3 regulates splicing of
intron 2 and is necessary for the tumour suppressive phenotype of p53 (Marcel et al., 2011).

As intron 2 contains a stop codon, GFP was easily used as a reporter gene downstream of the
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pre-mRNA, as only the FS-p53 would express GFP due to removal of the intron 2 containing
the stop codon (Marcel et al.,, 2011). Results pointing to the effects of a G4 mediated
alternative splicing event were made clear by comparing wild type and G4 abolishing mutant
versions by RT-PCR and flow cytometry (Marcel et al., 2011). Similar experiments using the
luciferase reporter also showed the effects of a G4 in mediating the splicing of the human
transcription factor Pax9 (Ribeiro et al., 2015). However, as described previously, the
limitation with these functional assays is that the RNA may also be part of a cis-acting
regulatory sequence able to bind to trans-acting factors, which could influence the biological
mechanisms described above (Weldon et al., 2016). Therefore, in addition to mutagenesis, an
alternative strategy is to use G4 specific stabilising ligands, (for which > 800 small molecules
have been identified), and investigate whether the effects of the compound are enhanced in
the wild-type but not the mutant sequences (Li et al., 2013; Marcel et al., 2011; Ribeiro et al.,
2015). Though it is important to note that the effect of introducing stabilising ligands also has
its drawbacks, with the potential to artificially stabilise a G4 which would otherwise be non-
existent, giving a false positive result (Weldon et al., 2016). Consequently, results obtained
using both approaches should be taken with caution and only imply on the possibility of a G4
mediated function.

As discussed previously, the Bcl-x pre-mRNA has six PQS regions identified by bioinformatic
and CD analysis (Weldon et al., 2017). However, a method that can prove their existence in
more physiological conditions where each of these PQS regions would be imbedded in longer
sequences, will be beneficial in understanding their functional relevance. One method that
has been used to prove that a G4 can exist in the Bcl-x pre-mRNA is by using electromobility
shift assays (EMSA) of wild-type and 7-deaza-substituted RNA in the presence of the
previously described G4 specific antibody BG4 (Biffi et al., 2013). The 7-deaza-substituted RNA
contains a modified guanine base, in which the N7 position of the guanine is changed to a
carbon, abolishing the G4 through disruption of the Hoogsteen base pairs whilst still retaining
its Watson-Crick potential (Murchie and Lilley, 1992). Figure 1.526 shows the EMSA assays
conducted on the Bcl-x -681 pre-mRNA, which is a mini gene model of the full length Bcl-x
pre-mRNA, containing both alternative splice sites but a shortened intron, exon 2 and 3 with
the removal of exon 1 and displays a similar spicing profile to the full length RNA (figure 1.526

A). Titrations of the BG4 antibody showed a significant shift in the wild-type but not the 7-
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deaza substituted RNA, suggesting that a G4 can exist in this pre-mRNA (figure 1.526 B)
(Weldon et al., 2017).

The next stage is identifying where these G4s lie within the Bcl-x sequence. To achieve this, a
better understanding of the Bcl-x-681 structure in solution was required, resulting in the use
of RNases T1, T2 and V1 in RNA foot-printing assays. These enzymes have the ability to cleave
RNA sequences at specific positions: RNase T1 cleaves 3’ to single stranded guanines; T2
cleaves 5’ of single stranded bases; V1 cleaves 5’ to double stranded bases (Ehresmann et al.,
1987). Accessibility of these RNases will therefore be dictated by the secondary structure
adopted by the given RNA sequence, giving restraints at nucleotide resolution which enabled
structure determination (figure 1.526 C). The structure shown in figure 1.526 C was calculated
using the multiple-fold (M-fold) software with the restraints collected from the foot-printing
data, which shows that the Bcl-x pre-mRNA is highly structured with several stem loops. M-
fold uses an algorithm that is able to predict the minimum free energy conformation of a
particular nucleic acid sequence, with the option to input restraints guided by experimental
data (such as by foot-printing or NMR experiments). However, the limitation with this
programme is that it is only able to predict the formation of duplex structures (Waston-Crick
base pairings), and not that of quadruplexes (Hoogsteen base pairings). Therefore, the actual
structure in solution may be more complex and heterogeneous, with the potential of G4s and
other structures to be in a dynamic equilibrium. To identify the location of the G4 structures
within the Bcl-x pre-mRNA, a method known as FOLDeR (foot-printing of long 7-
deazaguanine-substituted RNAs) was implemented (Weldon et al., 2017). This method
involves comparing the cleavage pattern of RNases V1 and T2 in the wild-type and 7-deaza-
guanine substituted RNA, with the sections of the Bcl-x structure that display the most
significant changes mapped, implying the presence of a G4 in these regions. The regions of
the Bcl-x-681 pre-mRNA that displayed the most changes coincided with the G-tracts of the
Q2 and Q5 regions, which lie downstream and upstream of the Xs and X. 5’ss respectively

(red circles in figure 1.526 C), suggesting G4 forming potential in these areas of the mRNA.
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Figure 1.526 EMSA and foot-printing assays on the Bcl-x 681 construct

(A) Schematic showing the formation of the mini-gene model (Bcl-x 681 pre mRNA) from the full length
Bcl-x pre-mRNA. (B) EMSA assays of the WT and 7-deaza Bcl-x 681 pre-mRNA transcripts with a titration
of the BG4 antibody. (C) Precited structure of the Bcl-x 681 mini gene model based on constraints from

foot-printing data. Red circles indicate significant changes in RNase accessibility after 7-deaza guanine
substitution (adapted from Weldon et al., 2017).
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To further confirm the observations made in the foot-printing assay, another strategy to
probe G4s is by RNase H assays, which relies on the accessibility of short DNA oligonucleotides
to hybridise to the RNA sequence. This DNA:RNA hybrid is recognised and cleaved by the
enzyme RNase H. Regions that cannot bind the oligo (perhaps due to the formation of a stable
secondary structure), will be protected from RNase H cleavage. Therefore, comparing the
regions that show the most significant differences in the cleavage pattern between wild-type
and 7-deaza substituted RNA is also an indication of G4 forming potential in these areas. The
histogram represented in figure 1.527 shows the changes that occurred within the Bcl-x pre-
MRNA when comparing the wild-type and 7-deaza substituted RNA, with P values below 0.05
indicating the most significant changes (Weldon et al., 2017). The regions which displayed
these most significant differences corresponded to the Q2 and Q5 region, consistent with the
foot-printing data. Together, these data show the possibility of G4 formation in these two
respective regions, which will need to be validated further with more extensive biophysical
analysis which will be explored in later chapters of this thesis. Knowing that a G4 has the
potential to form in close proximity to both alternative 5’ss, the next stage was to examine
the functional relevance of such structures in altering the splicing pattern of Bcl-x with the
use of known G4 ligands that have the ability to bind and stabilise such structures (Weldon et

al., 2017).
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Figure 1.527 Significant changes occurring to the Bcl-x 681 RNA in the oligo accessibility RNase H assays.

All the changes occurring to the Bcl-x 681 RNA between 7-deazaguanine and WT RNA. P values below
0.05 (dashed line) indicate significant changes between the two transcripts (Weldon et al.,2017).

1.6 G4 binding ligands

Interfering with some of the G4 dependant biological processes described above, has led to
extensive research into finding putative G4 binding ligands for cancer therapy. The very first
of these G4 ligands was discovered in 1997, in which molecule 2,6-diamidoanthraquinone
was shown to inhibit telomerase action by stabilising the human telomere G4 (Sun et al.,
1997). Subsequent research into other G4 binding ligands has resulted in the discovery of over
800 small molecules that are able to bind to G4 structures, some of which show selectivity to
particular topologies of quadruplexes and vary in their binding modes, all of which have been
deposited in an online database (Li et al., 2013). G4 ligands have been shown to dramatically
alter the dynamics and structure of nucleic acids, not just by favouring the equilibrium
towards G4s over other structures, but also to specific topologies of G4s over other G4 species
(Lacroix et al., 2011; Tippana et al., 2014). There are several possible binding modes of G4
ligands, such as tetrad end stacking and intercalation, as well as binding to grooves and loops
contained within the G4 structure (Sun et al., 2019). G4 binding ligands very often have
certain characteristic features which aids their binding to the quadruplex structure, for

example: (a) delocalised  bonds to enable G-quartet stacking; (b) a partial positive charge
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which aids in G4 stabilisation by simulating the effects of monovalent cations like K+ or Na+;
(c) positively charged functional groups that can form additional interactions with the
negatively charged phosphate backbone to increase affinity and hence potency (Arola and
Vilar, 2008). The pyridostatin (PDS) class have been used extensively as G4 ligands, and was
originally identified as a selective inhibitor of translation by stabilising a G4 in the UTR of the
NRAS mRNA (Bugaut et al., 2010). PDS has also been used to trap both DNA and RNA G4s in
cells (Biffi et al., 2014). A derivative of PDS, carboxyPDS, was identified to have greater
specificity to RNA G4s over their DNA counterparts, and has been used to confirm the
existence of RNA G4s in cells (Di Antonio et al., 2012; Biffi et al., 2014). Bisquinolinium
compounds, particularly PhenDC3 and 360A, have been identified as highly specific G4 ligands
and have been used widely (Halder et al., 2012). Other examples of G4 binding ligands include
the porphyrin, quindoline and ellipticine class of molecules along with their different

derivatives, which will be discussed below (Li et al., 2013).

1.6.1 Porphyrins

Porphyrins are a ubiquitous class molecules found naturally in plants (chlorophyll) and
animals (haemoglobin). Their general structure consists of four pyrrole groups connected by
methene linkers, forming a tetrapyrrole structure which very much resembles that of a G4
tetrad (figure 1.61 A) (Lesage et al., 1993). This similarity to the G4 tetrad has attracted much
attention as putative G4 binding agents. One of the extensively studied porphyrin molecules
is TMPYP4, in which four additional positively charged moieties are attached to the ends of
the tetrapyrrole core (figure 1.61 A). Early studies using energy minimisation suggested that
TMPYP4 binds via tetrad intercalation, and this was supported by stoichiometric analysis in
which TMPYP4 was bound to a G4 structure with a stoichiometry of n-1, where n is the
number of tetrads in the G4 structure (Haq et al., 1999). This finding was consistent with later
studies on the wild type c-myc and Bcl2 promotor quadruplex, where two low affinity binding
events occurred via intercalation (Ka = 4.2 X 10° M) as well as two high affinity binding sites
through end stacking (K. = 1.6 X 10’ M%) (Freyer et al., 2007; Nagesh et al., 2010). An earlier
study showed a solution structure of TMPYP4 complexed with a modified c-myc quadruplex
displaying only the end stacking mode (figure 1.61 B) (Phan et al., 2005). Despite all of the

evidence pointing to the TMPYP4-G4 interaction, there is now growing evidence that its
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interaction is non G4 specific. The first of these evidence came from a crystal structure of the
bimolecular telomeric G4 in complex with TMPYP4, which showed that the ligand does not
form any contact with the G-tetrads at all, but is rather sandwiched between two T-A base
pairs at the 5’ interface of the structure (figure 1.61 C) (Parkinson et al., 2007). The ability of
TMPYP4 to stabilise G4 structures is also questionable, as numerous studies showed that
addition of the ligand results in the unfolding of G4s, for example of the usually stable RNA
G4 present in the 5’UTR of the matrix melloproteinase mRNA (Morris et al., 2012). Despite all
these controversies, TMPYP4 has displayed a wide variety of anti-tumour properties such as
preventing transcription of oncogenes like c-myc and K-Ras as well as preventing telomere
elongation (Cogoi and Xodo, 2006; Mikami-Terao et al., 2009; Siddiqui-Jain et al., 2002).

Efforts into designing more specific G4 binding porphyrins are also being investigated. A
previously discussed example is NMM, which was shown to bind with high specificity to
parallel type quadruplexes (K. = 1.7 X 10% M) (explained in section 1.5.6) (Nicoludis et al.,
2012a, 2012b; Sabharwal et al., 2014). Other strategies are also being investigated, for
example modifying the core porphyrin analogue with selenium to generate a selenium
substituted expanded porphyrin, Se2SAP (figure 1.61 D), which showed greater selectivity to

the c-myc quadruplex than TMPYP4 (Seenisamy et al., 2005).
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Figure 1.61 Structure and complexes of the porphyrin class of molecules.

(A) General structure of the porphyrin ring. (B)NMR structure of the c-myc quadruplex in complex with
TMPYP4 (PDB: 2A5R). (C) Crystal structure the human telomere quadruplex, showing a series of bi-
molecular quadruplex stacks with TMPYP4 (in orange) sandwiched between two T-A base pairs (PDB:
2HRI). (D) The selenium substituted derivative of the porphyrin ring (Le et al., 2012; 2013; Parkinson et
al.,2007; Phan et al., 2005; Seenisamy et al., 2005).
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1.6.2 Quindolines

Cryptolepine (figure 1.62 A) is a naturally occurring quindoline alkaloid that has been
extensively used as antimalarial drugs in Central and Western Africa (Dwuma-Badu et al.,
1983). In 2002, a crystal structure of this compound bound to duplex DNA was published,
which showed an intercalating binding mode in duplex DNA between two consecutive G-C
base pairs in the sequence d(CCTAGG); (figure 1.62 B) (Lisgarten et al., 2002). Later studies
showed that derivatives of cryptolepine were able to stabilise DNA G4s, and the level of
stability was correlated with an increase in inhibition of telomerase activity (Guyen et al.,
2004). Further functionalisation of the quindoline moiety showed even greater selectivity for
G4 DNA over duplex structures and enhanced the potency of telomerase inhibition, with
some of the derivatives displaying over 100 fold more potency than the quindoline itself, with
the ability to induce a G4 in G-rich DNA (Zhou et al., 2005). In addition to binding the human
telomere G4, quindoline derivatives were also shown to bind to the c-myc promotor G4, and
a solution structure was solved showing a 2:1 stoichiometry (Dai et al., 2011). The binding did
not change the structure of the G4 but led to significant rearrangement of the flanking bases
in the myc sequence (figure 1.62 C) (Dai et al., 2011). It was later shown that other quindoline
derivatives (such as SYUIQ-5, K¢= 7.8 uM) prevented the transcription of c-myc by stabilising

the G4 at its promotor and preventing the binding of transcription factors (Liu et al., 2017).
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Figure 1.62 Structure and complexes of the quindoline class of molecules.

(A) The chemical structure of the quindoline core, showing the methyl group at position 5 of the natural
alkaloid Cryptolepine. (B) Crystal structure of the complex between the duplex DNA d(CCTAGG), and
Cryptolepine. (C) The binding mode of a 2:1 complex between the quindoline derivative depicted on
the left and the C-myc Pu-22 sequence (PDB: 2L7V) (Dai et al., 2011; Lisgarten et al., 2002; Zhou et al.,
2005).
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1.6.3 Ellipticines

Before their discovery as G4 ligands, ellipticines were originally characterised to be duplex
binders. Similar to the quindoline family, the ellipticine class of compounds are also natural
alkaloids and are present in the leaves of the tropical evergreen tree Oschrosia elliptica labill
(Goodwin et al., 1959). They display a structure remarkably similar to the quindolines, in that
they contain carbazole rings connected to a pyridine ring, resembling that of a purine-
pyrimidine base pair and suggesting a possible role as a DNA intercalating agent (figure 1.63
A) (Auclair, 1987; Stiborova et al., 2006). In the mid 70s, the first binding assays of ellipticine
was conducted on calf-thymus DNA, where they showed by spectroscopic analysis that
ellipticine can indeed intercalate between base pairs in a way such that the axis of the
ellipticine is parallel to the base pair (Kohn et al., 1975). Binding by intercalation of ellipticine
was shown to be mainly mediated by the hydrophobic interactions between the nucleotide
bases and the aromatic ring structures of ellipticine, though it was shown that in acidic
conditions there is a slight increase in the binding affinity due to protonation of a nitrogen
(N2) in the D ring of ellipticine, which has a pK; of 7.4 (Dodin et al., 1988). These spectroscopic
studies were confirmed with the very first crystallographic evidence of ellipticine bound to a
ribodinucleoside monophosphate, where they showed an intercalative binding mode with a
second molecule of ellipticine stacked above or below the base pair (figure 1.63 B) (Jain et al.,
1979). This was in agreement with a later crystal structure of ellipticine bound to a 6 bp
oligonucleotide d(CGATCG),, which showed the same intercalative binding mode, but also
showed preference to stack between GC base pairs rather than AT, most likely due to the
presence of an additional hydrogen bond leading to a higher affinity binding site (figure 1.63
C) (Canals et al., 2005). Several different mechanisms of ellipticines anti-tumour properties
have been reported, which involve both RNA and protein interactions such as: their ability to
inhibit and introduce DNA breaks in the presence of topoisomerase Il (Douc Rasy et al., 1983;
Tewey et al., 1984); inhibiting the phosphorylation of the p53 tumour suppressor (Ohashi et
al.,, 1995) ; inhibiting the wild-type and constitutively active mutant of the c-kit protein
(Vendome et al., 2005); as well as inhibiting components in the Akt pathway (Jin et al., 2004).
In addition to the protein and duplex DNA interactions, ellipticines have also been reported
to bind to G4s as a mechanism of its anti-tumour properties. For example, using spectroscopic

analysis, it was shown that ellipticine can bind to the human telomere G4 (K4 = 0.95 uM) by
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stacking on the external quartets and resulted in the inhibition of telomerase activity in breast
cancer cell lines (Ghosh et al., 2013). Furthermore, it was also shown that an ellipticine
derivative, GQC-05, which contains a tertiary amine at position 9 (figure 1.64 A) can selectively
bind G4 structures over their duplex counterparts (figure 1.64 B), and has been shown to bind
and stabilise the c-myc promotor quadruplex with a 2:1 stoichiometry, resulting in cytotoxic
effects in Burkitt lymphoma cell lines (Brown et al., 2011). Molecular modelling of GQC-05 to
the c-myc G4 structure suggested that the aromatic rings of GQC-05 stack into the external
tetrad, with the tertiary amine at position 9 able to interact with the negatively charged
phosphate group of thymine 19 in the double chain reversal loop (PDB of the c-myc structure
2L7V) (figure 1.64 C) (Kaiser et al., 2013). In addition to interacting with DNA G4s in the
telomere and the myc promotor sequence, our lab has shown that GQC-05 has the ability to
also bind to a putative RNA G4 in the Bcl-x pre-mRNA, and had been postulated as a

mechanism to regulate its splicing pattern (see next section) (Weldon et al., 2018).
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Figure 1.63 Structure and complexes of the Ellipticine class of molecules.

(A) The ellipticine core with the labelled rings. (B) First crystallographic evidence of ellipticine
intercalating in a ribodinucleoside monophosphate. (C) Crystal structure of ellipticine bound to a 6
bp oligonucleotide d(CGATCG),, showing a preferential intercalation between GC base pairs (Auclair.,
1987; Canals et al., 2005; Jain et al., 1979; adapted from Stiborova et al., 2006).
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Figure 1.64 Binding specificity of GQC-05 and proposed binding mode.

(A) Structure of the ellipticine derivative GQC-05. (B) Binding specificity of GQC-05 to known G4
structures and their duplex counterparts, as determined by competition dialysis experiments. (C)
Binding model of GQC-05 to the c-myc DNA G4 structure (Brown et al., 2011; Kaiser et al., 2013).
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1.7 G4 ligands that regulate Bcl-x alternative splicing

Having shown that a G4 element exists proximal to both alternative 5’ss of Bcl-x (as explained
above in section 1.5.7), the effects of known G4 ligands (and their derivatives) in shifting the

splicing behaviour of the Bcl-x-681 pre-mRNA were investigated (Weldon et al., 2018).

As discussed in section 1.2.5, the Bcl-x mRNA has two antagonistic 5’ss in its exon 2. The use
of the upstream site gives rise to the shorter pro-apoptotic Xsisoform, whereas the use of the
downstream 5’ss gives rise to the longer anti-apoptotic X, splice variant. The differences in
the respective sizes between the two splice variants enables each of the isoforms to be easily
visualised on a denaturing PAGE gel following an in vitro splicing reaction. Figure 1.71 A shows
an in vitro splicing assay of the Bcl-x-681 mRNA in the absence and presence of the ellipticine
derivative GQC-05 (a previously reported G4 stabilising ligand (Brown et al., 2011)). Under
normal conditions, the X, isoform predominates, giving a relatively low Xs/(Xs+X.) ratio of
around 0.1-0.2. However, upon the addition of GQC-05, there was an 8-fold increase in the
Xs/(Xs+XL) ratio, resulting from an increase in the Xs and a decrease in the X, 5’ss usage
(Weldon et al., 2018). In contrast, other reported G4 stabilising ligands such quarfloxin, PDS,
carboxyPDS and TMPYP4 did not display this same increase, with some ligands like TMPYP4
completely inhibiting the splicing reaction (Weldon et al., 2018). The ligand 9-
hydroxyellipticine (which contains the GQC-05 core but lacks tertiary amine), only inhibited
the use of the downstream X, site but had no effect in activating the upstream Xs site,
indicating that the upregulation of the upstream site is not merely due to the downregulation
of the downstream site, meaning that GQC-05 acts independently at each of the two

alternative 5’ss (Weldon et al., 2018).

Having shown that a G4 has a potential to form in close proximity to the Xsand X 5’ss (termed
Q2 and Q5 respectively), G4 abolishing mutations in these regions attenuated the GQC-05
response (i.e no Xs activation or X, inhibition was observed in the presence of GQC-05), whilst
the mutations had no effect on the normal splicing behaviour of Bcl-x in the absence of GQC-
05 (Weldon et al., 2018). This suggests that GQC-05 is acting through the putative Q2 and Q5
G4s to modulate 5’ss selection, and does so in a specific manner compared to other known

G4 stabilising ligands.
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The exact mechanism by which GQC-05 interacts with the G4s as well as the consequences of
such interactions remain to be explored. However, as many studies have highlighted the
importance and relevance of RNA secondary structure elements in modulating splice site
selection (Eperon et al., 1988, 1986; Grover et al., 1999), Weldon et al proposed a mechanism
by which GQC-05 is able to stabilise a G4 at the upstream site, thereby making it more
accessible to spliceosome components, whereas stabilisation of a G4 at the downstream
would have an inhibitory effect (figure 1.71 B) (Weldon et al., 2018). A possible explanation
at the Xs site is that this 5’ss lies at the tip of a very large stem (based on the foot-printing
structure, as in figure 1.71 B), thereby potentially making it inaccessible to the U1 snRNP.
Stabilisation of the G4 within Q2 may therefore destabilise the surrounding stem structure,
thereby making the site more accessible to U1 and result in splice site activation (Weldon et
al., 2018). At the downstream site, the G-rich elements that have the propensity to fold a G4
(Q5) actually form part of the 5’ss sequence itself, unlike the upstream site where the Q2 G-
tracts start several nucleotides downstream. Therefore, stabilisation of the Q5 G4 by GQC-05
may sequester this site in a G4 structure, thereby making it inaccessible to the U1 snRNP and
hence splice site inhibition (Weldon et al., 2018). Additional questions that also need to be
addressed is whether GQC-05 is binding to pre-formed G4s and stabilising them (a
conformational selection mechanism), or whether GQC-05 can itself induce a G4 in expense
of the surrounding duplex structure. Furthermore, it is not clear as to why GQC-05 is so unique
at altering splice site selection in contrast to its derivatives and other known G4 binding
ligands. Therefore, in this thesis, we aim to answer these questions by looking at the binding
specificity of GQC-05 to these putative G4 structures and how such binding may alter the
conformation of the RNA to achieve splice site selection. Furthermore, we will look at some
derivatives of GQC-05 that do not show any changes in the splicing behaviour of Bcl-x and use

biophysical tools to explain why GQC-05 is so unique at altering splice site selection.
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Figure 1.71 Bcl-x in vitro splicing and proposed mechanism of action of GQC-05.

(A) In vitro splicing gel of Bcl-x in the absence and presence of 40 uM GQC-05. (B) The mechanism
by which GQC-05 can stabilize a G4 in Q2 and activate the Xs 5’ss , whereas a GQC-05 mediated
stabilization of the G4 at the X, 5’ss is having an inhibitory effect (Weldon et al., 2018).

95



CHAPTER 2: Materials and methods

2.1

2.2

2.3

24

2.5

2.6

2.7

RNA preparation

CD and UV spectroscopy measurements
NMR spectroscopy measurements
Fluorescence spectroscopy measurements
Pull down assays

Native gel assays

X-ray crystallography

96



2.1 RNA preparation

2.1.1 Short oligonucleotide preparation

Short RNA oligonucleotides were purchased in their 2’ protected form from Horizon Discovery
and deprotected according to the manufacturer’s protocol. In short, following centrifugation,
400 pL of the provided deprotection buffer (consisting of 100 mM acetic acid and pH adjusted
to 3.4-3.8 using TEMED) was added to the RNA until dissolved and incubated at 60°C for 30
minutes. This was then lyophilised overnight, and the pellet dissolved in milliQ water ready

for use. The concentration was then determined using Axsonm.

2.1.2 RNA annealing protocol

RNA oligonucleotides were annealed in each experimental condition separately by slow
cooling. This involved incubating the RNA at 95°C for 5 minutes, which then was allowed to

slowly cool to room temperature for a minimum of 12 hours.

2.1.3 Production of DNA templates for in vitro transcription
2.1.3.1 Plasmid design and stock preparation

PEX-A128 plasmids with an ampicillin resistance gene containing the relevant inserts were
purchased from Eurofins Genomics (see appendix 7.2). The inserts were designed to include
a T7 RNA polymerase promotor, the desired Bcl-x fragments, a Bsal restriction site and a T7
terminator sequence (a detailed description of the insert can be found in Chapter 5). The

plasmid pellets were dissolved in milliQ water to a concentration of 100 ng/uL.

2.1.3.2 Transformation

1 uL of the plasmid stock at 100 ng/uL was added to 50 uL of DH5 a E.coli competent cells
(Invitrogen, 18265-017). Cells were then heat shocked for 45 seconds at 42°C and incubated
on ice for 30 minutes. 500 pL of 2TY growth media (see appendix 7.8) was added to the
transformed cells and incubated for another 45 minutes at 37°C in a shaker at 200rpm. Cells
were then pelleted by centrifugation (11,000 RPM for 2 minutes) and re-suspended in 200 pL
of growth media. 50 pL of the re-suspended cells were then spread on an ampicillin containing
agar plate (final concentration of 50 pg/mL) and left to grow at 37°C for approximately 15

hours.
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2.1.3.3 Plasmid amplification

A single bacterial colony was then extracted from the plate and grown for 15 hours in 750mL
2TY growth media containing 50 pg/mL ampicillin. Bacterial cells were then pelleted by

centrifugation (4000 RPM with a SLC-6000 rotor for 10 minutes at 4°C).

2.1.3.4 Plasmid purification

Plasmids were then purified according to the manufacturer’s protocol using a NucleoBond
Xtra Maxi purification kit purchased from Macherey-Nagel (Catalogue number: 740424.50) In
short, bacterial cells were re-suspended in a resuspension buffer containing RNase A and then
lysed in an SDS containing lysis buffer to release the plasmid DNA from the bacterial debris.
Plasmid DNA was then purified with the supplied column which consists of silica beads
functionalised with methyl-amino-ethanol, a positively charged group in acidic conditions
enabling it to bind to the negatively charged plasmid DNA. Following elution from the column,
plasmids were precipitated using room-temperature isopropanol and dried using 70%
ethanol. Plasmid pellets were then dissolved in 300 pL of milli Q water and their

concentrations determined by Asonm.

2.1.3.5 Plasmid linearisation

Plasmids were linearised with Bsal (New England Biolabs, catalogue number: RO535L). 1 unit
of Bsal was used per pg of plasmid DNA. The digestion was done in the provided CutSmart
buffer (final concentrations: 50 mM Potassium acetate, 20 mM Tris acetate, 10 mM
Magnesium acetate, 100 pg/mL Bovine serum albumin (BSA), pH 7.9). After addition of each
of the components, the appropriate amount of milli Q was added to adjust the final
concentration of plasmid to 50 ng/uL. Samples were then incubated at 37°C, and a time
course was carried out by taking samples out every hour for 4 hours and storing at -20°C. A
further sample was also taken after 12 hours. Samples were then analysed on a 1% agarose
gel made in Tris-Borate EDTA (TBE) buffer (see appendix 7.3 and 7.4), run for 120 minutes at

90 V and stained with ethidium bromide to check for complete digestion.
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2.1.4 In vitro transcription of RNAs
2.1.4.1 Transcription optimisation

Transcription reactions were initially optimised in 20 uL final volumes by individually varying
the concentrations of: MgCl, (40-100 mM), DNA (2.5-30 ng/uL), NTP mix (1.3-5.0 mM) (Sigma-
Aldrich, catalogue numbers for each NTP: A7699, 51120, 94370, C1506) and T7 RNA
polymerase (T7 RNAP) produced in the lab (1.7-10.2 uM) (expression and purification method
of T7 RNAP described in section 2.1.9). Transcription reactions were conducted using a 20X
transcription buffer stock (800 mM Tris-HCI pH 8.1, 20 mM Spermidine, 0.2% Triton X-100,
100 mM DTT), that was diluted to a final concentration of 1X in each of the transcription
reactions. Samples were incubated at 37°C for 2 hours and then visualised on a 12% or 8%
urea denaturing polyacrylamide gel running at 180 V for 100 minutes, stained with toluidine

blue for 5 mins and de-stained with water for >30mins (see appendix 7.4 and 7.5).

2.1.4.2 Large scale transcriptions

Following identification of the optimum conditions, transcription reactions were upscaled to
1 mL and left at 37°C for 4 hours. Samples were then split into 2 X 500 pL volumes followed
by addition of DNase | (ThermoFisher scientific, catalogue number: EN0525) with a

concentration of 2 units per ug of DNA template, incubated at 37°C for 30 minutes.

2.1.5 Purification of the large Xs, SD, and Q1 non-radiolabelled (cold) in vitro transcribed
RNAs

All purifications were done using an UltiMate 3000 Max HPLC (ThermoFisher) equipped with
a column oven.

In vitro transcribed RNAs were centrifuged to remove the pyrophosphate pellet and filtered
before column injection. Filtered transcription reactions were injected into a pre-equilibrated
anion exchange preparative column (ThermoFisher DNAPac PA100 22 X 250 mm) using a 2
mL injection loop with a flow rate of 3mL/min and a temperature of 80°C. The column was
equilibrated with 12.5 mM Tris HCI, pH 7.4, and the RNA was eluted using a gradient of 1M
NaClO4in 12.5 mM Tris HCI, pH 7.4. Relevant fractions were collected, pooled together and
then concentrated to approximately 1 mL by centrifugation at 4000 rpm for 60 minutes at 4°C
using a 3 kDa cut-off amicon filter (Millipore, catalogue number: MPUFC900308). Samples

were then dialysed in 2 litres of milliQ water for >12 hours using a 0.5-1 kDa Spectra-por
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dialysis tubing (Cole Parmer, catalogue number: WZ-02906-21), followed by an additional 1
hour in 2 litres fresh milliQ water. Aliquots of the samples were then analysed on a 8%
denaturing polyacrylamide urea gel at 180 V for 100 minutes and stained with toluidine blue

to check for RNA purity. Concentrations were determined using Azsonm.

2.1.6 Purification of the small Q2 and Q2.2 150-206 cold in vitro transcribed RNAs

Filtered transcription reactions were injected into a pre-equilibrated anion exchange
analytical column (DNAPac PA100 4 X 250 mm) using a 400 uL injection loop with a flow rate
of ImL/min and a temperature of 80°C. The column was equilibrated with 12.5 mM Tris HCI,
pH 7.4, and the RNA was eluted using a gradient of 1M NaClO4in 12.5 mM Tris HCI, pH 7.4.
Relevant fractions were collected, pooled together and then concentrated to approximately
1 mL by centrifugation at 4000 rpm for 60 minutes at 4°C using a 3 kDa cut-off amicon filter
(Millipore, catalogue number: MPUFC900308). Samples were then dialysed in 2 litres of water
for >12 hours in milliQ water using a 0.5-1 kDa Spectra-por dialysis tubing (Cole Parmer,
catalogue number: WZ-02906-21), followed by an additional 1 hour in 2 litres fresh milliQ
water. Samples were then run on a 12% denaturing polyacrylamide urea gel at 180 V for 100
minutes and stained with toluidine blue to check for RNA purity. Concentrations were

determined using Azsonm.

2.1.7 Single component injections of the transcription reagents

40 uM MgCly, 30 ng/uL DNA, 3.1 mM NTPs and 1.7 uM of T7 RNA polymerase were
individually injected into the analytical column (DNAPac PA100 4 X 250 mm) using a 20 uL
injection loop with a flow rate of 1mL/min and a temperature of 80°C. The column was
equilibrated with 12.5 mM Tris HCI, pH 7.4, and the components were eluted using a gradient

of 1M NaClOzin 12.5 mM Tris HCI, pH 7.4 .

2.1.8 Synthesise of 32P-RNA
2.1.8.1 In vitro transcription of 32P-RNA

32p-labeled RNAs were transcribed in 10 pL volumes using the following conditions: 40 mM
Tris pH 7.5, 6 mM MgCl,, 10 mM NaCl, 2 mM spermidine HCI, 1 mM Ribo m7G cap analogue
(Promega, catalogue number: P1711 ), 50 ng of the DNA template, 0.5 mM ATP, 0.5 mM CTP,
0.5 mM UTP, 0.05 mM GTP, 0.33 uM a 32P-GTP (Pelkin Elmer, catalogue number:
BLU506H250UC), 4% (v/v) RNase out inhibitor cocktail (ThermoFisher, catalogue number:
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10777019) and 0.069 mg/mL T7 RNA polymerase (synthesised in house, see section 2.1.9).
Samples were then incubated at 37°C for 2 hours and loaded on a 8% de-naturing PAGE gel

to enable gel purification.

2.1.8.2 Purification of in vitro transcribed 32P-RNAs

RNA bands were located on the gel by exposure of an x-ray film for 10 minutes, enabling band
excision. The excised bands were then soaked in elution buffer (500 mM sodium acetate pH
5.2,0.2% SDS, 1 mM EDTA pH 8.0) for >12 hours at 4°C to allow the RNA to diffuse from the
gel into the buffer. The elution buffer containing the RNA was precipitated by ethanol (see
section 2.1.6.3) and the pellet re-suspended in TE buffer (10 mM Tris-HCI, 1 mM EDTA pH 8.0

and RNase inhibitor cocktail) and stored at -80°C ready for use.

2.1.8.3 Ethanol precipitation of 32P-RNA

The elution buffer containing the hot RNA was incubated at 30°C for 5 minutes and the empty
gel piece was removed and discarded. 1 mL of 100% ethanol was added to the RNA, mixed by
inversion and the RNA was pelleted by centrifugation (13000 RPM for 20 minutes). The
supernatant was removed and a further 0.2 mL of ethanol was added, followed by
centrifugation for 15 minutes. The supernatant was removed and the pellet dried using a

vacuum desiccator.

2.1.8.4 In vitro transcription of 7-deaza-GTP 32P-RNA

7-deaza-GTP (c’-GTP) RNAs were transcribed in 10 plL volumes using the following conditions:
40 mM Tris pH 7.5, 6 mM MgCl,, 10 mM NaCl, 2 mM spermidine HCI, 1 mM Ribo m7G cap
analogue (Promega, catalogue number: P1711), 50 ng of the DNA template, 0.5 mM ATP, 0.5
mM CTP, 0.05 mM UTP, 0.5 mM c’-GTP, 0.33 uM a 32P-UTP (Pelkin Elmer, catalogue number:
BLU506H250UC ), 4% (v/v) RNase out inhibitor cocktail (ThermoFisher, catalogue number:
10777019) and 0.069 mg/mL T7 RNA polymerase (synthesised in house, see section 2.1.9).
Samples were then incubated at 37°C for 2 hours, loaded on a 8% de-naturing PAGE gel,

purified and ethanol precipitated as described in sections 2.1.6.2 and 2.1.6.3).

2.1.9 Expression and purification of T7 RNA polymerase (T7 RNAP)

The His tag T7 RNAP gene was previously cloned into the plasmid p911, which was then
transformed into BL21 Rosetta competent cells. Transformed cells were grown on agar plates

containing antibiotics ampicillin and chloramphenicol (at final concentrations of 50 pug/mL),
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and left at 37°C for 12 hours. Resulting colonies were transferred into 5 mL of 2TY growth
media, along with the antibiotics ampicillin and chloramphenicol (at final concentrations of
50 pg/mL) and incubated for 1 hour at 37°C in a shaking incubator (120rpm). The 5 mL culture
was then transferred into a 50 mL starter culture with the addition of ampicillin and
chloramphenicol to final concentrations of 50 pg/mL, and left to grow for 12 hours at 37°C in
a shaking incubator (120rpm). The 50 mL starter culture was then inoculated into 750 mL 2TY
media, along with the antibiotics ampicillin and chloramphenicol (final concentrations of 50
ug/mL), and left to grow at 37°C in a shaking incubator (120 rpm) until an ODsgsnm of 0.5-0.7.
The 750 mL culture was then allowed to equilibrate at 20°C for 45 minutes, which was then
induced for protein expression by the addition of IPTG (to final concentration of 533 uM), and
left at 20°C for a minimum of 12 hours in a shaking incubator (120 rpm). Bacterial cells were
then pelleted by centrifugation (4000 rpm with a SLC-6000 rotor for 20 minutes at 4°C).
Pelleted cells were resuspended in 30 mL lysis buffer (50 mM Na;HPQO4 pH 8, 300 mM Nacl,
10 mM imidazole) and 300 pL Triton X100. Resuspended cells were then lysed by sonication
(30 seconds on, 30 seconds off, 5 times) followed by centrifugation for 20 minutes at 18,000
rpm at 4°C to clarify the cell lysate. Prior to the subsequent purification steps, all buffers were
chilled to 4°C to prevent protein degradation by residual proteases. The bacterial lysate was
then loaded onto an equilibrated 5 mL Ni-NTA column, with all subsequent eluates collected
and kept on ice. The column was then washed with 2 column volumes (C.V) of lysis buffer (50
mM NazHPO4 pH 8, 300 mM NaCl, 10 mM imidazole) and then the protein was eluted with 2
C.V of elution buffer (50 mM Na;HPO4 pH 8, 300 mM NaCl, 500 mM imidazole). A further 2
C.Vof 1 Mimidazole was applied to ensure all the protein is eluted from the column. All eluted
fractions were then analysed on an SDS PAGE gel. Fractions containing the purified T7 RNAP
were then pooled together and dialysed in 2 litres of dialysis buffer (50 mM Tris pH 8, 100
mM NaCl, 0.05% beta-mecaptoethanol) for a minimum of 12 hours at 4°C. The protein

concentration was then determined using Asonm, and stored in 25% glycerol at -20°C.
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2.2 Circular dichroism (CD) and ultra violet (UV) spectroscopy measurements
2.2.1 Room temperature spectrum in the absence of nuclear extract

All CD and UV experiments were conducted on a Chirascan CD spectropolarimeter (Applied
Photophysics). 2 uM RNA samples were annealed as described in section 2.1.2 in 10 mM TBA
phosphate buffer pH 7.0, with either 100 mM KCl or LiCl. Experiments were conducted ina 1
cm pathlength quartz cuvette (total volume of 1.5 mL), with a 0.5s time per point, with three
scans taken and averaged per wavelength. The spectra were recorded between 200 and 400

nm wavelengths, with a 1 nm measurement interval.

2.2.2 Room temperature spectrum in the presence of nuclear extract

10uM RNA samples were annealed in 10 mM TBA phosphate buffer pH 7.0, with 100 mM KCI
or LiCl. 5% (v/v) Hela nuclear extract (Cil Biotech, CC-01-20-10) was added post annealing.
Experiments were conducted in a 1 mm pathlength quartz cuvette, with a 0.5s time per point,
with three scans taken and averaged. The spectrum was recorded between 200 and 400 nm

wavelengths, with a 1 nm measurement interval.

2.2.3 Induced CD spectrum recordings

2 UM c-myc DNA and RNA samples were annealed in 10 mM Tris pH 7.0 and with either 100
or 8 mM KCI. An initial spectrum was recorded, followed by another spectrum after the
addition of 10 equivalents of GQC-05 and its analogues. Experiments were conducted ina 1
cm pathlength quartz cuvette, with a 0.5s time per point, with three scans taken and
averaged. The spectrum was recorded between 200 and 400 nm wavelengths, with a 1 nm

measurement interval.

2.2.4 CD melting experiments with GQC-05

RNA samples were annealed in 10 mM TBA phosphate buffer, pH 7.0 and 10 mM KCI. Melting
experiments were conducted with RNAs either without and with the addition of 10 uM GQC-
05. The data was collected using a wavelength range from 220 to 320nm from 5 to 94°C, with
a heating rate of 1°C in a stepped ramp mode. Experiments were conducted in a 1 cm
pathlength quartz cuvette, with a 0.5s time per point, with three scans taken and averaged at
each temperature. Data at 263 nm was normalised and fitted with a Boltzmann sigmoidal

curve on GraphPad prism Version 9.0.
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2.2.5 CD spectra with NMM

CD spectra was recorded with 1 uM of the Q2 RNA (pre-annealed in 10 mM Tris pH 7.0) and
10 uM NMM. Experiments were conducted in a 1 cm pathlength quartz cuvette, with a 0.5s
time per point, with three scans taken and averaged. The spectrum was recorded between

200 and 400 nm wavelengths, with a 1 nm measurement interval.

2.3 NMR spectroscopy measurements
2.3.1 1D NMR spectrum recordings of WT and mutant fragments

All *H NMR experiments were conducted on a 600 MHz Bruker spectrometer at 283 K using
an watergate pulse sequence for suppression of the water signal. Spectral acquisition
involved the collection of 256 scans with a relaxation delay of 2 seconds. A Fourier transform
was applied using a cosine function. Samples of 100 uM RNA were annealed (see 2.1.2) in
6mM KaHPOa4, 4 mM KH; PO4, 100 mM KCl, pH 7.0, followed by the addition of 10% D0 (v/v)

post annealing.

2.3.2 KCl titrations

100 uM RNA sample was annealed in 10 mM Tris pH 7.0 in the absence of any salt, followed
by the addition of 10% D,O (v/v) post annealing and a 1D spectrum was record. This was
followed by successive additions of small volumes of 4 M KCl, to final concentrations of 10,

20 and 100 mM, with a spectrum recorded in each instance.

2.3.3 GQC-05 titrations

100 pM of the Q2 RNA sample was annealed in 10 mM Tris pH 7.0 in the absence of any salt,
followed by the addition of 10% D20 (v/v) post annealing and a 1D spectrum was record. This
was followed by increasing additions of 10 mM GQC-05 (dissolved in 100% d,DMSO) from 100

to 300 uM , with a spectrum recorded in each instance.

2.3.4 NMR kinetics and pseudo 2D recordings

100 uM of the Q2 RNA sample was annealed in 10 mM Tris pH 7.0, 8 mM KClI, followed by the
addition of 10% D20 (v/v) post annealing and a 1D spectrum was record. This was followed
by the addition of the Q2 complementary strand at an equimolar concentration, which
defined the start of the experiment (to). To was determined to be the void time in the NMR

experimental setup with the addition of the time required to record the first 1D spectrum.
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The time per spectrum was 160 seconds, which was recorded over a period of 72 hours to
generate the pseudo 2D spectra. This was repeated in the presence of 4 equivalents of GQC-
05, which was added to the sample post annealing of the Q2 strand, followed by addition of
the complementary strand to begin the experiment. Data were analysed by peak integrals of
the duplex regions using dynamic centre on Top-spin and plotted on GraphPad prism Version

9.0. Rate curves corresponding to duplex formation could be fitted using first order kinetics.

2.4 Fluorescence spectroscopy measurements

All fluorescence spectra were obtained on a Fluromax-4 fluorimeter using a 1cm pathlength
guartz cuvette designed for fluorescence measurements or Hidex microplate reader on a 384

well plate (Corning).

2.4.1 Fluorescence emission spectra recordings with GQC-05 and c-myc DNA

10 uM of the c-myc DNA were annealed in 100 mM KCI, 10 mM Tris pH 7.0, followed by the
addition of 20 uM GQC-05. The emission spectrum (Fluoromax) was recorded between 350-
600 nm, with an excitation wavelength of 321 nm and using a 5 nm excitation and emission

slit length.

2.4.2 Fluorescence emission spectra with NMM and the Bcl-x RNAs

10 uM of the RNAs were annealed in the relevant salt concentrations in 10 mM Tris pH 7.0,
followed by the addition of 1 UM NMM. The spectrum (Fluoromax) was recorded between
450-700 nm, with a 5 nm excitation and emission slit length and an excitation wavelength of

393 nm.

2.4.3 Fluorescence emission spectra of RNA secondary structures

10 uM of the RNAs were annealed in 100 mM KCI or LiCl in Tris pH 7.0 and a spectrum
recorded with an excitation wavelength of 321 nm. The spectrum (Fluoromax) was recorded
between 350-600 nm, with a 5 nm excitation and emission slit length. This was then followed
by the addition of 1 uM GQC-05 to a separate RNA sample annealed in the same conditions,

and the fluorescence spectrum recorded with the same parameters.

2.4.4 Fluorescence titrations in the absence of nuclear extract

All fluorescence titrations were conducted on a Hidex microplate reader using 1 uM GQC-05,

with an excitation wavelength of 320 nm and an excitation and emission slit length of 5 nm.
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100 uM RNA samples was annealed in 10 mM Tris pH 7.0, 100 mM KClI, followed by the
addition of 1 uM GQC-05 post annealing. Concentrations of the RNA was varied through serial
dilutions in a buffer containing 10 mM Tris pH 7.0, 100 mM KCl and 1 uM GQC-05, in a total
of 17 wells. The final fluorescence signal was obtained after subtracting the fluorescence of
the RNA only sample and the GQC-05 background signal from the RNA-GQC-05 complex
signal. Data were analysed using GraphPad prism Version 9.0, and fitted to a single site

binding isotherm equation.

2.4.5 Fluorescence titrations in the presence of nuclear extract

Experiments were conducted in exactly the same conditions as in 2.4.4, but with the addition

of 10% Hela nuclear extract (v/v) (Cilbiotech) post annealing.

2.4.6 Job plot assays
2.4.6.1 Job plot with c-myc DNA

100 uM c-myc DNA samples were annealed in 100 mM KCI, 10 mM Tris pH 7.0. Separate
samples were then prepared with various molar ratios of [GQC-05]:[c-myc], while keeping the
total molar ratio constant at 1. Each sample corresponding to a different molar ratio was
loaded onto a 96 well plate and the fluorescence emission of GQC-05 was measured on the
Hidex microplate reader with an excitation wavelength of 320 nm. The GQC-05 only
fluorescence signal was also plotted at increasing concentrations in the same buffer. Data

were analysed using GraphPad prism Version 9.0.

2.4.6.2 Job plot with Q2 RNA in the absence of nuclear extract
Experiments were conducted as in 2.4.6.1 but with 8 mM instead of 100 mM KCl.

2.4.6.3 Job plot with Q2 RNA in the presence of nuclear extract

Experiments were conducted as in 2.4.6.2, but with the addition of 10% Hela nuclear extract
(v/v) (Cilbiotech). The corrected fluorescence was calculated by subtraction of the
background signal coming from GQC-05 in nuclear extract. This had to be done in this case
due to the high background coming from the interaction of GQC-05 with components in the

nuclear extract. Data was analysed on GraphPad prism Version 9.0.

2.5 Pull-down assays

30 ulL of a 50% neutravidin slurry (ThermoFisher, catalogue number: 29200) was equilibrated

to room temperature and washed with PBS. This was followed by the addition of 10 uM
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biotinylated GQC-05 (gift from Prof. Burley, University of Strathclyde) and left for 30 minutes
at room temperature. 10 counts per seconds (c.p.s) of 3>P-RNA was added followed by a
further 30 minutes of incubation. Samples were washed once with PBS, and eluted by boiling
the beads at 95°C for 5 mins. The unbound, wash and elution fraction were loaded onto an
8% denaturing polyacrylamide gel and ran at 180 V for 100 mins. Gels were visualised using a
phosphorimager screen following exposure for >12 hours. Control experiments were
conducted with the RNA and beads without the addition of the biotinylated GQC-05. Data
was analysed by calculating the fraction bound (bound/total) though determination of band

intensities using image J. Data was analysed on GraphPad prism Version 9.0.

2.6 Native gel assays
2.6.1 Q2 KCl titrations

10 uM Q2 RNA samples were annealed in 10 mM Tris pH 7.0 with increasing KCI
concentrations (0-20 mM). Samples were loaded on a 12% native PAGE gel at 180 V for 100
minutes and stained with toluidine blue for 5 minutes and de-stained in water for > 30
minutes. A mixture of poly T DNAs with sizes ranging from 20-120 nucleotides was used as a

ladder.

2.6.2 GQC-05 titrations

10 uM Q2 RNA samples were annealed in 10 mM Tris pH 7.0 and 8 mM KCl. Increasing
equivalents of GQC-05 was added post annealing, from 0 to 40 uM. Samples were loaded on
a 12% native PAGE gel at 180 V for 100 minutes and stained with toluidine blue for 5 minutes
and de-stained in water for > 30 minutes. A mixture of poly T DNAs with sizes ranging from

20-120 nucleotides was used as a ladder.

2.6.3 EMSA assays with the U1 snRNA in the absence of poly T

6 UM of the fluorescently labelled U1 oligo was added to increasing concentrations of the Xs
domain RNA, with a maximum concentration of 50 uM. Experiments were carried out in 10
mM Tris pH 7.0, 100 mM KCI, but with no annealing steps to replicate the in vitro splicing
conditions. Samples in the presence of the ligand included 50-200 uM GQC-05. All samples
were left for 30 minutes at room temperature, and then loaded on a 16% native PAGE gel for
120 minutes at 4°C and 180 V. Samples were visualised under UV light. The fraction bound

was then determined using band intensities of the bound and unbound U1 fluorescence
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signals, and analysed using GraphPad prism Version 9.0 by fitting of the data to a single site

binding isotherm equation.

2.6.4: Measuring effects of GQC-05 on the U1 migration

6 UM of the fluorescently labelled U1 oligo was added to increasing concentrations of GQC-
05, from 50-200 uM. Further samples containing 50 uM U1 with the addition of 415 puM and
1.7 mM GQC-05 were also tested. Samples were prepared in 10 mM Tris pH 7.0, 100 mM KCl,
and incubated at room temperature for 30 minutes. All samples were loaded on a 16% native
PAGE gel and ran for 120 minutes at 4°C and 180 V. Samples were visualised under UV light,

followed by toluidine blue staining for 5 minutes and de-stained in water for > 30 minutes.

2.6.5: Poly T optimisations

Increasing concentrations of poly T-50 (0-90 uM) were added to 6 uM of the fluorescently
labelled U1 oligo incubated with 200 uM GQC-05. Samples were prepared in 10 mM Tris pH
7.0, 100 mM KCI. All samples were left for 30 minutes at room temperature, and then loaded
on a 16% native PAGE gel for 120 minutes at 4°C and 180 V. Samples were visualised under
UV light. Band intensities of the U1 oligo and the Poly T GQC-05 complexes were determined

using image J and analysed on GraphPad prism Version 9.0

2.6.6 EMSA with Poly T and GQC-05

In all experiments, 6 uM of the fluorescently labelled U1 oligo was added to increasing
concentrations of the Xs domain RNA, with a maximum concentration of 50 uM and the
addition of 70 uM poly T-50 DNA. Experiments were carried out in 10 mM Tris pH 7.0, 100
mM KCl, with no annealing steps. Samples in the presence of ligand included 200 uM GQC-
05. All samples were left for 30 minutes at room temperature, and then loaded on a 16%
native PAGE gel for 120 minutes at 4°C and 180 V. Samples were visualised under UV light.
The disappearance of the U1 intensity band was determined using image J and analysed on

GraphPad prism Version 9.0, by fitting of the data to a one phase decay equation

2.7 X-ray crystallography

The commercially available helix screen (Molecular Dimensions), consisting of 96 different

conditions was used. 2 mM of the Q2 RNA was annealed in the presence of 10 mM Tris pH
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7.0. 80 pL of each of the 96 conditions was pipetted onto a sitting drop crystallisation plate.
100 nL of the annealed Q2 RNA was pipetted onto the crystallisation plate using an Oryx8
robot (Douglas Instruments), followed by a further 100 nL addition of the crystallisation
screen, giving a total volume of 200 nL per drop, per condition. The final concentration of RNA
in each droplet was 1 mM. This was also repeated for the control without the RNA, where
only the Tris buffer was mixed with the crystallisation screen in the same 1:1 ratio. The

crystallisation plate was sealed and left at room temperature and visualised on a weekly basis.
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CHAPTER 3: Structural and biophysical characterisation of the
putative G4 region in Bcl-x (Q2)
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3.1 Introduction

Previous studies from our lab have shown by in vitro splicing and foot-printing that a putative
G-quadruplex might play an important role in the activation of the Xs 5’ss, and that GQC-05
may regulate splicing by binding through a putative quadruplex, thereby enhancing the Xs
isoform (Weldon et al., 2018). A short stretch consisting of 30 nucleotides (termed Q2 in table
3.1), lies 14 nucleotides downstream of the Xs 5’ss and has a sufficient number of guanines
to follow the canonical G4 folding topology of: GxNy1GxNy2GxNy3Gx, where x is the number of
consecutive guanines (which must be at least 2) and y is the length of the connecting loops
(Kikin et al., 2006). Our lab showed previously that disrupting the third G-tract (mutant Q2.2
in table 3.1), thereby abolishing the G4 canonical sequence, prevents GQC-05 activation of Xs,
suggesting that GQC-05 is acting through this quadruplex downstream of the Xs 5’ss (Weldon
et al., 2018). Therefore, using biophysical and structural techniques, we aim to identify if this
region can fold into a quadruplex, and whether the G4 mutation is sufficient to abolish a G4

fold in order to validate the G4 model of splice site activation by GQC-05.

Sequence name Sequence

Q2 (WT) GGGAUGGGGUAAACUGGGGUCGCAUUGUGG
Q2.2 GGGAUGGGGUAAACUGUUGUCGCAUUGUGG
AG4 GUGAUGUUGUAAACUGUUGUCGCAUUGUGU
Q2C GGUAUUUGGUAAACUUUGGUCGCAUUGUGG

Table 3.1 RNA oligonucleotide fragments.

Showing the short RNA fragments used for biophysical and structural characterisation of the RNA and
GQC-05 binding ability.

3.2 Bioinformatic analysis of the Q2 forming region

As discussed in section 1.5.1, following identification of a guanine rich strand, the initial stage
is to validate the G4 forming potential of such sequence using bioinformatic tools. Here we
have used two different tools to predict the propensity of Q2 to fold into a G4: QGRS mapper,

a G4 predicting programme that has been used to predict many canonical DNA G4s with high
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accuracy which shows remarkable resemblances to experimentally determined structures
(Smith et al., 1995); as well as RNA fold which predicts the propensity of a sequence to fold
into a duplex structure. As G4s and duplexes are often competing secondary structures, using
these tools in tandem will allow us to predict if a sequence is more likely to form a duplex or
a quadruplex.

QGRS mapper has the ability to predict the propensity of a given G-rich sequence to fold into
a G4 by providing a G-score. This G-score indicates the likelihood of G4 forming potential,
with higher scores suggesting more stable G4 topologies, and is governed by the number of
G-tetrads within the G4 as well as the length of the connecting loops (see section 1.5.1 for a
more in depth discussion). A single input sequence into QGRS mapper gives rise to a cluster
of G4 forming sequences, each of which is given a G score and the relevant guanines involved
in tetrad formation are highlighted. This is particularly useful when looking at sample
heterogeneity and isolating a single species for structural characterisation (see section 3.5).
Below shows the QGRS mapper output for the Bcl-x Q2 sequence (figure 3.21 A). QGRS
mapper predicts that this sequence can adopt multiple G4 topologies, indicated by a range of
similar G-scores, the most stable of which has a score of 17. The wide variety of G4 topologies
identified by QGRS mapper arise due to the very nature of the Q2 sequence and the fact that
this programme can only predict canonical G4 structures. For canonical G4s, there must be at
least four runs of two or more consecutive guanines. Based on the sequence of Q2 in table
3.1, the very last run of consecutive guanines is GG. This would mean, if Q2 is a canonical G4,
the maximum number of tetrads must be two, meaning that the G4 structure predicted by
QGRS mapper is a two-tiered quadruplex (figure 3.21 B). Therefore, the first three runs of Gs
in Q2 which display 3,4,4 consecutive guanines respectively must only contain 2 of those
guanines incorporated into the tetrad, with the remaining Gs being part of the loop. This has
the ability to give rise to multiple different G4 structures with different guanines being
included or excluded in the G-tetrads. For example, the difference between sequences
containing G-scores of 17 and 16 arises in the third G-tract containing GGGG, the former has
the last two guanines incorporated in the tetrad, whereas the one with a score of 16 has the
middle two incorporated. This may result in multiple G4 species to exist in solution, each one
having different guanines incorporated into the tetrad, with the potential to make structural
characterisation a challenge (see section 3.5 on methods that can be used to tackle G4

heterogeneity). However, it is important to first characterise with experimental evidence if
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the Q2 sequence can indeed fold into a G4 structure in the first instance, and then if such

structure follows a canonical or non-canonical topology. Figure 3.22 shows the RNA fold

output for Q2, which shows that a stem loop also has the potential to from (which occurs with

a minimum free energy of -2.30 kcal molt) and can potentially outcompete a putative G4 that

may exist in Q2. Therefore, using biophysical techniques, we aim to determine if the G4 or

the duplex is the major structural isoform that this sequence adopts.

A
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Figure 3.21 QGRS mapper analysis of Q2 and proposed model.
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(A) Output from QGRS mapper for Q2 RNA, showing the possibilities of the different structures in
solution, each with their respective G-score. (B) Schematic model of the possible two tiered Q2 RNA

quadruplex.
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Figure 3.22: RNA-fold of Q2

RNA-fold output of a putative Q2 duplex occurring with a minimum free energy of -2.30 kcal mol™.
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3.3 Using CD and UV spectroscopy to characterise the Q2 structure

3.3.1 CD spectroscopy of Q2 and mutants

Shown below is the CD spectrum of 2 uM of the Q2 RNA at 20 degrees, which displays a
positive peak at 263 nm, a characteristic signature corresponding to either a parallel
quadruplex or to a duplex (figure 3.31 A). Therefore, in order to distinguish between these
structures, we exploited the fact that G4 stability is enhanced in the presence of K+ as
compared to Li+, whereas duplex structures are almost equally stable in both K+ and Li+ -
containing buffers. At 20 degrees, the CD spectrum in the presence of potassium showed a
greater intensity as well as a shift to 263 nm compared to lithium (figure 3.31 A), suggesting
that Q2 adopts a G-quadruplex conformation and not a duplex. CD thermal melting also
showed a higher stability in the presence of potassium than lithium, with a T in the presence
of Li+ at 63°C, and a T in the presence of K+ > 80°C, further indicating that the Q2 sequence

folds into a G-quadruplex (figure 3.31 B).
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Figure 3.31 CD spectroscopy of the Q2 fragment.

(A) CD spectra of Q2 RNA at 20°C in the presence of 100 mM KCI (blue) and LiCl (red) in 10 mM TBA
buffer pH 7.0. (B) CD thermal melting of Q2 RNA in the presence of 100 mM KClI (blue) and LiCl (red)
in the same buffer as (A).

To confirm that these effects are G4 mediated, a mutant version of the wild-type sequence,
Q2.2 (Table 3.1), was tested. This mutant contains a GG to UU mutation in the third G-tract,

which abolishes the potential for G4 formation, shown by a relatively lower G-score from
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QGRS mapper of only 2 in contrast to 17 with the wild-type sequence (figure 3.32). In addition,
the RNA fold prediction shows that a duplex has a greater propensity to from in Q2.2 than
that of the WT Q2 RNA, giving a minimum free energy of -3.80 kcal mol? (figure 3.33), in
contrast to Q2 which had a free energy of -2.30 kcal mol. Furthermore, as this mutant was
previously shown to be insensitive to GQC-05 in splicing assays, we chose to use this RNA as
our negative control (Weldon et al., 2018).

GGAUGGGGUAAACUGUUGUCGCAUUGUGG 2
GAUGGGGUAAACUGUUGUCGCAUUGUGG 2

[0}

Q2.2 55

()

AUGGGGUAAACUGGGGUCGCAUUGUGG 17

Figure 3.32 QGRS mapper comparison of Q2 and Q2.2 RNA.

Showing the output from QGRS mapper for Q2.2 (upper table) and the best Q2 hit (lower table), in
which Q2.2 shows a relatively lower G-score compared to the wild-type Q2 sequence.

Figure 3.33: RNA-fold of Q2.2

RNA-fold output of a putative Q2.2 duplex occurring with a minimum free energy of -3.80 kcal mol™.
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Unlike the wild-type Q2 sequence, there was no changes in the intensity of the CD spectrum
between potassium and lithium (figure 3.34 A), and there is little change in the stability of the
structure from the CD melting, with Tr, values in Li+ and K+ of 48 and 58 °C respectively (figure
3.34 B), suggesting that this mutant has a lower G4 potential. However, the 10°C increase in
stability in the presence of KCl may arise due to the formation of potential intermolecular G4
structures in the presence of KCl, though this will require further experimental evidence to
confirm such hypothesise. Altogether, these results indicate that the Q2 RNA likely adopts a

parallel quadruplex conformation.
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Figure 3.34 CD spectroscopy of the Q2.2 fragment

(A) CD spectra of Q2.2 RNA at 20°C in the presence of 100 mM KCI (blue) and LiCl (red) in 10 mM TBA
phosphate buffer pH 7.0. (B) CD thermal melting of Q2.2 RNA in the presence of 100 mM KClI (blue)
and LiCl (red) in the same buffer as (A).

3.3.2 CD and UV characterisation of the Q2 G4 in HelLa nuclear extract

One major drawback of biophysical techniques such as CD and UV spectroscopy, is the fact
that they are conducted with the RNA in isolation in a highly purified in vitro system, meaning
that its chemical environment would be quite different to what is present inside a cell. It is
therefore difficult to prove that the presence of RNA secondary structures in vitro also match
those present in vivo, where the binding of many RNA binding proteins have the ability to
alter and compete with RNA secondary structure elements. For example, the splicing factor
hnRNP F has been shown previously to bind to Q2 RNA and can compete with both G4 and

duplex RNA structures (Dominguez et al., 2010). Because the splicing assays of Bcl-x were
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conducted in the presence of commercial HelLa nuclear extract (NE), we tested whether Q2
can still adopt a G4 structure in conditions that support in vitro splicing.

To test this, we compared the CD and UV profiles of Q2 RNA with an RNA that has an even
lower G4 potential than Q2.2 (termed AG4 RNA in table 3.1). As described above, the Q2.2
RNA showed a small increase in stability in the presence of KCl compared with LiCl, which may
be the result of the formation of some bi-molecular G4 topologies. Therefore, the AG4 RNA
was generated which harbours mutations in all of its G-tracts, thereby theoretically abolishing
the possibility of both inter and intramolecular G4 structures, which is reflected in the G-score
of 0 from QGRS mapper. Additionally, the RNA fold output shows the minimum free energy
for the AG4 duplex of -3.50 kcal mol™? (figure 3.35) , similar to that of Q2.2. However, as there
is a lower propensity to form a competing G4 structure, a duplex is more likely to be the

dominant structural isoform.

Figure 3.35: RNA-fold of AG4

RNA-fold output of a putative AG4 duplex occurring with a minimum free energy of -3.50 kcal mol™.
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The CD profiles of Q2 and AG4 RNAs in the presence of 5% Hela nuclear extract (NE) are
shown in figures 3.36 and 3.37 respectively. Analysis of the CD spectrum for Q2 at 20°C shows
a greater intensity of the signal in the presence of 100 mM KCl compared with LiCl (with a
difference of approximately 4 millidegrees), indicating greater m-rt stacking, consistent with
the formation of G-tetrads as observed in the absence of NE (figure 3.36 A). A similar
difference in the CD intensity between 100 mM KCl and LiCl-containing buffers was observed
for the G4 sequence d(GGGA)s (Kejnovska et al., 2003). Additionally, the Q2 RNA showed a K+
dependant increase in the thermal stability, with Tm values of 64 and 50°C in KCl| and LiCl

respectively (figure 3.36 B).
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Figure 3.36 CD data of Q2 RNA in the presence of 5% nuclear extract.

(A) CD data at 20°C of Q2 RNA in the presence of 100 mM KCI (blue) or LiCl (red). (B) CD thermal melts
in the same conditions as in (A). Experiments were conducted in 10 mM TBA phosphate buffer pH
7.0 in a 1 mm pathlength quartz cuvette.

In contrast, the AG4 RNA showed no K+ dependence in the CD intensity, and no change in the
thermal stability of the RNA, with a Tr, of 49°C in both cases (figure 3.37 A and B), suggesting

that the Q2 but not the AG4 RNA sequence can fold a G4 in the presence of NE.
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Figure 3.37 CD data of AG4 RNA in the presence of 5% nuclear extract.

(A) CD data at 20°C of AG4 RNA in the presence of 100 mM KCI (blue) or LiCl (red). (B) CD thermal
melts in the same conditions as in (A). Experiments were conducted in 10 mM TBA phosphate buffer
pH 7.0 in a 1 mm pathlength quartz cuvette.

This observation was further supported by analysing the UV profile of the two RNAs at 20 °C,
in which the Q2 RNA (figure 3.38 A) showed a greater intensity at 260 nm in the presence of
Li+ compared to K+, consistent with a greater folding status of the RNA in the presence of K+,
whereas no change was observed for the AG4 RNA (figure 3.38 B), indicating the formation

of a G4 in the Q2 sequence.
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Figure 3.38 UV spectrum comparison of the Q2 and AG4 RNAs in 5% Hela NE.

(A and B) UV data at 20°C of Q2 (A) and AG4 (B) RNA in the presence of 100 mM KClI (blue) or LiCl (red).
Experiments were conducted in 10mM TBA phosphate buffer pH 7.0 in a 1 mm pathlength quartz
cuvette.
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Interestingly, in the presence of nuclear extract, Q2 showed a reduced stability in KCI
compared to Q2 without nuclear extract (figure 3.31 B). This could suggest that RNA binding
proteins present in the nuclear extract may compete with the secondary structure formed by
the Q2 sequence. Additionally, the melting profile of Q2 RNA observed in the presence of KCI
and nuclear extract displays multiple transition points suggesting that in NE, the G4 present
in Q2 may be polymorphic. This would be consistent with previous in cell NMR experiments
of the human telomere G4 DNA discussed in section 1.5.2.3.1, in which those G4s were more
polymorphic when introduced in oocytes and oocyte lysates (Hansel et al.,, 2009). It is
important to note that in each of the cases described above, the ionic strength is likely to be
different when comparing samples with and without nuclear extract, as nuclear extract
contains additional amounts of salts (such as 75 mM KCl and 350 mM NaCl), meaning that the
ionic strength in the final mix with nuclear extract will be greater than samples without the

extract.

3.4 Using NMR spectroscopy to characterise the Q2 structure

NMR spectroscopy can also be used to characterise G-quadruplexes. Imino protons of
guanines involved in a quadruplex structure typically display chemical shifts between 10-

12ppm, whereas Watson-Crick base pairings give rise to additional peaks between 13-15ppm.

3.4.1 NMR spectroscopy on the Q2 and mutant sequences

The 1D NMR spectrum obtained with Q2 RNA in 100 mM KCl is displayed in figure 3.41 A.
This sequence displays broad peaks between 10-12 ppm, suggesting a population of
Hoogsteen hydrogen bonding, likely coming from a G4, but also two additional peaks at 12.5
and 14ppm. Between 10-12 ppm, the individual peaks are not well defined, suggesting
conformational heterogeneity of the Q2 G4 in these conditions. This could also suggest
formation of higher order structures, as larger complexes consisting of dimers or tetramers
may reduce the tumbling of the structure in solution, giving broader peaks. The peaks
between 12.5-15 ppm could arise from Watson-Crick base pairings in the connecting loops,
as was the case for the Bcl-2 promotor quadruplex (Dai et al., 2006). Alternatively, a certain
population of the Q2 RNA may adopt a duplex conformation instead of a quadruplex (such as
that predicted by RNA-fold in figure 3.22) . For comparison, we also measured NMR 1D

spectra of the mutants Q2.2 and AG4 RNAs at the same RNA concentration and in the same
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buffer (figures 3.41 B and C). The NMR spectra of these RNAs display peaks between 10-
15ppm, with more peaks in the 13-15ppm range and with the peaks between 10-12 ppm
having lower intensities than the wild-type Q2 RNA, suggesting that these mutants favour a
duplex conformation. However, as NMR spectroscopy requires nearly 100 times the
concentration of RNA compared with CD or UV spectroscopy, the potential for Q2.2 to form
bi or tetra-molecular G4 structures is more likely and cannot be excluded, meaning that peaks
observed in the 10-12 ppm region with this RNA may form due to these intermolecular
structures. However, with the AG4 RNA sequence, some of these peaks remain, which could
arise as a result of GU non-canonical wobble base pairings giving rise to peaks in the G4
region. Therefore, combining the results of the NMR, CD and UV experiments, it is possible
that the AG4 and Q2.2 RNA are folding into duplex structures (such as those predicted by
RNA-fold in figures 3.33 and 3.35) and Q2 is a multi-conformational quadruplex, though the
potential for the mutants (particularly Q2.2) to form G4 structures cannot be excluded

entirely.

Watson-Crick duplex Hoogsteen base pairs

TG

Bclx-Q2.2

Bclx-4G4

15 1 10
(*H ppm)
Figure 3.41 1D NMR spectroscopy of WT and mutant fragments.

1H NMR (600 MHz, 10°C) 6 mM K;HPO; , 4 mM KH,PO4, 15 mM KCl, pH=7.0 +100 mM KCI of Bclx-
Q2 (A), Bclx-Q2.2 (B) and Bcl-x-AG4 (C).
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The sample heterogeneity observed with the Q2 RNA NMR makes structure determination
difficult, as NMR assignments are almost impossible when there is a large spectral overlap. It
also excludes the possibility of further 2D NMR characterisations. Therefore, solving the
structure of this RNA by NMR requires further optimisation of the buffer and the RNA

sequence in order to obtain sharp and well-defined peaks that would be easier to assign.

3.5 Approaches to reduce the structural heterogeneity of Q2

3.5.1 Reducing sample heterogeneity by optimisation of the Q2 sequence

As discussed in section 3.2, the large spectral overlap in the NMR spectrum could be due to
conformational heterogeneity of the Q2 sequence caused by excess guanines in the first,
second and third G-tracts. Therefore, in order to isolate a single G4 species in solution, we
made mutations in the first, second and third tracts to the guanines that were not expected
to participate in the G4 tetrad predicted by QGRS mapper. In a similar way, this approach was
also applied to the c-myc promotor G4, where deleting excess guanines resulted in the
stabilisation of a predominant species in solution, enabling structure determination (figure
1.5.2.1) (Ambrus et al., 2005).

The RNA Q2 canonical (termed Q2 C in table 3.1) was synthesised by mutating out the
guanines not involved in the G4 fold in the Q2 WT sequence (predicted by QGRS mapper) to
uracil, which enabled the isolation of a single G4 species with the highest G-score of 17 (figure
3.51 A). Furthermore, the RNA fold prediction showed the formation of a duplex with a free
energy of -1.40 kcal mol?, meaning that this sequence has a lower propensity to fold a duplex
than the WT Q2 sequence (figure 3.51 B). The NMR spectrum showed better defined peaks
in the 10-12ppm region, but also displayed several peaks in the 13-15ppm region which

suggests that Watson-Crick base pairing is also occurring (figure 3.51 C).
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GGUAUUUGGUAAACUUUGGUCGCAUUGUGG 17

Watson-Crick duplex Hoogsteen base pairs
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Figure 3.51 QGRS, RNA-fold output and NMR characterisation of Q2 C.

(A) Output from QGRS mapper for the Q2 consensus RNA, showing a single species. (B) RNA-fold
output of Q2 C which has a minimum free energy of -1.40 kcal mol™?. (C)*H NMR (600 MHz, 10°C) 6
mM K;HPO4, 4 mM KH,P04, 15 mM KCl, pH=7.0 +100 mM KCI of Bclx-Q2 consensus.
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However, unlike the wild-type sequence, the CD analysis showed no change in the intensity
of the CD signal at 20 degrees (figure 3.52 A), no change in the UV profile at 20 degrees (figure
3.52 B), and also no change in the melting profile (figure 3.52 C) in buffers containing either
KCI or LiCl. This suggests that this sequence may not fold into a quadruplex, and hence the
guadruplex seen in the wild-type sequence may not correspond to the one predicted by QGRS
mapper. However, as the NMR spectrum shows that Hoogsteen hydrogen bonding is still
occurring, we cannot completely rule out the possibility of a G4 structure in this sequence.
However, despite not being predicted in the RNA-fold structure, peaks in the 10-12 ppm
region may also arise as a result of non-canonical GU base pairings as mentioned previously,
which would explain why we do not see changes in the CD profiles when comparing the K+
and Li+ - containing buffers. Perhaps a more stable 3 tiered (instead of 2-tiered) non-canonical
fold is more likely in Q2, with the uridine in the GUGG stretch at the end of the Q2 sequence
forming a bulge, thus incorporating the 5’ guanine in the G4. Therefore, the G4 peak
broadening we see in the wild-type NMR spectrum may not be entirely due to the excess

number of guanines alone, though this may also have some contribution.
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Figure 3.52 CD characterisation of Q2 C.

(A and B) CD (A) and UV (B) spectrum of the Q2 consensus RNA in 100 mM KCI (blue) and LiCl (red) in
10 mM TBA phosphate buffer pH 7.0. (C) CD thermal melt in the same buffer conditions as (A and B).
Experiments were conducted in a 1 cm pathlength quartz cuvette.
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3.5.2 The effect of K+ concentration in the structural heterogeneity of Q2

Another explanation for the imino peak broadening of the wild-type RNA may be due to the
formation of higher order structures such as G4 dimers or tetramers. In addition to it not
being able to predict non-canonical folds, another limitation of QGRS mapper is that it can
only predict the formation of unimolecular quadruplexes, whereas bimolecular and tetra-
molecular structures are highly probable at high concentrations of RNA. Particularly, G4
sequences that start with a 5’ guanine have a greater propensity to form stacked dimers than
those with other flanking bases. For example, the human TERRA sequence consisting of
r(GGGUUAGGGU) was shown to form a bi-molecular stacked dimer in the presence of 70mM
KClI (Martadinata and Phan, 2013). Salt concentration is an important parameter for
dimerization since extra K+ ions are required to coordinate the tetrads at the interface of the
two unimolecular or bimolecular quadruplexes, and high salt concentration has been shown
to induce stacked dimers in some RNA sequences (Binas et al., 2020; Kolesnikova et al., 2017).
To understand the strand stoichiometry of the 30 mer Q2 RNA, native PAGE analysis was
conducted in the presence of increasing concentrations of KCl (figure 3.53 A). At 0 mM KCl,
there is a single predominant species in solution that migrates at a position similar to a 30-
nucleotide poly-T (T-30). At 10 mM KClI, higher order structures start to be observed, which
migrate around T-60 suggesting a dimeric complex. These higher order structures become
more apparent between 14-20 mM KCI, with greater smearing occurring near the T-100 and
T-120 mark. Therefore, the formation of these higher order structures in addition to the
monomeric species may lead to large spectral overlaps and peak broadening in the NMR
spectrum, as there are multiple species in solution as well as reduced tumbling of the G4
multimers. In order to test this hypothesis, KCl titrations were conducted in NMR experiments
to see any potential changes to the spectrum (figure 3.53 B). In the absence of KCI (Tris buffer
only), the imino peaks appear sharp and well defined. However, at 20 mM KCl, spectral
broadening occurs and begin to recapitulate the effects seen with 100 mM KCI. Therefore,
this suggests that the formation of multimeric species may be contributing to sample
heterogeneity seen in the NMR experiments.

The next question to address is the folded species observed in the absence of salt, as imino
signals are still present at 0 mM KCl, suggesting that a structure is still present under these

conditions. In addition, when running Q2 on a native gel at 4°C, a band appears which
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migrates lower than T-30, indicating a folded more compact structure (figure 3.53 C).
Therefore, in order to determine if the folded species in the absence of external salt is a G4,
we used a G4 specific fluorescent probe (NMM), which has a greater enhancement in its

fluorescence emission when bound to G4 over non-G4 structures (Nicoludis et al., 2012) (see

next section).
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Figure 3.53 Native gel and NMR analysis with K+ titrations.

(A) 12% Native PAGE with Q2 wild-type RNA in the presence of Tris pH 7.0, with increasing
concentrations of KCl (0-20 mM) compared to Poly T standards. Gel was run at 20°C. (B) *H NMR (600
MHz, 10°C) of the wild-type Q2 RNA in 10 mM Tris pH 7.0, with KCl titrations (0, 10, 20 and 100 mM).
(C) Native gel of Q2 in tris buffer only run at 4°C.
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3.6 Characterisation of the G4 structure in the absence of salt

3.6.1 Characterisation of a G4 structure using NMM fluorescence

To probe for a putative G4 in Q2 in the absence of salt, we used the fluorescence turn on
assay approach (described in section 1.5.2.4), where we utilised the fluorescence properties
of a highly specific parallel G4 binder N-methyl-mesoporphyrin IX (NMM) (del Villar-Guerra et
al., 2018a; Kreig et al., 2015; Sabharwal et al., 2014). NMM has a relatively low fluorescence
when unbound, but when bound to parallel G4 DNA, a 50-60 fold fluorescent enhancement
is observed (Nicoludis et al., 2012a) . Figures 3.61 A and B shows the emission profile for NMM
with the wild-type Q2 RNA and the AG4 mutant, with the same salt conditions that were
tested in the NMR experiment. In the absence of RNA, NMM displayed relatively low
fluorescence. For the wild-type Q2 sequence, in the presence of Tris buffer, there is a small
increase, and with 10, 20, 100 mM KClI, there is an approximately 4-fold increase in the
fluorescence emission, suggesting that Q2 forms a G4 even at low concentrations of KCI. For
the AG4 mutant, there is only a small increase in the emission profile relative to NMM alone,
with negligible changes in the presence of KClI, further indicating the presence of a quadruplex
in the Q2 RNA and the absence of a G4 in the AG4 mutant . A comparison of the emission
profiles for the Q2 wild-type (WT) and AG4 mutant in the presence of Tris only (figure 3.61
C), shows a 2-fold increase in the fluorescence emission for the WT as compared to the
mutant, suggesting that even in the absence of KCl a quadruplex is present. However, it is
important to note that these fold changes are very modest when comparing to the 50 to 60
fold enhancement reported in the literature (Nicoludis et al., 2012a). These differences may
arise as a result of the present study being conducted on RNA rather than DNA G4s, where
these large enhancements were observed. To identify if the reduced fluorescence
enhancement in the presence of NMM is due to RNA rather than DNA G4 structures, a well

characterised G4 RNA , such as TERRA, should be tested.
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Figure 3.61 Fluorescence analysis of Q2 RNA in the presence of NMM (Aexc = 393nm).

(A and B) Fluorescence spectra in the presence of 1 uM NMM with 10 uM Q2 (A) and AG4 (B) RNA.
(C) Comparison of the emission spectra for Q2 and AG4 RNA in the absence of KCI. Experiments were
conducted in 10 mM Tris, pH 7.0.

3.6.2 CD spectroscopy in the presence of NMM

However, as discussed in section 1.5.2.4, a major disadvantage of using the fluorescence turn
on assay approach is that NMM may artificially induce and stabilise a G4 that would otherwise
not have been present. To eliminate the possibility of an induced fit over a conformational
selection mechanism of NMM binding, CD spectra were recorded in the presence and
absence of 10 uM NMM (figure 3.62). In both cases, the CD spectra are overlapping,
suggesting that addition of the ligand did not cause a conformational change of the RNA,
meaning that the WT RNA adopts a G4 conformation in the absence of the ligand and that
the ligand binds the G4 through a conformational selection mechanism. Altogether, these
results show that even in the absence of KCI, the Q2 sequence can adopt a monomeric G4

conformation.
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Figure 3.62 CD spectrum of Q2 RNA in the presence of NMM.
CD spectrum at 20°C of Q2 RNA (1 uM) in the presence and absence of NMM (10 uM) and DMSO.

3.7 X-ray crystallography of Q2

Knowing that Q2 is able to fold a stable quadruplex even in the absence of KCl, we proceeded
with crystallisation trials of Q2, using a specialised screen developed for nucleic acids called
HELIX. This particular screen was developed by the department of pharmacy at UCL and is
based on the conditions of around 1450 nucleic acid structures deposited in the PDB, enabling
the crystallisation of a wide variety of nucleic acid structures such as duplex, triplex, i-motif
and quadruplexes (Viladoms and Parkinson, 2014)

Figure 3.71 below shows crystal formation in two of the conditions tested with the Q2 RNA
(see section 2.7 for crystallisation conditions and sample preparation). Crystal formation is
visible in the upper two wells containing the RNA, with smaller microcrystals being observed
in the lower wells containing buffer only, suggesting that formation of the larger crystals is
coming from the RNA. The RNA itself was annealed in the absence of salt in its monomeric
state (see section 2.1.2 for the annealing protocol used and section 2.7 for the annealing
conditions), though after the addition to the screen, the presence of 50 mM KCl in the screen
condition A1 may lead to stacking of the G tetrads in Q2 which can aid the crystallisation
process. The presence of PEG as a cryoprotectant has also been implicated in its ability to
favour the parallel type G4 structure over other G4 topologies (Buscaglia et al., 2013).
Furthermore, the presence polyamines, such as spermine, has been shown to interact with
RNA and DNA structures, resulting in nucleic acid condensation, helping the crystallisation

process (Katz et al., 2017). In condition C1, instead of potassium, the ion present is
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ammonium, which has also been showed to stabilise a G4 present in the human telomeric
sequence (Hud et al., 1999). Therefore, as these conditions are favourable for G4 formation,
it is possible that these crystals may correspond to the Q2 RNA in a G-quadruplex
conformation. However, difficulties in accessing synchrotron time at the Diamond light source

due to the global pandemic has put this experiment on hold.

RNA + Buffer A1

0.05 M KCI 0.1M
Ammonium
0.1 M LiCl sulfate
0.012 M Spermine 0.005 M Bis-Tris
tetrahydrochloride pH7.0
Buffer only 0.05 M MES pH 6.5 44% (v/v) PEG
200

25% (v/v) PEG 400

Figure 3.71 Crystallisation trials of Q2 in the Helix screen.

Crystals obtained in the helix screen of the RNA (top two quadrants), with the negative control buffer
only samples in the lower two quadrants. Also shown in the table are the two conditions of A1 and C1
within the HELIX screen in which the crystals were obtained.
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3.8 Discussion

We have shown here by biophysical characterisations that the G-rich region just downstream
of the Xs splice site can fold into a G-quadruplex, even in the absence of potassium ions. Much
of the sample heterogeneity observed in the NMR spectrum likely arose through the stacked
multimerization of external tetrads as suggested from the native gel analysis in figure 3.53 A.
Lower concentrations of salt reduced the effect of this multimerization, resulting in sharper
better defined peaks in the NMR spectrum. However, it is important to note that sample
heterogeneity is still observed even in the absence of salt, as both duplex (13-15ppm) and
qguadruplex (10-12ppm) signals are still observed, as well as some peak overlaps in the 10-
12ppm region. The overlapping peaks in the G4 region may arise due to an excess number of
guanines in the first three G-tracts of Q2. We showed here that simply mutating out the
excess guanines to form the canonical G4 (as predicted by QGRS mapper) did not give rise to
a G4 structure according with the CD data. Therefore, the potential to form a non-canonical
G4 structure may be the more likely conformation adopted by Q2 RNA, especially considering
that two tiered quadruplexes are not as stable as three or four stacked structures due to a
reduced number of m- m stacking interactions of the tetrads. Furthermore, computational
analysis using other bioinformatic software that can also predict non-canonical G4 folds, such
as G4 hunter, also implied a non-canonical G4 topology of Q2 (see section 1.5.1). One
possibility is that the uridine in the GUGG stretch is forming a bulge, meaning that the 5'G in
this sequence may be incorporated into the tetrad itself, resulting in a three stacked quartet.
Therefore the following Q2 sequence with the highlighted Gs may be participating in G4
formation: GGGAUGGGGUAAACUGGGGUCGCAUUGUGG. A similar observation was made
for the KRAS promotor G4, in which a guanine tract interrupted with a single nucleotide was
still incorporated into the tetrad, resulting in a nucleotide bulge (Kerkour et al., 2017).
Therefore, in a future study, studying a sequence which removes this bulge as well as
mutating out the excess guanines in the second and third runs (which contain GGGG) such
that only a three stack G4 has the potential to form, may help to isolate the single major
species of the Q2 RNA.

The observation of imino peaks in the 13-15ppm region in the absence of KCl, which reduced
in the presence of increasing [KCI] (figure 3.53 B), starts to open up the possibility of hairpin

formation (figure 3.22), implying that in these conditions we have both quadruplex and
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hairpin populations. This is likely to arise as a result of a lower stability of the G4 at low KClI
concentrations, which results in a shift in the equilibrium to a different structure (such as a
duplex), which will make it problematic for structural determination. Increasing the KClI
concentration does solve this issue, but on the other hand, induces the dimerization or
multimerization of the G4 causing spectral overlap. Therefore, to get around this two-way
problem, further modifications could be made to the Q2 sequence to prevent dimerization at
high KCI concentrations. Studies have shown that sequences starting with a 5’G often result
in the formation of G4 5’-5’stacking interactions, due to the formation of an external tetrad
at the 5" interface (Binas et al., 2020; Kogut et al., 2019; Kolesnikova et al., 2017; Martadinata
and Phan, 2013 ). Though this stacking may favour the crystallisation process, it is not suitable
for NMR studies as it leads to significant spectral overlap. Consequently, as well as removing
the bulge and mutating out the excess guanines, placing an additional nucleotide to the 5’
end of the sequence may enable the isolation of a monomeric homogenous G4 at high KCI
concentrations. However, making mutations to the natural sequence in this way will need to
be validated against the wild-type sequence such that you are indeed isolating the major
species and not completely changing the structure of the RNA. In addition, the functional
relevance of such a mutated sequence should also be tested along with the binding specificity

and activity of the compound in question, GQC-05, by in vitro splicing assays.
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CHAPTER 4: Binding mode and specificity of GQC-05 for the G4
region (Q2) in Bcl-x

4.1 Introduction

4.2 Fluorescence spectroscopy to study the structural specificity of
GQC-05

4.3 Native gel analysis to probe conformational changes of Q2 in the
presence of GQC-05

4.4 CD spectroscopy to study the binding mode of GQC-05

4.5 NMR spectroscopy to determine the structural specificity of
GQC-05

4.6 Discussion
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4.1 Introduction

As discussed in section 1.7, out of all of the G4 binding compounds tested, GQC-05 was shown
to be the most effective in inhibiting the X. and activating the Xs 5’ss, thereby warranting
further investigation on its mechanism of action. GQC-05 was initially identified as a DNA G4
specific ligand through observing an interaction with the myc-promotor quadruplex. In
addition, it was also shown through competition dialysis experiments that GQC-05 is indeed
more selective for other G4 structures over their duplex counterparts (see figure 1.64 B in
section 1.6.3) (Brown et al., 2011). Therefore, following the identification of a quadruplex
proximal to the Xs 5’ss discussed in the previous chapter, in this chapter we will explore the
interaction of GQC-05 with this G4 region, in order to understand its specificity for the G4
structure and how this may relate with the observed activation of the Xs 5’ss upon addition
of the compound. In this chapter, we will discuss the use of various biophysical techniques
that has been applied to examine this interaction, and how this may reflect on the unique

properties of GQC-05 to shift the splicing of Bcl-x.

4.2 Fluorescence spectroscopy to study the structural specificity of GQC-05

4.2.1 Determining the binding constant (Kd) of GQC-05 to the c-myc G4 using fluorescence

Fluorescence spectroscopy is a very sensitive method used to determine binding parameters
such as the dissociation constant (Kd) and stoichiometry. GQC-05 has intrinsic fluorescence
properties, enabling easy and efficient binding analysis (Weldon et al., 2018). Figure 4.21 A
shows the emission profile of GQC-05 (Aexc = 320 nm) in the absence and presence of the C-
myc promotor quadruplex sequence, which was previously shown to bind GQC-05 by Surface
Plasmon Resonance and is a well characterised parallel G4 structure (Brown et al., 2011).
GQC-05 has a relatively low fluorescence emission when unbound, with an emission peak
around 490nm. Upon binding to a target sequence, the emission shows a shift to 560 nm and
is greatly enhanced (Weldon et al., 2018). Therefore, following the emission at 560 nm as a
function of DNA/RNA concentration would enable binding parameters to be determined.
Following the emission peak of GQC-05 at 560 nm as a function of the c-myc DNA
concentration, provided a Kd similar to that reported by SPR (Kd = 1.14 * 0.25 uM) (figure
4.21 B) (Brown et al., 2011).
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Figure 4.21 GQC-05 and c-myc fluorescence emission spectra (Aexc = 320nm).

(A) Fluorescence emission spectra of GQC-05 in the presence and absence of the C-myc promotor
quadruplex (10 mM Tris pH 7.5 and 100 mM KCl). (B) Fluorescence of GQC-05 (1 uM in 10 mM Tris
pH 7.0, 100 mM KCl) measured at 560nm as a function of the c-myc quadruplex sequence.
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4.2.2 Structural vs sequence specificity of GQC-05

Several studies have shown that GQC-05 can interact specifically to G4 structures over their
duplex counterparts (Brown et al., 2011; Kaiser et al., 2013). For example, GQC-05 displayed
a 45 fold preference in the concentrations bound per binding site for the c-myc G4 over its
double stranded counterpart, as determined by competition dialysis experiments (Brown et
al., 2011). However a question as to whether or not GQC-05 is showing sequence rather that
structural specificity remains to be determined, as the interaction may only be mediated
simply by the presence of guanines rather than an actual G4. To determine this, we tested
the binding of GQC-05 on the 6 mer RNA sequence AGGGAU, which has been previously
shown to form a 3-tetrad tetra-molecular quadruplex in the presence of KCl and remains
single stranded in the presence of LiCl (Dominguez et al., 2010). This will allow us to determine
if GQC-05 is recognising the G4, or simply the Gs, by comparing the binding affinities in both
the K+ and Li+ - containing buffers. A greater affinity in the presence of K+ would indicate that
GQC-05 is recognising the G4, whereas a higher affinity in Li+ would indicate that it is only
recognising the guanine base. RNA titration experiments showed that GQC-05 has a higher
affinity for the AGGGAU RNA in the presence of K+ compared to Li+, suggesting that the

binding of GQC-05 is structural (G4) rather than sequence (guanine) specific (figure 4.22).
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Figure 4.22 Fluorescence emission at 560nm of GQC-05 with the RNA AGGGAU (Aexc = 320nm).

Fluorescence binding isotherm of the tetra-molecular G4 sequence AGGGAU in the presence of either 100
mM KCl or LiCl. Experiment was conducted in 10 mM Tris pH 7.0.
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4.2.3 Determining the binding constant of GQC-05 for the Bcl-x Q2 sequence

Using aforementioned fluorescence emission binding assay, we next determined the ability
of GQC-05 to bind to the Q2 RNA quadruplex, along with the mutants AG4 and Q2.2 (putative
duplex forming sequences) as a control.

The fluorescence emission of GQC-05 at 560 nm when titrating increasing amounts of each of
the RNAs to a maximum concentration of 100 uM is shown in figure 4.23. Saturation of the
fluorescence signal is obtained with an observed Kd of 0.11 uM for the WT Q2 RNA (figure
4.23 A). Surprisingly, with the mutant AG4, a similar Kd of 0.44 uM was obtained, shown by
overlapping 95% confidence intervals (Cl) with the WT Q2 RNA (figure 4.23 B). Despite AG4
being less prone to fold into G4 structures, the similar affinities displayed between these RNAs
suggests that GQC-05 may not bind G4s specifically. This very much contradicts the
competition dialysis experiments described previously (Brown et al., 2011), though it is
important to note that these experiments were done on DNA rather than RNA G4s, which
may lead to some differences. Our results are however consistent with previous findings, as
discussed in section 1.6.3, showing that the ellipticine core is able to bind to duplex DNA
(Canals et al., 2005), suggesting that the ellipticine core (in which GQC-05 is derived from)
may contribute to the non-G4 interactions of GQC-05 seen with AG4. Nevertheless, it is
important to consider that as AG4 displayed some residual Hoogsteen hydrogen bonds (figure
3.41 C), we cannot be certain that GQC-05 does not bind G4s entirely , as a G4 may exist in
this RNA albeit with a shorter lifetime or a different conformation. To confirm the non-G4
mediated interactions of GQC-05, a well characterised non-G4 (or duplex) RNA will need to
be tested. Interestingly, mutant Q2.2 displayed an approximately six-fold lower affinity (Kd =
0.58 uM) than the WT Q2 sequence (figure 4.23 C), with non-overlapping 95% Cls. This may
explain why Q2.2 was insensitive to GQC-05 by the in vitro splicing assays (Weldon et al.,
2018). However, from these data, we cannot conclude that the binding of GQC-05 to the Q2
G-quadruplex is necessary for splice site activation, as a similar level of binding is also

observed with the AG4 mutant RNA which has less G4 forming potential.
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Figure 4.23 Fluorescence emission at 560 nm of GQC-05 with different RNA fragments (Aexc = 320nm).
(A-C) Fluorescence binding isotherms of GQC-05 with Q2 (A), AG4 (B) and Q2.2 (C) RNAs in 10 mM Tris pH
7.0, 100 mM KCl. In all cases, the background fluorescence was subtracted to obtain the final fluorescence
signal. Shown are the Kd values along with their respective 95% confidence intervals (Cl).
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4.2.4 Determining the binding constant of GQC-05 in conditions that support in vitro
splicing

A major difference between the fluorescence assays described in section 4.2.3 and splicing
assays is that fluorescence was done with naked RNA, whilst splicing assays are conducted
when the RNA is covered by multiple RNA binding proteins. We therefore conducted
fluorescence binding experiments in the latter condition by the addition of a nuclear extract,
where the presence of RNA binding proteins (and other factors) may affect the interaction
between GQC-05 and the RNA. We have already shown that the G4 structure observed in Q2
is still present in nuclear extract (see chapter 3), so any changes in binding of GQC-05 as a
result of adding nuclear extract is not likely to be the result of structural remodelling of the
RNA in the presence of RNA binding proteins.

Fluorescence binding assays between GQC-05 and the each of the RNAs were now conducted
in the presence of 10% Hela nuclear extract, with the same buffer conditions described
previously (figure 4.24), though as nuclear extract contains additional amounts of salt (such
as 75 mM KCl and 350 mM Nacl), in 10% extract we would expect an additional 7.5 mM KCl
and 35 mM NaCl, which would be present in the fluorescence assay. For the wild-type Q2
RNA, binding was observed both in the absence and presence of nuclear extract, giving an
approximate 8-fold lower affinity in the presence of the nuclear extract (figure 4.24 A).
However, for the AG4 mutant RNA, addition of nuclear extract strongly reduced the binding
of GQC-05 (kd >90 uM) (figure 4.24 B). To determine whether the reduction in binding to the
AG4 RNA is related to the elimination of the G-tracts, the mutant Q2.2 RNA was also tested
which only lacks the central G-tract (figure 4.24 C). Upon addition of nuclear extract, this
sequence showed reduced binding compared with Q2, but displayed a greater level of binding
than the AG4 RNA. An explanation of this could be that GQC-05 can still interact with (or
induce) bi or tetra-molecular structures formed by Q2.2, as disrupting the central G-tract
would only abolish the formation of a unimolecular quadruplex species (in theory), whereas
bi or tetramolecular G4 structures remain possible (see section 3.3). This is consistent with
the fact that GQC-05 only displayed binding at higher concentrations of RNA, suggesting
interactions with higher order quadruplex structures. These results suggest that nuclear
extract confers specificity of GQC-05 for the Q2 G4 structure, whereas in the absence of
nuclear extract, non-G4 mediated interactions may also taking place. Collectively, these

results suggest that GQC-05 is able to recognise and bind to the Q2 RNA G4 and potentially
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has increased specificity for this G4 over the secondary structures displayed by Q2.2 and AG4
in the presence of nuclear extract. However, we cannot be certain that nuclear extract results
in only G4 specific interactions of GQC-05 or that it abrogates non-G4 interactions entirely, as
this would require binding assays to be conducted on well characterised G4 structures and
known duplex sequences. However, these data are consistent with the previous splicing
results, as the binding of GQC-05 is reduced to a greater extent on the Q2.2 mutant RNA
compared to Q2 (and more in the presence than in the absence of nuclear extract), which
could explain why GQC-05 was ineffective in the splicing assay of the mutant Q2.2. A possible
mechanism could be that a G4 on the Q2 RNA is able to displace potential RNA binding
proteins, thereby enabling it to recruit molecules of GQC-05 which will interact with the G4,
whereas with the G4 abolishing mutant RNAs, the RNA binding proteins remain attached (as
there is no stable secondary structure to displace them) and compete with GQC-05 for RNA

binding, reducing its overall affinity. This hypothesise will require further investigation.
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Figure 4.24 Fluorescence emission at 560nm of GQC-05 with different RNA fragments in the
presence of 10% Hela nuclear extract (Aexc = 320nm).

(A-C) Fluorescence binding isotherms of GQC-05 in the absence (blue) and presence (red) of 10%
nuclear extract (NE) with Q2 (A), AG4 (B) and Q2.2 (C) RNAs in 10 mM Tris pH 7.0, 100 mM KCl. In all
cases, the background fluorescence was subtracted to obtain the final fluorescence signal.
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4.2.5 Binding stoichiometry of GQC-05 to the c-myc DNA and Q2 RNA G4 sequences

As well as measuring the binding affinity, fluorescence spectroscopy can also be used to
characterise/estimate the stoichiometry of the interaction between two molecules, using the
method of continuous variation (MCV) or Job plot, which was originally described by Paul Job
in 1928 (Job., 1928). In this method, the total molar concentration of both molecules are kept
constant, but the molar ratios of each are changed (Renny et al., 2013). Any signal which
corresponds to the bound form (such as the bound fluorescence emission signal of GQC-05)
can be followed as a function of the molar ratio. This technique has previously been
successfully used to predict the binding stoichiometry of various compounds to different
nucleic acid secondary structures (including G4s) (Loontiens et al., 1990; Verma et al., 2018).
The stoichiometry between GQC-05 and c-myc was previously shown to be 2:1 by SPR analysis
(Brown et al., 2011). As a control, we therefore measured a Job plot based on the fluorescence
of GQC-05 bound to the c-myc G4 (figure 4.25 A). In this assay, the molar concentration of
both components was kept constant at 1 pM, but the molar ratio of GQC-05:DNA was altered.
Points of inflexion in the plot mark the binding events taking place between the small
molecule and the macromolecule. Results indicate two points of inflexion, which suggest that
two different binding events are taking place between GQC-05 and the c-myc G4. These
correspond to molar ratios of 0.5 and 0.68, indicating binding events at 1:1 and 2:1 ratios of
GQC-05:DNA respectively, consistent with the published data (figure 4.25 A) (Brown et al.,
2011). To confirm that no further points of inflexion are occurring, more data points would
need to be collected in future experiments.

We next expanded the analysis to the binding of GQC-05 to Q2 RNA in 8 mM KCl
(predominantly in monomeric conditions). The Job plot displays a major inflexion point at a
molar ratio of 0.8 (determined by inspection), indicating a 4:1 stoichiometry between GQC-
05 and the Q2 RNA (figure 4.25 B). As these points of inflexion were determined by inspection,
more accurate methods may identify other binding events taking place.

Because in buffer GQC-05 is able to bind G4 but also non-G4 structures (figure 4.23 A-C
above), the observed 4:1 stoichiometry might reflect the two modes of binding since these
Job plots were conducted in 8 mM KCI, and we have shown that there is a mixture of both
duplex and quadruplex structures under these conditions (see figure 3.53 in the previous

chapter). We therefore measured a Job plot in the presence of nuclear extract, as we have
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observed that addition of nuclear extract potentially abolishes non-G4 interactions whilst
maintaining G4 contacts (figure 4.24 above). The Job plot analysis of GQC-05-Q2 binding in
the presence of 10% Hela nuclear extract shows a major inflexion point occurring at a molar
ratio of 0.67 (figure 4.25 C), which clearly indicates a 2:1 binding stoichiometry between GQC-
05 and Q2. This suggests that proteins in the nuclear extract are able to displace 50% of GQC-
05 molecules from the RNA. A possible explanation could be that the nuclear extract is
displacing the non-G4 weak interactions (such as duplex interactions) whilst retaining the
stronger interactions with the G4 itself. The binding stoichiometry observed with GQC-05 in
nuclear extract is very much consistent with many other specific G4 ligands, which have been
shown to bind G4s through an end stacking binding mode (5’ and/or 3’ stacking on the
external tetrads) (see chapter 1, section 1.6), which often give rise to stoichiometries at 1:1
or 2:1 (see chapter 1, section 1.6), supporting the idea that the 2:1 stoichiometry observed in
nuclear extract with GQC-05 and Q2 may be that of a G4 specific interaction. However, this
hypothesis would need clarification with further experiments such as a structure of the bound

Q2-GQC-05 complex in the presence of a nuclear extract.
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Figure 4.25 Job plots on the G4 forming DNA/RNA.

(A and B) Job plots of GQC-05 with C-myc DNA (A) and Q2 RNA (B), in 10 mM Tris pH 7.0, in 100 mM
KCl with (A) and 8 mM KCl with (B). (C) Job plot of Q2 as in (B) but with the addition of 10% Hela nuclear
extract.
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4.3 Native gel analysis to probe conformational changes of Q2 in the
presence of GQC-05

To understand the conformational changes that may be occurring to Q2 as a result of GQC-
05 addition, in addition to the binding events that may be taking place, we conducted native
PAGE experiments in order to compare the migration of Q2 before and after incubation with
increasing equivalents of GQC-05. This would allow us to see possible conformational changes
occurring to the RNA as a result of GQC-05 addition, and enable us to identify the molar ratio
of GQC-05 needed to sufficiently remodel the RNA. The addition of 4 equivalents of GQC-05
resulted in the formation of a band migrating lower than T-30, indicating a folded more
compact conformation (figure 4.31). This is consistent with the results of the Job plot (in the
absence of nuclear extract) which showed a binding stoichiometry of 4:1, as 4 equivalents of
GQC-05 was needed bind and hence completely remodel the RNA into a putative G4
conformer. Native gel analysis in the presence of nuclear extract was not attempted due to

the possibility of protein induced band shifts, making the interpretation very ambiguous.
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Figure 4.31 Native PAGE of Q2 with increasing equivalents of GQC-05.
12 % native PAGE gel with 10 uM Q2 RNA in 8 mM KCl with increasing equivalents of GQC-05.
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4.4 CD spectroscopy to study the binding mode of GQC-05

CD spectroscopy can also be used to study the binding mode of GQC-05 to nucleic acid
sequences by analysing shape of the induced CD (ICD) spectrum (see section 1.5.2.2), and is

explored below for the c-myc, Q2 and mutant sequences.

4.4.1 Induced CD analysis of GQC-05

As described in section 1.5.2.2, the shape of the ICD signature will provide information on the
binding mode of GQC-05 to the RNA. For example, if we observe a positive ICD peak at 320
nm (the absorbance wavelength of GQC-05), this would indicate that GQC-05 is intercalating
with its molecular axis parallel to the pseudo dyad. A positive ICD would also be produced if
GQC-05 is binding in the minor groove of the RNA structure. The formation of a negative ICD
at 320 nm would indicate that GQC-05 is intercalating perpendicularly to the pseudo dyad.

The ICD signature of GQC-05 when interacting with the c-myc G4 displays a negative ICD peak
(figure 4.41 A). This suggests that binding to the G4 grooves is unlikely, and the interaction is
rather through a possible intercalation or base stacking mode, which is consistent with the
structural model of the GQC-05 — c-myc complex (figure 1.64 C, chapter 1). In a similar way,
in the presence of 100 mM KCI, the ICD signature also is negative for the interaction between
GQC-05 and Q2, which also eliminates the possibility of groove binding in these conditions
(figure 4.41 B). In contrast, the AG4 RNA showed a strong positive ICD at 320 nm, suggesting
an intercalative binding mode where the molecular axis is parallel to the dyad, or minor
groove binding (figure 4.41 C). Therefore, the observation that GQC-05 bound to Q2 displays
a similar ICD to the c-myc G4 in the presence of 100 mM KCl is a very rough indication of a
potential Q2 G4 interaction. Interestingly, when conducting the experiment with Q2 in 8 mM
KCl, the ICD signal now becomes positive (figure 4.41 D). A possible explanation is that GQC-
05 may also be interacting with duplex structures due to sample heterogeneity in these
conditions, whereas at 100 mM KClI, there is a greater population of G4 structures and thus
the G4 specific binding mode is predominant. This will need to be confirmed by measuring
the ICD of GQC-05 when bound to well characterised duplex RNAs. Alternatively, the structure
of the G4 may be different as a result of the dimerization observed at high KCI concentrations,
altering the accessibility of the minor groove of the G4, which would otherwise be more

accessible at the lower KCl concentrations.
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Figure 4.41 Induced CD spectrums of GQC-05 with different DNA/RNA sequences at 20 uM.
(A) The c-myc DNA sequence. (B) Q2 in 100 mM KCl, (C) AG4 in 100 mM KCl and (D) Q2 in 8 mM KCI. All
experiments were conducted in 10 mM Tris pH 7.0.
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4.4.2 Structure-activity profiling of GQC-05 analogues by ICD

As well as looking at the binding mode, the ICD signal can also be used to investigate the
binding affinity of the complex in a similar way as with fluorescence measurements described
above. A major advantage of following the ICD signal is that is does not rely on the ligand to
have fluorescent properties, enabling the screening of a much wider variety of compounds.
Therefore, we have taken this approach for structure activity relationship (SAR) profiling of
GQC-05, to try and identify key functional groups within GQC-05 necessary for binding to the
Q2 G4 and if this correlates with splice site selection. The laboratory of Professor Glenn Burley
(University of Strathclyde) synthesised four GQC-05 derivatives (shown in figure 4.42 A) that
were tested using in-vitro splicing by Dr Sudipta Ghosh (University of Leicester) (figure 4.42
B). Compound EC01072 has a similar structure to GQC-05, but displays ketone oxygens on the
C-ring and lacks the nitrogen on the D-ring. EC01155 and ATS 71 are similar to EC01072, but
EC01155 has an ethylene glycol chain instead of the tertiary amine at position 9, and
compound ATS 71 has a piperazine side chain at position 9. Molecule EC01127 has a different
ring structure to the other compounds, but contains a tertiary amine at position 9 and a
nitrogen on the D ring alike GQC-05, but lacks the methyl groups on the C-ring. From the in
vitro splicing assay (figure 4.42 B), addition of GQC-05 lead to an inhibition of the X, 5’ss usage
(red box in figure 4.42 B), whilst an increase in Xs 5’ss usage was observed as expected (green
box in figure 4.42 B). As can be seen in the figure, all of the other compound derivatives fail
to switch Bcl-x splicing from X, to Xs. This data suggests that the methyl groups on the C-ring
and the nitrogen on the D-ring are necessary to achieve Bcl-x splice switch, and the correct

ring system which resembles that of the ellipticine class of molecules is also required.
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Figure 4.42 SAR profiling of GQC-05 analogues.
(A) GQC-05 and its derivatives generated by the lab of Professor Glenn Burley at the University of
Strathclyde. (B) In vitro splicing assays of GQC-05 and its derivatives conducted by Dr Sudipta Ghosh.
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Knowing that these compounds cannot shift the splicing pattern of Bcl-x, we next wanted to
examine if the lack of Xs5’ss activation was due to the inability of these compounds to bind
the Q2 G4. As all of these GQC-05 analogues did not display fluorescent properties unlike
GQC-05, we used the ICD signal to determine binding. However, due to the solubility limit of
some of these compounds, conducting a full titration binding assay was not possible.
Furthermore, we did not conduct any additional experiments with EC01155, due to
compound insolubility at 20 uM (concentration used in the CD experiments). We therefore
did a single point measurement of the ICD signal to determine the relative affinities of each
of the compounds and to determine structural changes occurring to the RNA after addition
of the compounds. | chose to use a condition of 100 mM KCl in Tris buffer to monitor the
interaction of the compounds with the Q2 G4. Although this condition is favourable for
dimerization of the G4, it also reduces the population of duplex structures which may also
exist at the lower salt concentrations which could contribute to the shape of the ICD signal of
the ligand. Additionally, as some of these compounds exhibit a positive charge due to the
presence of a tertiary amine tail, conducting the experiments in a high ionic strength buffer
would be necessary to eliminate any non-specific electrostatic interactions the compounds

make with the RNA. Therefore, to monitor only the G4 interactions, | used this condition.

Shown below are the induced CD spectrums obtained after 10 equivalents of each of the
compounds to both Q2 (figure 4.43 A-D) and the AG4 (figure 4.43 E-H) RNAs. As described
earlier, with GQC-05, we see changes to the structure of Q2 (shown by a decrease in the
intensity of the CD spectrum in the 220-290nm range) as well as a negative ICD at 320 nm as
expected in these conditions (figure 4.43 A). However, compounds EC01072, ATS-71, and
EC01127 did not display any ICD signals upon addition to Q2, and the CD spectrum of the RNA
is almost overlapping, suggesting that these compounds may not be able to interact with Q2
and do not elicit a conformational change to the Q2 RNA (figures 4.43 B-D). With the AG4
RNA, GQC-05 resulted in substantial remodelling of the RNA and showed a positive ICD as
described earlier (figure 4.43 E). This is consistent with the fluorescence binding assays which
showed binding to both the Q2 and AG4 RNA in the absence of nuclear extract. With the
compound derivatives, the shape of the CD spectrum corresponding to the RNA display less

overlaps unlike the Q2 RNA after addition of the compounds, suggesting a greater level of
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structural remodelling of the AG4 mutant RNA (figure 4.43 F-H). A positive ICD can also be
seen with compound EC01127, suggesting a non-G4 interaction, but this is much smaller than
GQC-05. However, as the ICD is rather qualitative, and the fact that binding titrations by ICD
could not be conducted due to limitations in compound solubility, other more quantitative
techniques will be required to determine detailed biophysical parameters (such as affinity
constants).

In summary, the absence of an ICD with the GQC-05 derivatives as well as an inability to re-
model the structure of Q2 suggests that the interaction with the Q2 G4 is necessary to achieve
activation of the Xs 5’ss, in which only GQC-05 succeeded. The presence of the nitrogen on
the D-ring as well as the methyl groups on the C-ring of GQC-05 may provide additional
contacts with the Q2 G4, enabling it to bind with a high enough affinity to remodel the RNA

and achieve splice site activation.
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Figure 4.43 Induced CD spectrums of GQC-05 and its analogues.
ICD signatures of each compound on Q2 RNA (A-D) and the AG4 RNA (E-H) All experiments were conducted in

20 uM RNA, 10 mM Tris pH 7.0, 100 mM KClI.
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4.4.3 Thermal melting of Bcl-x Q2 and AG4 RNA in the presence of GQC-05

To examine the effect of GQC-05 on the overall stability of the Q2 and the AG4 RNAs, we
conducted CD melting experiments in the presence of 10 mM KClI (figures 4.44 A and B). For
the WT Q2 RNA we observed a 14°C increase in the melting temperature (from 57 to 71°C).
We also noticed a similar level of increase (18 °C) in the AG4 RNA (from 38 to 56°C). This
confirms that both RNAs are structured, which is consistent with our NMR data (figure 3.41),
and that GQC-05 is able to interact with both quadruplex and duplex forming sequences,
which is consistent with our fluorescence binding data (figure 4.23), and suggests that GQC-
05 stabilises both structures. However, as Q2 in 10 mM KCl most probably adopts a mixture
of G4 and duplex structures, it is difficult to conclude if the increase in melting temperature
is caused by duplex or quadruplex stabilisation, as both duplex and parallel G4s display similar
CD signatures. Therefore, to distinguish the effects of GQC-05 on quadruplex or duplex

structures, we used NMR spectroscopy.
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Figure 4.44 CD thermal melts in the presence of GQC-05.

(A and B) CD melt in the presence of 10 mM TBA phosphate pH 7.0 and 10 mM KCl in the presence
(red) and absence (blue) of GQC-05 with the wild type Q2 (A) and the AG4 mutant (B) RNAs.
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4.5 NMR spectroscopy to determine the structural specificity of GQC-05

Unlike CD spectroscopy, NMR can be used to distinguish between duplex and quadruplex
structures as they give rise to imino peaks in distinct regions in the NMR spectrum (see
chapter 3). Therefore, we aim to use this technique to identify the structural specificity of

GQC-05 recognition of the Q2 region.

4.5.1 1D NMR titrations with GQC-05 and RNAs

The NMR spectrum of Q2 in the absence of salt suggests that the RNA adopts a mixture of
both G4 and duplex structures, implying the presence of two populations in these conditions
(figure 3.53 B). We proceeded with NMR titrations of Q2 with increasing amounts of GQC-05
to determine its effect on each of the structures (figure 4.51 A). Addition of GQC-05 resulted
in a decrease of the imino peaks corresponding to a duplex (13-15ppm), but showed an
increase in the peaks corresponding to the G4 (10-12ppm) in a dose dependant manner. This
suggests that GQC-05 can elicit a conformational change of Q2 shifting the equilibrium from
the duplex population towards the stabilization of a G4 structure. This also suggests that the
band observed in the native gel at 4 equivalents of GQC-05 (figure 4.31), in which we
concluded a folded more compact formation of the RNA, could be because of a G4 species
being induced as a result of GQC-05 addition. We also conducted a similar experiment with
the AG4 RNA (figure 4.51 B), where we noticed a reduction of the signals at 3 equivalents of
GQC-05, particularly those between 12-14 ppm in the Watson-Crick region. In the Hoogsteen
region, there were small changes, though this was not as distinct as with the Q2 RNA.
Nonetheless, we cannot exclude the possibility of an induced G4 in the AG4 RNA in the
presence of GQC-05. The reduction seen the duplex region could suggest that the binding of
GQC-05is resulting in unfolding of the duplex RNA, or that the binding event is altering solvent
exchange. The second possibility seems more plausible because we previously observed an
increase in the stability of the AG4 RNA in the presence of GQC-05 (figure 4.44 B), indicating
that the unfolding mechanism is unlikely. This observation however leads to another
hypothesis observed with the Q2 RNA, in that instead of shifting the equilibrium from a duplex
towards a G4, GQC-05 may actually be binding (and stabilising) both structures (duplex and
qguadruplex), and that binding to the duplex population results in peak disappearance

whereas binding to the G4 results in chemical shift changes and peak intensity increase.

156



Therefore, to answer the question of the preferred structural selectivity of GQC-05 (duplex or
quadruplex), we used NMR kinetics to investigate the rate of duplex and quadruplex

formation in the presence and absence of GQC-05.

A Watson-Crick duplex Hoogsteen base pairs

\

100 M Q2 [ Y |

/ \ \
s NS/ WY o~ AVAVAN A &

N \n A \~/

1 equiv GQC-05

2 equiv GQC-05

3 equiv GQC-05

N e ~ N

15 10
(*H ppm)

B Watson-Crick duplex Hoogsteen base pairs

\ \
{ | \

100 uM A G4

3 equ
' ' ' ' 10
14 (*H ppm)

Figure 4.51 NMR titrations with GQC-05 on Q2 and AG4 RNA.

(A) Titration up to 3 equivalents of GQC-05 on Q2 RNA. (B) With 3 equivalents of GQC-05 on the AG4
RNA. *H NMR (600 MHz, 10°C) in 10 mM Tris pH 7.0 for (A), and 100 mM KCl addition in (B).
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4.5.2 Complement trapping to determine structural selectivity of GQC-05

To determine if GQC-05 can preferentially stabilise duplex or G4 structures, we performed a
previously described complement trapping NMR kinetic experiments, shown by the scheme
depicted in figure 4.52 A (Gray et al., 2019). Here, we started with the Q2 sequence annealed
in 8 mM KClI (see section 2.1.2 on the annealing method), which we showed to preferentially
fold into a monomeric G4 by giving rise to imino peaks in the 10-12ppm region (figure 3.53
and figure 4.52 B). This was followed by addition of the Q2 complementary strand sequence
(at equimolar concentration to Q2), which is able to anneal and form Watson-Crick base
pairings with Q2, outcompeting the Hoogsteen base pairs that were initially present in the Q2
G4. Over time, the G4 would be out-competed by the duplex, which can be observed in 1D
NMR spectra over time by the disappearance of the G4 signals (10-12 ppm) and the
appearance of Watson-Crick imino peaks (12-15 ppm). By comparing the rate at which the
duplex forms (or the G4 disappears) in the presence and absence of GQC-05, we can
determine if GQC-05 has preferential stability for a particular structure

The experiment was performed on Q2 RNA either in the absence or in the presence of 4
equivalents of GQC-05. At t=0, we see an envelope of peaks in the 10-12 ppm, despite our
previous NMR and native PAGE analysis indicating predominant monomeric conformations
(figures 4.52 B and 3.53). Firstly, one possibility is that the NMR KCl titrations conducted in
figure 3.53 B were done on an RNA already pre-annealed in the absence of KCI, in which KCI
was then added directly on top of that pre-annealed sample before recording the spectrum.
In this case however, we have annealed the RNA in 8 mM KCl before recording the spectrum
at t=0, which may favour the formation of higher order G4 structures. Secondly, the
differences observed between the NMR spectrum and the native PAGE (in figure 3.53 A) is
likely to arise as a result of the RNA concentration, as a 10-fold higher concentration of RNA
is used in NMR than on a native PAGE (100 uM as compared to 10 uM on the native PAGE),
which will tend to favour multimerization of the RNA. Additionally, NMR is more sensitive in
detecting multimeric conformations than a native PAGE stained with toluidine blue. However,
we proceeded in these conditions as we are interested in monitoring the structural specificity
of GQC-05 for G4 over duplex structures, and at 8 mM KCl, there is likely a predominant G4
conformation based on our previous analysis. After addition of the complementary strand,

both in the absence and presence of GQC-05, we observe in a time-dependent manner the
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expected appearance of the duplex and the disappearance of the G4 imino proton signals,
indicating the formation of Watson-Crick base-pairings to the complementary strand over
time. Because we measured spectra every 160 seconds over a period of 72 hours, we can

compare the rate of quadruplex-duplex exchange in the absence or presence of GQC-05.
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Figure 4.52 Complement trapping theory and 1D NMR kinetics.

(A) Scheme showing the experimental design of the NMR experiment, with the Q2 G4 strand in black
and its complementary strand in purple. (B) *H NMR spectrum at certain time points after the addition
of the complementary strand in the absence and presence of 4 equivalents of GQC-05. Experiments
were carried out using 100 uM RNAs at 283 K in 8 mM KCl, 10 mM Tris pH 7.0.
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The differences in rate of formation and disappearance of the duplex and G4 peaks can be
clearly visualised using a pseudo 2D trace (shown in figure 4.53) that displays the peak
intensities across the imino regions (10-15 ppm) as a function of time (in the y direction).
Analysis of the G4 trace shows that the peaks disappear more rapidly in the absence of GQC-
05 (blue) than in the presence of GQC-05 (red). The reverse is observed for the duplex region,
where the appearance of Watson-Crick pairing appears almost instantly in the absence of

GQC-05 (blue), but much later in the presence of GQC-05 (red).
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Figure 4.53 Pseudo 2D traces in the absence and presence of GQC-05.

Pseudo 2D traces showing the peak intensities across the imino region as a function of time in the y
direction in the absence (blue) and presence (red) of GQC-05. Zoomed in on the right and left hand
panels are the peaks corresponding to the G4 and duplex regions respectively. Experiments were
carried out using 100 pM RNAs at 283 Kin 8 mM KCI, 10 mM Tris pH 7.0.
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We next plotted the integrals of the peaks in the 13-15 ppm region as a function of time to
obtain the rates of duplex formation using first order kinetics (figure 4.54). The estimated
half-time (t1/2) of duplex formation in the absence of GQC-05 is 1.4 hours, whereas it is >18
hours in the presence of GQC-05. These data clearly indicate that GQC-05 can bind and

selectively stabilise the Q2 G-quadruplex structure over the duplex.

1.09 [ k=0.4835n"
_ t,, = 1434 h
5
9 0.8 -
c
= - = Duplex
g t,,=18.11h
S
o
< 04

0 10 20 30 40 50
Time / hr

Figure 4.54 Rate curves showing duplex formation in the absence and presence of GQC-05.

Rate curves fitted to a first order reaction, showing the rate of duplex formation (based on peak
integrals in the duplex region) as a function of time (data was analysed using dynamic centre on
Topspin).
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4.6 Discussion

In this chapter we have combined CD, fluorescence and NMR to demonstrate that GQC-05
can bind to both the Q2 and AG4 RNA and with uM affinities, suggesting that it may lack the
specificity for G4 structures, very much contrary to what was described previously in the
literature (Brown et al., 2011). However, as AG4 still displayed Hoogsteen hydrogen bonds,
we cannot exclude the possibility that GQC-05 may be binding to a residual G4 in this
sequence, or that it may be inducing the formation of one. Binding assays with better
characterised duplex structures will need to be tested to confirm if GQC-05 lacks G4
specificity. Very interestingly, in the presence of a nuclear extract which contains multiple
RNA binding proteins, the binding of GQC-05 to Q2 was retained, whilst the binding decreased
with the mutant Q2.2 and was abolished with the AG4 RNA (figure 4.24 A-C). Earlier
experimentation suggested that this is indeed a structural rather than sequence specific
interaction of GQC-05 with G4 structures, since the G4 in Q2 is present even in the presence
of nuclear extract (figures 3.36 — 3.38). This observation is now consistent with our splicing
assays, in that altering the G4 in Q2 has the ability to disrupt the GQC-05 interaction with the
RNA, which may prevent the formation of a G4 induced by GQC-05 and hence reducing its
ability to activate the Xs 5’ss. The exact mechanism by which the nuclear extract is synergising
with GQC-05 to achieve its structural specificity remains to be explored. An avenue worth
exploring is the cooperativity that may exist between GQC-05 and hnRNP F/H. Similar to GQC-
05, hnRNP F/H was shown to interact with Q2 and maintaining it in a single stranded
conformation (Dominguez et al., 2010). The possibility of cooperativity that may exist
between GQC-05 and hnRNP F/H cannot be excluded, especially considering that the mutant
RNAs, particularly AG4, also lacks the hnRNP F/H binding site.

Further evidence suggesting that the GQC-05/G4 interaction in Q2 is necessary for Xs splice
site activation came from our SAR analysis of the GQC-05 derivatives. These derivatives did
not show any effect in the alternative splicing of Bcl-x, unlike GQC-05. Our induced CD results
demonstrate that these compounds do not interact with the Q2 RNA in contrast to GQC-05
and show substantially less re-modelling of the RNA. This suggests that the inactivity of these
compounds in Bcl-x splicing assays are due to their inability to bind the Q2 region.

Knowing that GQC-05 can remodel the RNA in such a way that may influence splice site

selection, we wanted to see if the binding can indeed bias a G4 structure in Q2 over a duplex.
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We showed here by NMR spectroscopy that GQC-05 can kinetically slow down the rate of
duplex formation in Q2 and cause G4 structures to persist for much longer periods of time
than in the absence of the ligand. This observation is particularly important when we consider
the proposed mechanism of action of GQC-05 in activating the upstream site (figure 4.61).
Based on previous findings in our lab, we proposed a mechanism by which the poor usage of
the Xs 5’ss in the absence of a ligand is due to the formation of a stem-loop that prevents it
to bind the U1 snRNP spliceosome component (figure 4.61) (Weldon et al., 2018). However,
the hypothesis was that upon addition of the G4 stabilising ligand GQC-05, the G4 in the Q2
region will be stabilised, inducing a destabilisation of the stem-loop and therefore increasing
the accessibility of the Xs splice site to U1 snRNP. Therefore, this equilibrium that may exist
between the duplex and the quadruplex is something we wanted to explore by NMR, and the
NMR experiment described here supports the hypothesis of a G4 stabilisation in expense of
the duplex.

In conclusion, by collectively taking all of the experiments described in this chapter, we have
obtained growing evidence to show that the presence of a Q2 G4 induced by GQC-05 is
necessary to achieve splice site activation. However, it is important to note that under all of
the conditions described in chapters 3 and 4, we have characterised the structure of the Q2
G4 and assayed for GQC-05 binding with the Q2 RNA in isolation, and not when in context of
longer more relevant RNAs for which it is imbedded into. This is particularly essential as the
Q2 G4 will exhibit much more competition with other secondary structures in the longer RNAs
than shorter ones, where more stable duplex structures may out compete the G4, even in the
presence of GQC-05, meaning that the in vitro characterisation conducted with the RNA in
isolation may be biologically irrelevant. Therefore, in the next chapter, we aim to address if
the Q2 G4 can still form when imbedded in the longer Xs domain and how GQC-05 may engage

and remodel this longer RNA to achieve splice site selection.
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Figure 4.61 Schematic showing proposed mechanism of GQC-05 at the Xs 5’ss.

The proposed structural changes near the Q2 region before (top panel) and after (bottom panel) the
addition of GQC-05. Before GQC-05, the Xs 5’ss (green) is inaccessible to the U1 snRNP. Following
GQC-05 addition, a G4 is stabilised in Q2 (magenta), destabilising the stem (black), making the Xs 5’ss
accessible to the U1 snRNP.
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CHAPTER 5: Structural characterisation and binding specificity of
GQC-05 for longer RNAs surrounding the Q2 region
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5.1 Introduction

In the previous two chapters, we have shown that the G-rich region termed Q2 when studied
in isolation is able to fold into a quadruplex and that GQC-05 can bind this structure in the
presence of a nuclear extract. We also showed that binding of GQC-05 can shift the
equilibrium from a duplex towards a G4 structure, giving an insight into its putative
mechanism of action. A major advantage of studying shorter regions of RNA in isolation is
that it makes biophysical characterisation considerably easier, as techniques such as NMR are
limited in the size of the macromolecule that is under investigation. Furthermore, longer
RNAs are significantly more heterogeneous, giving rise to multiple species in solution which
often lead to difficult and ambiguous interpretation of structural and biophysical data.
However, the major disadvantage of studying short RNA regions is the physiological relevance
of the biophysical observations, as longer RNAs have much more structural diversity, meaning
that a structure formed in isolation may be not be as favourable when imbedded in its
physiological sequence, where a different structure(s) may predominate. Therefore, in this
chapter we aim to address this issue, in order to understand the physiological relevance of
the observations made in chapters 3 and 4 when contextualising Q2 in longer more

physiologically relevant RNAs.

5.2 Rationale behind the design of each of the larger Bcl-x constructs

In order to characterise the structure and binding specificity of GQC-05 in larger RNAs, we
designed various fragments of Bclx-681 which surround the Q2 region (figure 5.21 A and
appendix figure 7.2). The first of the fragments is the Xs domain which covers nucleotide
positions 38-206 of Bclx-681 (highlighted in blue and yellow in figures 5.21 A and B) and is the
longest RNA used in this study. Previous foot-printing analysis suggested that this fragment
consists of a large stem, with the Xs 5’ss shown at the apex of this structure. A smaller stem
covering positions 62-111 (highlighted in yellow in figures 5.21 A and B) was shown to branch
off this larger stem structure. Additionally, this particular domain also consists of both the Q1
and Q2 G-tracts, both of which contain the sequence requirements to fold into a G4 as
described previously. The second construct, SD 38-61 + 112-208 in figure 5.21 B (know termed

as SD), is similar to the Xs domain, but contains a deletion of the smaller stem loop at positions
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62-111 (highlighted in yellow in figures 5.21 A and B), enabling us to examine the role of this
structure in the GQC-05 interaction. The third and fourth constructs (Q2 and 2.2 150-206)
consists of the nucleotides immediately downstream of the Xs 5’ss (which stops just before
the start of Q3) and contains the G-tracts belonging to Q2 but not Q1. We also made a mutant
version of this construct (Q2.2 150-206), which has the third run of G-tracts within Q2
disrupted by changing a GG to UU, thereby abolishing the canonical sequence of a G4 (though
a G4 may have the potential to from as seen in chapter 4). The final construct (Q1 38-151)
contains the nucleotides upstream of the Xs 5’ss, consisting of the smaller stem and the G-
tracts of Q1 but not Q2. It is important to note that the respective structures of each of these
domains will not necessarily be as depicted in figure 5.21 B, since these are the structures
that were observed when part of Bcl-x 681 (Weldon et al., 2017). Rather, these are to
illustrate which fragments, and hence sequence (shown in appendix table 7.2), of the full
length RNA we are isolating for our biophysical analysis. Collectively, these constructs will
help us identify the regions within the Xs domain that are necessary for G4 formation as well
as the structural and sequence specific requirements for the GQC-05 interaction. As these
RNAs are considerably longer than those studied in chapters 3 and 4, purchasing them
commercially by chemical synthesis can be very expensive, particularly considering the
guantities needed for biophysical studies. Therefore, we proceeded to synthesise these RNAs
by T7 polymerase in vitro transcription, which requires the use of a DNA template and an RNA

polymerase.
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Xs (38-206) SD (38-61+112-206)

XS splice site

Q1 (38-151)

Q2.2 (150-206) Xg splice site ro

Figure 5.21 Larger Bcl-x constructs around the Q2 region generated for G4 characterization and GQC-05
binding.

(A) Bclx-681 predicted RNA structure, which the Xs domain region highlighted in blue and yellow. (B)
Structures of the domains shown here are taken from the predicted structure of the larger Bclx-681

RNA (shown in A). The name of each construct is shown above each domain, with the numberings
according to Bcl-x-681.
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5.3 Generating template DNA for transcription of the longer fragments of
Bcl-x

To generate large quantities of the RNA constructs described above, we exploited the highly
processive properties of the bacteriophage T7 RNA polymerase (T7 RNAP), which was
originally isolated in the late 60s following viral infection in E.coli cells (Chamberlin et al.,
1970). This enzyme is approximately 100 kDa and only consists of a single polypeptide chain
with four domains. Similar to the eukaryotic system, transcription by T7 RNAP occurs through
3 stages: initiation, elongation and termination. During the initiation phase, the promotor
binding domain of T7 RNAP recognises and binds to the major groove of the promotor in the
region -17 to -6 in a highly specific manner, resulting in the formation of the ‘closed’ complex
(Li et al., 1996). The ‘open’ complex then occurs as a result of conformational changes
occurring to the DNA after T7 binding, resulting in the template strand to enter the enzyme
active site which is coordinated by a magnesium ion. This results in a transcription bubble
occurring between positions -6 to +6, hence the term ‘opened state’ and is often referred to
as promotor melting, which is where the initiation of transcription begins (Li et al., 1996).
Before entering the elongation phase, the T7 RNAP synthesises short stretches of RNA before
falling off and restarting the initiation phase, resulting in the formation of small RNA abortive
products. After the polymerisation of approximately 9-12 RNA nucleotides, the elongating
RNA interacts with the N-terminal domain of the T7 RNAP, resulting in a conformational
change to the T7 enzyme causing it to enter the elongation phase (lkeda and Richardson,
1987; Muller et al., 1988). The T7 RNAP then moves along the template strand in a 5’ to 3’
direction, synthesising the full-length RNA. Termination of transcription often occurs due to
the formation of an RNA stem loop on the elongating RNA, thereby reducing the affinity of
the T7 RNAP for the double stranded DNA, causing it to dissociate (figure 5.31) (Severinov,
2001). Alternatively, transcription may be terminated through cleavage of the DNA template,
which is often known as ‘run off transcription (Severinov, 2001). One major advantage of
using the T7 RNAP system is that it has a highly efficient elongation rate of around 230 nt/s,
in contrast to bacterial polymerases, such as E-coli, which has an elongation rate of just over
10 nt/s (Kochetkov et al., 1998; Wang et al., 1998). Secondly, as the enzyme only consists of

a single polypeptide chain, it is significantly easier to express and purify in E.coli than other
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RNAPs which contain multiple polypeptides, making it an attractive tool for the efficient

synthesise of large quantities of RNAs.
A B C
Nf
L—) S
i Q J -

transcription initiation transcription elongation transcription termination
(unstable ternary complex) (stable ternary complex) (unstable ternary complex)

Figure 5.31 Stages in T7 RNAP transcription.

(A) The initiation complex in the opened conformation, showing production of small abortive RNA
products (red). (B) Showing transcription elongation, in which the elongating RNA contacts the T7
RNAP, forming a stable ternary complex. (C) Transcription termination caused by the formation of
an RNA hairpin in the elongating transcript (Severinov, 2001).

To synthesise the RNA fragments described above, we designed the constructs in a way that
would enable the efficient initiation, elongation and termination of the transcription in order
to give us high yields of RNA (figure 5.32).

The first stage was to generate large quantities of each of the template DNAs by inserting the
template DNA into a plasmid vector to enable the exponential increase in plasmid DNA vyields,
allowing large supply of the DNA template for large scale transcriptions. The construct we
inserted contained the following: a consensus T7 RNAP promotor sequence spanning
positions -17 to -1; the desired Bcl-x fragments described in section 5.1; a Bsal restriction
enzyme site for plasmid linearisation and a T7 terminator sequence (figure 5.32 A). The
rationale behind each of these components is discussed below.

As described previously, the T7 RNAP promotor sequence is necessary for the interaction of
the enzyme to the DNA template. However, despite the promotor sequence between -17 and
-1 not being part of the final RNA transcript, positions +1 (the transcription start site) to +6
(which are incorporated in the final RNA transcript) have been shown to have specific
sequence requirements to enable efficient RNA production by T7, as these nucleotides are
involved in the initiation of transcription (through formation of the transcription bubble
described earlier). Using different DNA starting sequences, a study conducted in the late 80s
showed that the best sequence between positions +1 and +6 for generating the highest yield
of RNA is GGGATC, with the initial GGG being the most critical component for high yields
(Milligan et al., 1987). However, the G-rich nature of this sequence poses a big problem when

trying to characterise G4s in these larger transcripts, as the introduction of G-rich artificial
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nucleotides at positions +1 to +6 have the potential to generate false positive G4s that would
otherwise not be present in the naturally occurring RNA sequence. Therefore, we opted for a
different RNA starting sequence containing the nucleotides GAGACT, which results in
approximately 50% reduction in RNA vyields compared to the optimum sequence, but
eliminates the G-tracts thereby minimising the risk of false positive G4 formations. At position
+7, the desired Bcl-x sequence is placed. Downstream of the Bcl-x sequence is a Bsal
restriction enzyme site, allowing linearization of the plasmid to enable run off transcription
for termination. The advantage of using Bsal compared to other restriction enzymes is that
it is able to cleave 5 nt upstream of its recognition sequence, meaning that the nucleotides
involved in the restriction site itself are no longer part of the DNA template once cleaved with
Bsal, reducing further incorporation of artificial nucleotides into the final RNA transcript.
Downstream of the Bsal restriction site we placed a T7 terminator sequence (which forms a
stable stem loop upon transcription, terminating elongation), to ensure that transcription
comes to a halt even if any undigested plasmid DNA remains, thereby preventing the
transcription of the entire 3 kb plasmid DNA. This construct with all the described elements
was then inserted into the plasmid pEX-A28 by Eurofins (see appendix 7.1), which we
amplified in E-coli bacterial cells and proceeded with the digestion and linearisation by Bsal.
To ensure complete digestion of the plasmid DNA by Bsal, we used agarose gel
electrophoresis to look at the observed banding pattern of the plasmid before and after
digestion. Figure 5.32 B shows a Bsal time-course digestion of the cloned plasmid. The
plasmid pEX-A128 does not contain an endogenous Bsal restriction site, therefore the cloned
plasmid will only have a single Bsal site coming from the insert, resulting in a single point of
cleavage, generating a distinct linear fragment. Undigested plasmid normally runs with 3
banding patterns which correspond to the nicked, linear and supercoiled conformations (from
the lowest to the highest migration speeds respectively). Following digestion with Bsal, the
plasmid loses it’s supercoil and becomes linear, with a small portion initially being nicked
before becoming linear. Between 1-2 hrs after digestion, the proportion of supercoiled
plasmid decreases, with a marked increase in the linear and nicked fragments. Between 2-4
hrs, there is a further reduction in the supercoiled plasmid and a further increase in the linear
fragments, but also a reduction in the proportion of the nicked conformation, suggesting that
Bsal is converting the nicked into the linear conformer at these more extensive time periods.

After 12 hrs of digestion, almost 100% of the plasmid DNA is in the linear conformation,
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indicating near complete digestion, which can now be used in transcription. The long time
period of Bsal digestion may reflect in its unique ability in cleaving 5 nt upstream of its

recognition sequence, which could reduce its overall efficiency.

Insert design

| T7 promotor | Desired Bcl-x fragment Bsal T7 terminator

Insert cloned into a
plasmid by Eurofins

pEX-A128

Bsal

Bsal

T7 Promotor  Bcl-x fragment
I

—>

Transcription

Hours after digestion

Nicked
Linear

Supercoiled

Figure 5.32 Scheme in generating the larger Bcl-x DNA templates.

(A) Schematic showing the steps involved in generating the Bcl-x constructs from fragment design
to Bsal linearization of the plasmid. (B) Time course of Bsal digestions carried out on the plasmid
with the undigested (U) sample used as a control. Plasmids were run on a 1% agarose gel , 90 V
and stained with EtBr (1:1000).
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5.4 Transcription and purification of the large RNAs
5.4.1 In vitro transcriptions of the large Bcl-x RNAs

Following the successful digestion with Bsal, we proceeded with transcription optimisation,
by conducting small scale (20 uL) reactions, in which we individually and sequentially varied
the concentrations of each of the following components in the transcription reaction: MgCl,
DNA template, NTPs and T7 RNAP. Following incubation for 2 hours, we determined the best
concentration for each component through denaturing PAGE analysis. After identifying the
best concentration for one single component, we kept it constant and optimised the next
component, until all reagents were optimised. Figure and tables 5.41 and 5.42 show the
transcription optimisation gels and conditions for the Q2 150-206 and the Xs 38-206
constructs, both of which are at the extremes in terms of their relative sizes used in this study,
with Q2 150-206 being the smallest and Xs 38-206 being the largest construct. Due to the size
differences between these constructs, | optimised both of these separately, as the optimum
concentrations of each of the components, such as the NTPs, may vary (larger fragments may
require a greater concentration of NTPs). Interestingly, despite the 112 nt difference between
the two constructs, the condition optimisation follow a remarkably similar pattern. In both
cases, with increasing MgCl, concentrations, there was a dose dependant reduction in the
RNA yield, with the lowest concentration of 40 mM being optimum in this test (though lower
concentrations may be more optimum but were not assayed). Despite magnesium being an
essential cofactor for T7 RNAP, one possible explanation for the reduction in RNA yield is that
higher concentrations of MgCl; is stabilising secondary structures in the DNA template or the
elongating RNA, thereby reducing the ability of T7 RNAP to bind and elongate the DNA.
Another explanation could be due to magnesium dependant hydrolysis of the RNA which can
occur at the higher concentrations of magnesium. This has been reported to be the cause of
the reduce vyield in a recent paper, where they observed degradation of the RNA at
concentrations of MgCl, above 45 mM (Kanwal et al., 2018). Additionally, increasing the ionic
strength may reduce protein — DNA interactions, resulting in reduced transcription by T7
RNAP. For both fragments, the opposite pattern was observed with the DNA template
concentration, where increasing the concentration from 2.5 - 30 ng/uL resulted in a dose
dependant increase in the RNA yield. With the NTPs, a plateau was reached at 3.1 mM, in

which no further increase was seen in the RNA vyield above this concentration, and
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interestingly, despite the differences in the sizes of these two constructs, the optimum
concentration of the NTPs remained the same. The T7 RNAP concentration did not have much
effect in altering the RNA yields, with the lowest concentration of 1.7 uM being the optimum
in both cases. However, with construct Q2 150-206, there does seem to be a slight reduction
of the RNA yield at the higher T7 RNAP concentrations. In conclusion, despite the 112 nt
discrepancy in the size of the smallest and largest fragment, the optimal conditions for the
transcription reaction remained similar. As the remining two constructs (SD and Q1) have
intermediate sizes, | decided to use the same conditions obtained with the Xs and Q2 150-
206 fragments. After having identified the optimum condition for both fragments, we then

upscaled the reaction to 1 mL and proceeded with HPLC purification optimisations.
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Figure 5.41 Transcription optimization gels for the Q2 150-206 fragment.

Optimised for (A) MgCl,, (B) DNA, (C) NTPs and (D) T7 RNAP concentrations. Samples were run on an 8%
denaturing PAGE gel at 180 V and stained with toluidine blue.

Reagent Gel A |Gel B | Gel C | Gel D | Optimised condition
[MgCl,] / um Varied | 40 40 40 40
[DNA] ng/uL 20 Varied |30 30 30
[NTP] / mM 2.5 2.5 Varied | 3.1 3.1
[T7 RNAP] /uM | 8.5 8.5 8.5 Varied |1.7
Table 5.41

Concentrations of each reagent used in the four different gels and the final optimised
condition.
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Figure 5.42 Transcription optimization gels for the Xs 38-206 fragment.

Optimised for (A) MgCl,, (B) DNA, (C) NTPs and (D) T7 RNAP concentrations. Samples were run on an 8%
denaturing PAGE gel at 180 V and stained with toluidine blue.

Reagent Gel A |GelB |Gel C | Gel D | Optimised condition
[MgCl] / pM Varied | 40 40 40 40
[DNA] ng/uL 30 Varied |30 30 30
[NTP] / mM 3.1 3.1 Varied | 3.1 3.1
[T7 RNAP] / uM | 1.7 1.7 1.7 Varied | 1.7
Table 5.42

Concentrations of each reagent used in the four different gels and the final optimised
condition.
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5.4.2 HPLC purifications of the 150-206 Bcl-x RNAs

The large-scale transcription reactions were purified by HPLC using denaturing anion
exchange chromatography. The column we used consists of a resin made from diethylamino
ethanol (DEAE) cellulose, enabling negatively charged species to be retained on the column
and be eluted out using an ionic strength gradient. This has been used previously as an
efficient technique to sperate out components of the transcription reaction, with the smaller
NTPs and uncharged species having a relatively lower retention time than the prematurely
terminated RNA products and the full length RNA (Zlobina et al., 2016). By using a gradient of
chloride ions (in the form of NaClO4), we can separate out the different components of the
transcription mixture as a function of their charge (which is proportional to their size in the
case of nucleic acids), enabling us to purify the RNA of interest from the polymerase and the
premature termination product contaminants. Therefore, in order to successfully identify
every component in the transcription mix chromatogram, we performed small 20 uL single
component injections of each reagent used in the transcription reaction on the analytical
anion exchange column (figure 5.43).

Figure 5.43 A shows the chromatogram for the digested plasmid DNA template (at 30 ng/puL)
containing the Q2 150-206 fragment run at 1 mL/min. At approximately 5 mins (which
corresponds to 1 column volume) a large peak is observed, followed by another smaller peak
at around 40 minutes. The larger peak eluted at 5 minutes is likely coming from the Bsal
restriction enzyme following plasmid digestion, and the latter smaller peak is the linearised
plasmid DNA. With the T7 RNAP injection (figure 5.43 B), a large peak is observed at 5 minutes
which is consistent with the T7 RNAP protein being uncharged relative to nucleic acids.
Similarly, the NTP mix also gave rise to a large peak at 1 column volume (figure 5.43 C). Despite
being negatively charged, they are small enough to behave as an uncharged species (due to
fewer phosphate groups compared with longer nucleic acid sequences) and therefore have a
comparably low retention time. Next, we wanted to identify the retention time of the RNA,
and we tested this by running the HPLC of the transcription mix before and after incubation
at 37°C (figures 5.43 D and E). Before incubation, the transcription mix gave rise to a large
peak at 1-2 column volumes (at approximately 5-10 minutes), which corresponds to each of
the transcription components (DNA template, T7 RNAP and the NTP mix) (figure 5.43 D).

Following an incubation period of 4 hours, we observed a more than 50% reduction in the
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peak at 1-2 column volumes, and the appearance of peaks at later retention times, with a
major peak around 37 minutes (figure 5.43 E). Based on the transcription gels shown in figures
5.41 and 5.42, we could unambiguously assign this major peak as the fully-transcribed RNA.
This observation is also consistent with the reduction of the peak seen at 1-2 column volumes
after the 4 hour incubation, as during the transcription reaction, free NTP concentration
reduces. However, with the gradients used in this protocol, the DNA template and the RNA
have very similar retention times, which runs the risk of potential co-purification when
upscaling to larger volumes where the resolution may be lower. Therefore, in all subsequent
purifications, the samples were pre-treated with DNase-I for 30 minutes before loading onto
the HPLC, such that the plasmid DNA is hydrolysed into its dNTP constituents. A major
advantage of using an anion exchange over a size exclusion chromatography (SEC) column is
that we can perform the experiments at high temperatures, which allows denaturing
conditions without the use of urea. Figure 5.43 F shows a chromatogram of a transcription
mixture run at 20°C as opposed to 80°C in figure 5.43 E. From this chromatogram, there is not
a distinct peak corresponding to the RNA transcript (as in figure 5.43 E), making it difficult to
identify the major RNA product. This is consistent with the fact that at these lower
temperatures, the RNA (as well as the premature termination products) can adopt multiple
different conformations, giving rise to an array of different retention times depending on the
shape of the RNA, making it difficult to distinguish between the RNA product and the smaller
premature termination product fragments. Therefore, denaturing conditions are essential for
the successful purification of the major RNA transcript from the transcription mixture. Having
successfully identified the RNA product for fragments Q2 150-206, we proceeded with a large-
scale purification (0.5 mL injections) of both the Q2 and Q2.2 150-206 fragments, with their
respective chromatograms (figures 5.43 G and H). Interestingly, the retention time of the RNA
is approximately 5 minutes earlier as compared to the smaller scale purification. The lower
retention time is likely to be the result of a reduction of the number of binding sites for the
RNA to the column resin, as there is now more material which will compete with the RNA for
binding, hence molecules are displaced sooner, but their relative positions on the

chromatogram remain constant.
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Figure 5.43 Analytical anion exchange chromatography purification optimisation on Q2 150-206.

(A-C) Single component injections of each transcription reagent, (A) DNA template, (B) T7 RNA
polymerase (T7 RNAP) and (C) NTP mix. (D-F) Injection of the transcription mix before incubation (D),
after 4hrs incubation (E), and after 4hrs with the column at 20°C (F). (G-H) Preparative scale purification
of: Q2 150-206 (G) and Q2.2 150-206 (H) RNAs. All experiments were carried out in 12.5 mM Tris HCI
pH 7.4 with a gradient of 1 M NaClO4 up to 50%, flow rate of 1 mL/min with a pre-heated analytical
DNA pac PA-100 column at 80°C (except for figure F in which the column was at 20°C). Scales on panels
A-H are different due to the vast differences in concentrations between each of the components, but
the relevant peaks are labelled for cross reference.
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5.4.3 HPLC purifications of Xs Q1 and SD Bcl-x RNAs

In a similar approach to the transcription optimisation gels described above, we next
investigated how the largest construct (Xs 38-206) would behave on ion exchange
chromatography, as this is significantly larger and heterogeneous than the shorter 150-206
constructs. Figure 5.44 A shows the chromatogram of the Xs domain with the same gradient
used for the purification of the 150-206 constructs. The run-off RNA peak is clearly
distinguishable from the prematurely terminated RNA products. However, as these RNAs are
larger in size, and with the consideration that we are using a preparative flow rate with these
constructs at 3mL/min, waiting approximately 50 minutes for the RNA to elute would use up
nearly 150 mL of mobile phase per injection. |therefore modified the gradient used from the
previous protocol (run 1 in figure 5.44 C) by starting at a higher percentage of NaClO4 (10%)
at time zero as compared to 0 % with the previous protocol. This will result in the elution of
the NTPs, T7 RNAP, DNA template and premature termination products much earlier and
together, causing the entire chromatogram to shift to the left, thereby reducing the retention
time of the RNA and hence the run time of the experiment. The chromatogram obtained for
the Xs fragment with this new gradient shows an approximately 10 minute reduction in the
retention time of the RNA whilst still maintaining sufficient resolution to distinguish the major
RNA product (figure 5.44 B). | therefore chose this gradient to do the subsequent large-scale
purifications on the remaining constructs (Xs, Q1 and SD) (figures 5.44 D-F). Despite the size
differences between these three constructs, their retention times are almost identical. To
confirm that the Xs, Q1, SD and the 150-206 constructs are of the expected sizes, we eluted,
dialysed and loaded the major RNA peaks of each chromatogram on an 8% de-naturing PAGE
gel (figure 5.44 G). Xsbeing the largest construct of 175 nt, displayed a band above the 120 nt
marker. SD and Q1 are very similar in size of 125 and 120 nt respectively, making them run
almost identically to the T-120 marker. Finally, the 58 mer 150-206 fragments also migrated
at the expected size of around T-60. Collectively, this confirms that we have correctly
transcribed and purified each of the Bcl-x RNA fragments using an HPLC anion exchange

column, enabling us to confidently conduct biophysical experiments.
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Figure 5.44 Preparative anion exchange chromatography purifications of Xs, SD and Q1.

(A and B) Showing Xs chromatograms using two different gradient patterns shown in (C). (C) Gradients
of NaClO4 for runs 1 and 2: Run 1 starts at 0%, then a linear gradient from 0-50% in 60 minutes. Run 2
starts at 10%, then linear from 10-30% for 20 minutes then 30-50% in 40 minutes. (D-F) Preparative
scale purification of: Xs (D) and SD (E) and Q1 (F) RNAs using gradient run 2. (G) 8% de-naturing PAGE
of each construct after HPLC purification and dialysis in H,O. All HPLC experiments were carried out in
12.5 mM Tris HCl pH 7.4 with a gradient of 1M NaClO,4 up to 50% using a flow rate of 3mL/min with a
pre-heated preparative DNA pac PA-100 column at 80°C. Scales on panels A-F are different due to the
vast differences in concentrations between each of the components, but the relevant peaks are labelled

for cross reference.
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5.5 G4 characterisation on the larger Bcl-x RNAs

Having previously identified the presence of a G4 in the Q2 region, the next step is to examine
if a G4 can still form within Q2 when imbedded in the Xs domain. As discussed previously,
foot-printing data on the full length Bcl-x 681 RNA shows that there are large changes
occurring in the Q2 region when comparing wild-type and 7-deaza guanine substituted RNA,
implying that a G4 still has the potential to form in this region. In this section, we will use

biophysical data to either support of disprove this observation.

5.5.1 Fluorescence spectroscopy to characterise a G4 in the longer RNAs

Unlike NMR, steady state fluorescence spectroscopy does not have a limit on the size of the
macromolecule that can be studied. We therefore chose this initial approach to evaluate the
presence of a G4 in the Xs 38-206 domain. As described previously, NMM was shown to be a
highly specific binder of parallel type quadruplexes and was successfully used to identify the
presence of a G4 in the Bcl-x Q2 RNA. We therefore chose this approach to identifying a
putative G4 in the Xs domain (figures 5.51 A—C).

Figure 5.51 A shows the NMM emission spectra in the absence or presence of the Xs domain
either in KCI (green) or LiCl (purple). NMM unbound (red) has a relatively low fluorescence
emission as expected, however there is an approximately 5-fold increase in the NMM
emission in the presence of KCl compared with LiCl, suggesting that a G4 can exist in the Xs
domain. This domain contains two possible regions that have the ability to fold into a G4: the
G-tracts of Q1 which lie upstream of the 5’ss, and the G-tracts of Q2 which lies downstream
of the 5’ss. Therefore, to try and narrow down the region(s) within the Xs domain that are
responsible for the G4 formation, we tested the two halves of the Xs domain through the
constructs Q2 150-206, which lies downstream of the 5’ss and contains the G-tracts of Q2
only, and Q1 38-151, which is the sequence upstream of the Xs 5’ss containing the G-tracts
of Q1 only shown in figures 5.51 B and C respectively. For the Q2 150-206 fragment, we also
see an approximately 5-fold enhancement of the NMM emission in the presence of KCl
compared with LiCl, suggesting that a G4 still exists between positions 150-206. However, in
contrast, the Q1 fragment did not show any fluorescence enhancement of NMM in the
presence of KCl relative to LiCl, suggesting that this region does not fold into a G4. Therefore,

from this data, we can conclude that a G4 can form in the Xs domain, and this is more than
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likely coming from the G-tracts of Q2 rather than Q1, supporting the foot-printing data
(Weldon et al., 2017). It is important to note that the Q2 G4 found within the Xs domain may
not exhibit the same conformation as those characterised on the shorter fragments discussed
in chapter 4, as the presence of additional nucleotide sequences (and competing secondary
structures) may result in a different minimum free energy of the G4 structure. This is also true
when comparing the structure of the G4 in the Xs domain and the same stretch of sequence
imbedded in Bcl-x 681, highlighting that biophysical characterisation of structures with
fragmented RNAs should always be taken with caution.

With regards to the fluorescence emission, we did not observe the expected 50-60 fold
fluorescent enhancement of NMM as was previously described when bound to DNA G4
structures (Nicoludis et al., 2012a). This may be due to changes in the fluorescent properties
of NMM when bound to RNA G4s, though this will require further investigation using well
characterised RNA G4s, such as TERRA.

184



Xs (38-206)
50000+
splice site o _
XS P S0 o 400004 NMM only
b= — NMM + Xs KCl
A ! [
a7, 4 g 300007 — NMM +Xs LiCl
S 20000
T
10000+
o.
550 600 650 700 750

Wavelength/nm

B Q2 (150-206) 1000001
, ° 80000 — NMM only
o — -
S 600001 NMM + Q2 150-206 KCI
5 — NMM + Q2 150-206 LiCl
S 40000+
=]
T
20000+ J\v\
0 ; . . .
600 650 700 750
Wavelength/nm
Q1 (38-151)
8000
Xg splice site g — NMM only
s g 009 — NMM +Q1 KCl
T Bmen o S0 g — NMM + Q1 LiCl
(0 SN o 4000+
Bagg, Aogeos E
My = 2000+
"'GFr".Gc a1
"GF/‘,G;;FA 0= T T T —
fa 550 600 650 700 750

Wavelength/nm

Figure 5.51 NMM emission spectra on and around the Xs domain.

(A-C) NMM emission spectra on Xs (A), Q2 150-206 (B), and Q1 (C) in the presence of 100 mM KCl or
LiCl, with their respective structures depicted on the left. As we are comparing relative changes in the
fluorescence intensity between KCl and LiCl in graphs A-C, the Y axis scaling is different in each case.
Experiments were carried out with 1 uM NMM in 10 mM Tris pH 7.0, 100 mM salt (Adexc= 393nm).
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5.5.2 CD spectroscopy to characterise a G4 in the longer RNAs

We next investigated whether the G4 could exist even in the absence of NMM on Q2 150-206
and the Xs 38-206 constructs, as NMM may be artificially inducing and stabilising a G4 which
would otherwise not be present. For this we used CD spectroscopy in the presence of either
KCl or LiCl (figure 5.52).

Figures 5.52 A and B shows the CD spectra recorded at 20°C (figure 5.52 A) and the thermal
melt for the Q2 150-206 construct (figure 5.52 B) in the presence of KCl (blue) or LiCl (red).
There are significant conformational differences in the presence of potassium and lithium, as
indicated by non-overlapping CD spectra. Furthermore, in a similar way to Q2, there is a K+
dependence in the thermal stability of this RNA, which shows a 21°C increase in the melting
temperature in the presence of KCl compared with LiCl. In contrast, with the G4 mutation
Q2.2 150-206, the CD spectra at 20°C are overlapping in both buffers (figure 5.52 C), and there
are no differences in the thermal stability of the mutant RNA (figure 5.52 D). Collectively, this
suggests that a G4 has the ability to form in KCl-containing buffers for the fragment Q2 150-
206.
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Figure 5.52 CD spectra and thermal melts of the 150-206 fragments.

(A) Structure of the Q2 150-206 construct, and highlighted in red the Q2.2 150-206 change. CD and
thermal melt in the presence of KCI (blue) and LiCl (red) of Q2 150-206 (B-C) and Q2.2 150-206 (D-E).
All experiments were carried out in 10 mM TBA phosphate buffer pH 7.0 with 100 mM saltina 1 cm
pathlength quartz cuvette.
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Similarly, we tested by CD spectroscopy the presence of a G4 in the Xs domain. At 20°C, we
do not see overlapping CD signatures in the presence of KCl or LiCl, with bigger changes
occurring at wavelengths below 250 nm, suggesting that there are conformational differences
of this RNA in KCl and LiCl-containing buffers (figure 5.53 A). The negative peak at around 210
nm is unique to an RNA duplex, and this region is being affected in the presence of the
different buffers, whilst the signal at 260 nm (corresponding to duplex and G4) is almost not
affected by the buffer. As Xs is considerably larger than the 150-206 fragments, sample
heterogeneity is likely to be much more prominent, as we predict that the Xs RNA to have two
competitive conformations (stem-loop versus G4). The CD spectrum shows an average of all
of the structure’s adopted by the RNA in solution, and cannot differentiate between stem-
loop and parallel G4s. This could mean that changes in secondary structure induced by the
presence of different salts may only give rise to subtle differences in the CD spectrum, which
may explain why the CD signal at 260 nm is not being effected by the buffer. However, the
larger changes that are observed at 210 nm suggests that the RNA duplex is adopting different
structures in KCIl and LiCl. Perhaps a G4 induced by the presence of KCl is re-modelling and
changing the structure of the duplex surrounding this newly formed G4. Interestingly, with
the thermal melting experiments (figure 5.53 B), the stability of the Xs domain is lower in the
presence of KCl compared with LiCl (with a difference of 7°C), contrasting with what we have
observed on the shorter G4 fragments. This observation is consistent with the idea that in the
longer RNA, there are more Watson-Crick hydrogen bonds than those in the shorter
fragments (consistent with the foot-printing data, showing that Xs adopts a large stem-loop
structure), and that stabilising a G4 through Hoogsteen base pairings would result in a much
larger enthalpic cost to the surrounding duplex structure, as more Watson-Crick hydrogen
bonds will need to be broken to form the G4 structure in the presence of KCl. Therefore,
stabilising a G4 in this RNA has the effect of destabilising the rest of the surrounding structure,
hence a reduction in the Tmin the presence of KCl. In summary, these data suggest that this
RNA sequence can adopt a G4 (likely forming with the Q2 but not the Q1 G-tracts), but that it
is in competition with a more stable duplex structure. This is fully consistent with the model

previously described (Weldon et al.,2018).
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Figure 5.53 CD spectra and thermal melts of the Xs 38-206 domain.

(A) Structure of the Xs domain. CD (B) and thermal melt (C) in the presence of KCI (blue) and LiCl (red)
of the Xs domain. All experiments were carried out in 10 mM TBA phosphate buffer pH 7.0 with 100
mM salt in a 1cm pathlength quartz cuvette.

189



5.6 Important structural elements for the specificity of the GQC-05
interaction

Knowing that a G4 could still form in the Xs domain, we next tested the binding of GQC-05 to
this larger fragment, in order to determine the critical structural elements necessary for its

interaction.

5.6.1 Biotin pull-down assays to probe the structural specificity of GQC-05

To determine if the G4 in the Xs domain is necessary for the GQC-05 interaction, we
performed pull down experiments with a biotinylated derivative of GQC-05 (bio-GQC-05)
synthesised by the lab of Professor Glenn Burley at the University of Strathclyde. Bio-GQC-05
differs from the normal compound through an addition of a biotin tag at position 9 via a PEG
linker, instead of the tertiary amine which is present on the normal GQC-05 (figure 5.61 A).
We incubated bio-GQC-05 with the 32P-labeled Xs RNA and pulled down the bio-GQC-05-RNA
complex using streptavidin beads. After several washes, the beads were loaded onto a
denaturing PAGE gel to detect any RNA bound to the biotinylated compound (figure 5.61 B).
In order to determine if the G4 in the Xs domain is important for the GQC-05 interaction, we
also synthesised a 7-deazaguanine-substituted RNA , in which the N7 position of the guanine
is changed to a carbon, abolishing G4 formation through disruption of the Hoogsteen base
pairs whilst still retaining its Watson-Crick potential. For the wild-type sequence, there was a
large proportion of GQC-05 bound, yielding a fraction bound ratio of about 0.7. Interestingly,
the 7-deaza RNAs showed a remarkably a similar level of pull down, with a fraction bound
ratio of about 0.75, showing no significant difference to the WT sequence (figure 5.61 C and
D). This suggests that the G4 in the Xs RNA is not a key structural element in the GQC-05

interaction.
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5.6.2 Fluorescence titrations to identify key RNA structural elements in the GQC-05
interaction

The disadvantage of pull down assays is that very subtle changes in binding affinity which may
be significant may not be detected. We therefore proceeded with fluorescence binding
titrations in a similar way to those described in chapter 4, using GQC-05 and each of the
fragments generated to determine the binding affinity and how this may correlate to the
structural features present.

Figure 5.62 shows the fluorescence titrations for each of the indicated constructs using the
bound emission of GQC-05 at 560 nm. For constructs Q2 and Q2.2 150-206, an almost
analogous binding affinity is observed of 0.18 uM (figure 5.62 A and B), suggesting that GQC-
05 cannot discriminate between the structures of Q2 and Q2.2 150-206 constructs. This
observation is consistent with the fluorescence binding assays described in chapter 4, which
showed that the G4 is not relevant for the GQC-05 interaction as binding is also observed in
the shorter Q2.2 and the AG4 mutated fragments. A similar binding affinity (Kd of 0.1 uM) is
also observed for the SD fragment (figure 5.62 C). However, with the Q1 and Xs fragments, an
approximately 10-fold higher affinity is observed, with measured Kds of 0.04 and 0.025 uM
respectively (figure 5.62 D and E). The higher affinity observed with the Q1 fragment as
opposed to the Q2 fragment also highlights that GQC-05 is not a G4 specific compound, as we
described earlier that Q1 cannot fold into a G4. Interestingly, both the Q1 and Xs RNAs, which
display the highest affinity interactions, contain the additional stem at position 62-111
(highlighted yellow in figure 5.21), whereas the 150-206 and the SD fragments do not have
this stem and display a 10-fold lower affinity. This suggests that the nucleotides between 62-
111 may be important in the GQC-05-RNA interaction. Further mutational assays and
structural characterisations would need to be performed on this short stretch to understand

its relevance in the interaction with GQC-05.
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10 mM Tris pH 7.0, 100 mM KCI, 1 uM GQC-05 (Aexc= 320 nm).
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5.6.3 Binding of GQC-05 to the larger RNAs in the presence of a nuclear extract

Using the shorter RNA fragments used in chapter 4, we have already shown that GQC-05 binds
to RNAs that have both high and low G4 forming potential, but in the presence of a nuclear
extract, it only binds to the WT Q2 G4-forming RNA (which had the highest G4 forming
potential). Therefore, we next tested the effect of nuclear extract on the binding specificity
of GQC-05 to these larger fragments.

Figure 5.63 A-C shows the GQC-05 fluorescence binding titrations of the Xs and the 150-206
fragments in the presence and absence of nuclear extract. Interestingly, with the Xs and Q2
150-206 construct, in which a G4 was shown to form in Tris buffer without the addition of
nuclear extract, addition of nuclear extract completely abolished the binding GQC-05.
Similarly, the mutant Q2.2 also showed the same effect. This is very much in contradiction to
the results described in chapter 4, in which the shorter Q2 fragment retained binding of GQC-
05 in the presence of nuclear extract. Therefore, we checked whether a G4 can still exist in
the Q2 150-206 RNA in the presence of nuclear extract, using CD spectroscopy (figure 5.63 D
and E). Unlike in the absence of nuclear extract, these results show that for Q2 150-206, there
is very little potassium dependence on the shape of the CD spectra at 20°C or on the thermal
stability, suggesting that a G4 may not form in this sequence in presence of a nuclear extract,
which could explain why we do not see a binding isotherm of the GQC-05 RNA interaction in
these conditions. A possible explanation could be that G4 formation is in competition with
RNA binding proteins, such as RNA helicases and hnRNPs F/H, which have been shown to
unfold RNA secondary structures (Dominguez et al., 2010; Gao et al., 2019). However further
biophysical characterisation, such as using NMR spectroscopy, will need to be conducted to
confirm the G4 disruption by nuclear extract.

The question then arises as to what the biological significance of the G4/GQC-05 interaction
is in the alternative splicing of Bcl-x if the complex cannot form in functional conditions as the
fluorescence binding assay suggests. The in vitro splicing assay of Bcl-x shown in figures 1.71
A and 4.42 B shows that 40 uM of GQC-05 is required to obtain maximum activation of the Xs
5’ss. The RNA concentration used in these splicing assays is approximately 50 nM, which
means that there is an 800-fold excess of GQC-05 compared to the RNA for splice site
activation. In the fluorescence assay described above, we were using 1 uM of GQC-05 with

the RNA being titrated from the nM range to 100 puM, meaning that only at the lowest

194



concentrations of the RNA we recapitulated the 800-fold excess of GQC-05. Possibly due to
the detection limit of fluorescence at these lower concentrations, we were not able to see
the bound signal. Unfortunately, due to the limitations of fluorescence spectroscopy, simply
increasing the GQC-05 concentration to achieve the same molar ratio as in the splicing assay
is impossible due to the inner filter effects as well as limitations of GQC-05 solubility.
Therefore, we used a different approach to explore the effect of GQC-05 on the re-modelling
of the Xs RNA. However, due to the limitations described above, all subsequent experiments

were conducted in the absence of nuclear extract.
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Figure 5.63 The effect of nuclear extract on the binding of GQC-05 and the formation of a G4 in Xs
and Q2 150-206.

(A-C) Fluorescence titrations of Xs (A), Q2 150-206 (B), and Q2.2 150-206 (C) with 1uM GQC-05 in 10
mM Tris pH 7.0, 100 mM KCI with and without 10% Hela nuclear extract. (D-E) KCl and LiCl CD spectra
at 20°C (D) and thermal melt (E) in the presence of 5% Hela nuclear extract and 1 uM RNA, conducted
in 100 mM salt, 10 mM TBA phosphate buffer pH 7.0, 1 mm pathlength quartz cuvette.
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5.7 Effects of GQC-05 in the structural remodelling of the Xs domain

5.7.1 CD spectroscopy to monitor the conformational changes occurring with GQC-05

In the previous section, we showed that GQC-05 is can bind to multiple different RNA
sequences, which include those that may or may not have G4 forming potential (though the
exact binding specificity needs to be further investigated). This means that simply looking at
the binding affinity and specificity for different structures may not be so conclusive in
deciphering its mechanism of action. For example, even though GQC-05 was shown to bind
to the Q1 construct, the accessibility of binding sites within this region may alter when in
context of the Xs domain due to structural remodelling of the RNA in the presence of
additional nucleotide sequences. Consequently, interpreting binding data by simply looking
at individual domains should be taken with caution. We therefore turned our attention to
observing the changes that occur to the RNA as a result of GQC-05 binding, and how such
binding it may modulate the secondary structure of the Xs domain to achieve splice site
selection.

We measured a CD spectrum at 20°C as well as conducting thermal melts of the Xs domain in
the absence or presence of 10 uM GQC-05, with either KCl (figure 5.71 A and C) or LiCl (figure
5.71 B and D) containing buffers. From the 20°C spectrum for both KCl and LiCl (figure 5.71 A
and B), there is a subtle difference in the CD signature in the presence of GQC-05 below 230
nm, similar to the changes seen when comparing Xs in KCl and LiCl buffers (figure 5.53 above),
suggesting that there are some structural changes occurring to the RNA. Furthermore, in both
KCl and LiCl buffers, we observe a sharp positive ICD peak corresponding to the increased
chirality of GQC-05, suggesting potential binding to the minor groove (see section 4.4).
However, as these experiments were conducted in the absence of a nuclear extract, it is likely
that GQC-05 is displaying many different modes of binding due to its ability to bind to
different regions of the RNA, meaning that the ICD is an average of all the binding modes
present in solution (specific and non-specific). Therefore, no further conclusions can be made
about the binding mode from the shape of the ICD. The thermal melting experiments in the
presence of GQC-05 show an increase in stability of the Xs domain in both KCl and LiCl-

containing buffers, with a change in the T, of 28 and 22°C respectively (figure 5.71 C and D).
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Collectively these data suggest that there may be changes occurring to the Xs RNA in the
presence of GQC-05, though as the CD spectrum for duplex and G4s are so similar, it is hard
to determine whether the changes are specific for either structure. Therefore, another

approach is required to clarify the role of GQC-05 in Xs remodelling.
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Figure 5.71 CD spectra and thermal melts of Xs in the presence of GQC-05.

(A and B) CD spectra at 20°C of Xs in 100 mM KCI (A) or LiCl (B) with and without 10 uM GQC-05. (C-
D) Thermal melts with 100 mM KCI (C), or LiCl (D) in the presence and absence of 10 uM GQC-05. All
experiments were conducted in TBA phosphate pH 7.0, 100 mM salt using a 1cm pathlength quartz

Cuvette.
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NMR would be a very informative technique to understand the remodelling of the XsRNA, as
duplex and G4 species are much more discernible. However, as the Xs domain has a large
molecular weight of approximately 60 kDa, NMR would be difficult due to potential for
extensive peak broadening. Therefore, we decided to use another method by exploiting the

intrinsic fluorescence properties of G4s.

5.7.2 Harnessing the intrinsic fluorescence properties of G4s to probe conformational
changes upon GQC-05 addition

Previous studies have shown that nucleotides adopting a G4 structure display a much higher
guantum yield (¢) than their duplex and single stranded counterparts (Zuffo et al., 2020). For
example, the 26 mer G4 sequence d(TAAGGG),TT displayed a ¢ = 1.295 X 103, which was
almost 5-fold more than its double-stranded counterpart (ds26 ¢ = 2.8 X 10%) and 3-fold more
than a single stranded sequence of similar length (ss 24 mer ¢ = 4.44 X 10*%) (Zuffo et al.,
2020). In the same study, they used the human telomere G4 sequence, which was shown to
adopt a G4 structure in the presence of KCl but remained single stranded in LiCl. Analysis of
the fluorescence emission spectrum showed that in the presence of KCI, there is a large
emission peak between 350-450 nm, which is greatly attenuated in the presence of LiCl,
indicating that this increased fluorescence can be attributed to the G4 structure (Zuffo et al.,
2020). Similarly, duplex structures were also shown to exhibit reduced fluorescence emission
in this region. Therefore, by comparing the fluorescence emission intensity in the 350-450 nm
region in either KCl or LiCl-containing buffers both in the absence and presence of GQC-05,
we can understand if GQC-05 is able to remodel the RNA towards a G4 structure, or simply
maintain the RNA duplex.

The emission spectrum of Xs RNA in the absence and presence of GQC-05 in KCl and LiCl-
containing buffers is shown in figures 5.72 A-C. As explained previously, GQC-05 has a
relatively low fluorescence when unbound. Figure 5.72 A shows the emission profile of the Xs
RNA in the presence of KCl before and after the addition of GQC-05. For the RNA alone, an
emission is observed in the 350-450nm range. Upon addition of 1 uM GQC-05, an almost 2-
fold increase in the peak intensity is observed in this range, with a new shoulder appearing at
400nm. However, in the presence of LiCl, the addition of GQC-05 did not produce this same
fluorescence enhancement, suggesting that in the presence of KCl, GQC-05 can re-model the

Xs domain by inducing a G4 structure (figures 5.72 B and C). This observation is consistent
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with the data obtained earlier, when analysing the Q2 and its complementary strand using
the NMR kinetic experiments (see section 4.5), where we showed that GQC-05 can
preferentially stabilise a G4 structure over its duplex counterpart. Collectively, these results
suggest that although GQC-05 may be binding to the Xs domain in different regions, the
overall effect of its action is that it is able to induce a G4 structure in Xs, which is likely coming
from the G-tracts of Q2. Following this, next question we wanted to address is if the G4
induced by GQC-05 leads to changes in Xs 5’ss accessibility, and this will be explored in the

next section.
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Figure 5.72 The intrinsic fluorescence of G4s and how this is used to monitor the conformational
changes observed with GQC-05 on Xs RNA.

(A and B) Fluorescence emission spectra of GQC-05 with Xs RNA in the presence of either 100 mM KCI (C),
or LiCl (D). (E) Comparison of the emission spectra with Xs and GQC-05 in KCl and LiCl. Experiments were
conducted in 10 mM Tris pH 7.0, 100 mM salt, 1 cm pathlength quartz cuvette (Aexe= 321 nm).
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5.8 The effect of GQC-05 in altering the U1 accessibility at the Xs 5’ss

As described previously in section 4.6, figure 4.61, we hypothesise that stabilisation of the Q2
G4 by GQC-05 results in a destabilisation of the large stem loop structure within the Xs
domain, making the Xs 5’ss more accessible to the U1 snRNP and hence a splice site activation.
Having shown that GQC-05 can re-model the RNA in favour of a G4, the next stage is to

examine the effect of such structural changes on the accessibility of the U1 snRNP.

5.8.1 Using EMSA to monitor the U1-Xs interaction

To test this hypothesis, we took the approach shown in figure 5.81 A, where we tested the
accessibility of a fluorescently labelled Ul oligo which resembles that of the 5'snRNA
component of the U1 snRNP. However, as we are not using the actual snRNP itself which
contains proteins to help stabilise the interaction at the 5’ss (see section 1.2), we decided to
use an Xs optimised oligo which is 100% complementary to the Xs 5’ss, as the wild-type Ul
snRNA has 4 non-complementary nucleotides due to the fact that the Xs 5’ss is not a
consensus splice-site sequence (figure 5.81 A and B). This will help increase the affinity of the
oligo at this site, meaning that the binding affinity to the XsRNA can be more readily measured
as well as reducing the probability of non-specific binding to other sites of the RNA.

In order to test the binding of the U1 snRNA oligo to the Xs5’ss, we used electromobility shift
assays, where we titrated increasing amounts of the Xs RNA to a fixed concentration of the
fluorescein labelled U1 oligo. Because fluorescein has an overlapping excitation spectra to
ethidium bromide, we were able to visualise the fluorescein labelled U1 under ultraviolet (UV)
light. | chose to use 6 uM of the U1 oligo, as this was minimum concentration in order to
detect the band on the gel under UV light. We then compared the gel shifts in the presence
and absence of GQC-05 at different concentrations. Figure 5.81 C shows an example of the
EMSA experiment, where we titrated increasing amounts of the Xs RNA up to 50 uM to the
U1 oligo in the absence (top gel) and presence (lower gel) of 50 uM GQC-05 (i.e. up to a 1:1
ratio of GQC-05 to RNA). From these data we can plot the fraction of U1 bound as a function
of the Xs concentration (figure 5.81 D). These results indicate that the presence of GQC-05
does not affect the binding affinity of the U1 oligo, giving rise to Kd values of 3.2 and 3.4 uM
in the absence and presence of GQC-05 respectively. Following this, we next investigated if
increasing the GQC-05 concentration is necessary to observe a change in the binding affinity

of the U1 oligo.
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Figure 5.81 Using EMSA to examine the U1 accessibility to the Xs 5’ss.

(A) Schematic showing the expected interaction of the oligo and the Xs 5’ss. (B) Comparison showing the
base complementarity of the WT and Xs optimised U1 oligos. (C) EMSA assay with (top gel) and without
(lower gel) 50 uM GQC-05. Experiments were conducted using 6 uM fluorescein labelled U1 with increasing
concentrations of the Xs domain. Samples were run on a 16% native PAGE and visualized under a UV lamp.
(D) Binding isotherm of (C), showing the fraction bound as a function of the Xs RNA concentration in the
absence (red) and presence (blue) of GQC-05.
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5.8.2 EMSA assays in the presence of higher concentrations of GQC-05

In chapter 4, we showed that GQC-05 binds to the Q2 G-tracts with a stoichiometry of 4:1.
We therefore used this stoichiometric ratio in our EMSA assays, where we used 200 uM GQC-
05, giving rise to a 4:1 ratio of GQC-05 to the maximal Xs concentration of 50 uM. However,
preliminary work at this GQC-05 concentration showed that the migration of the U1 snRNA
was being reduced, resulting in this RNA to be retained in the wells. This may be the result of
GQC-05 binding the U1 snRNA and altering its electrophoretic mobility, due to it harbouring
a positive charge in its tertiary amine. We therefore chose to use an excess of the poly-T-50
oligonucleotide, in which GQC-05 will expect to bind, preventing the interactions to the Ul
snRNA, enabling U1 to migrate at the expected size (14 nucleotides). As poly T-50 is single
stranded, the affinity of GQC-05 will likely be low enough to dissociate from T-50 and bind
the Xs domain during the course of the titration.

Under the aforementioned conditions, we proceeded with the EMSA titrations in the
absence and presence of 200 uM GQC-05 with the addition of 70 uM T-50 in all reactions
(figures 5.82 A-D). In the absence of GQC-05, the EMSA was very similar as the one presented
in figure 5.81 C, showing that poly T-50 has little to no effect on the binding of the U1 oligo
to the Xs domain (figure 5.82 A). We also stained the gel with toluidine blue as proof of the
presence of T-50 as well as showing that the T-50 band is not binding to the Xs RNA during
the titration, both in the presence and absence of GQC-05 (figures 5.82 B and D respectively).
In the presence of GQC-05, a band appears between U1 free and U1 bound (figure 5.82 C),
which is likely coming from the fluorescence of GQC-05 binding to the T-50 fragment. The
fluorescence of the T-50 band reduces during the course of the titration, supporting our
prediction that it is dissociating from T-50 and binding the Xs domain. Another issue which
arose at this GQC-05 concentration (figure 5.82 C) is the large background occurring at the
bound signal, which was a result of GQC-05 binding to the Xs domain. Preliminary work
showed that the proportion of the total fluorescence signal coming from just the GQC-05-Xs
interaction is around 90% of the total fluorescence of the U1-Xs-GQC-05 ternary complex at
the highest Xs concentration (50 uM). This will make it very difficult to calculate the
proportion of U1 bound, due to the large interference of the GQC-05 fluorescence. Therefore,
to estimate the Kd of the U1/Xs interaction, we only monitored the disappearance of the U1l

signal as a function of the Xs concentration, rather than calculating the fraction bound (figure
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5.82 E). From figure 5.82 E, we noticed very little differences in the binding of the U1 oligo in
the presence and absence of GQC-05, despite being at a concentration of 200 uM. This
suggests that the re-modelling of the RNA discussed in section 5.7 may not be directly
affecting the accessibility of the U1 snRNA at the 5’ss to achieve splice site selection, but
rather a different mechanism may be at play. However, as mentioned previously, the in vitro
splicing assay showed that to achieve maximum activation of the Xs 5’ss, an 800-fold excess
of GQC-05 relative to the RNA concentration is required. In this experiment, we have used a
maximum of 4 equivalents of GQC-05, which is considerably less than the molar ratio of GQC-
05:RNA used in the splicing assay. Therefore, to see a difference in the U1 uptake, a higher
molar ratio which more closely resembles that used in the splicing assay may need to be used.
Unfortunately, with the above assay, this will require around 40 mM GQC-05, which is beyond
its solubility limit even in 100% DMSO. Therefore, the EMSA approach will need to be adapted
in order to recapitulate the GQC-05:RNA molar ratios necessary to activate the upstream site.
One option would be to use a radio-labelled Xs mRNA, meaning that only pM - nM
concentrations of RNA would be required, enabling GQC-05 to be applied in excess without
solubility concerns. The EMSA could then be conducted through titrations of a purified Ul

snRNP to a fixed concentration of the radio-labelled RNA.
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Figure 5.82 EMSA of U1 to the Xs RNA with 200 uM GQC-05 and 70 uM T-50.

(A-D) EMSA titrations of the Xs domain in the absence (A and B) and presence (C and D) of 200 uM GQC-
05, and visualised through UV light (A and C) or toluidine blue staining (B and D). (E) Showing the
normalised U1 intensity as a function of the Xs concentration.
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5.9 Discussion

In this chapter, we have explored the relevance of the observations made in the previous two
chapters to longer more physiologically relevant RNAs, in order to validate the experimental
data carried out on the Q2 G-tract. We have shown by both CD and fluorescence
measurements that a G4 can still form in the 200nt long Xs domain, where we provide strong
evidence that this G4 is emanating from the Q2 and not the Q1 G-tracts.

Data interpretation regarding binding of GQC-05 for each of the generated constructs proved
to be difficult in yielding any conclusions, as in the absence of a nuclear extract, there is high
affinity binding for each of the constructs generated, regardless if the sequence has greater
G4 forming potential or not, which may indicate that GQC-05 is specific for multiple different
structures (or an unknown RNA secondary structure element). This is consistent with our
previous findings, where the AG4 RNA (which has greater duplex and less G4 forming
potential) also displayed a similar binding affinity to the WT Q2 sequence (which has a higher
G4 forming potential). One possible argument for such interactions is the very nature of GQC-
05 by harbouring a positive charge in its tertiary amine at position 9. However, in our pull-
down experiments, we used a modified analogue of GQC-05, by which the tertiary amine at
position 9 is removed and replaced with a PEG linker attached to biotin. These results showed
similar levels of streptavidin pull down on both the WT and 7-deaza substituted Xs RNA,
suggesting that simply the positively charged amine is not the only cause for the non-
structural specificity of GQC-05.

However, as pull-down assays are not suitable for detecting small changes in affinity, we
conducted fluorescence binding assays on each of the constructs generated, to determine the
necessary domains of the RNA needed for a tighter binding interaction. Results indicated that
the small stem at positions 62-111 which was predicted to form in the full length Xs domain
may play an important role in ensuring a tighter binding affinity, although, the exact function
of this stem in the GQC-05 interaction remains to be explored. Furthermore, the formation of
this stem may also be compromised when making truncations and isolating specific domains
of the RNA, as the RNA in these constructs will have a different minimum free energy from
the Xs domain, meaning that an entirely different structure may be folding than the ones
predicted from the foot-printing data. Therefore, the increased binding affinity we observe

may be due to sequence rather than structural specificity of this stem. The exact structure of
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the RNAs, particularly the presence of the stem at positions 62-111 in these shorter constructs
could be validated with methods such as selective 2’hydroxyl acylation and primer extension
(SHAPE) chemistry (Weeks and Mauger., 2011).

G4s in longer RNAs are likely to be significantly more transient than their isolated shorter
domain counterparts, adding a nuclear extract, and thereby increasing the transient nature
of G4s further, did not yield any potassium dependant changes in the CD spectrum, suggesting
that a G4 cannot form. A possible explanation could be that G4 formation is in competition
with RNA binding proteins, such as RNA helicases and hnRNPs F/H which have been shown to
unfold RNA secondary structures (Dominguez et al., 2010; Gao et al., 2019). In particular,
many studies have shown that the RNA helicase DHX36 can bind specifically to parallel type
G4s through its N-terminal domain and unfold them in an ATP dependant manner (Chen et
al., 2015; Creacy et al., 2008; Giri et al., 2011; Lattmann et al., 2010; Tippana et al., 2019;
Vaughn et al.,, 2005). Furthermore, the GQC-05 interaction was also abolished in the Xs
domain in the presence of a nuclear extract, despite still harbouring the Q2 sequence which
was shown to bind to GQC-05 in the presence of a nuclear extract when studied in isolation.
This suggests that biologically, the G4 within the Xs domain may not form readily under
normal circumstances, and only after the addition of a large excess of GQC-05, a G4 structure
may be stabilised and have the potential to form. This is consistent with the conditions of the
splicing assay, in which an 800-fold excess of GQC-05 was required in order to achieve
maximum activation of the Xs5’ss, meaning that a G4 may only form under these conditions
when competing proteins are present. The lack of binding between GQC-05 and the Xsdomain
in the presence of nuclear extract may therefore arise from the fact we were not
recapitulating the same molar ratio in the fluorescence titrations as in the splicing assay.
However, due to limitations with biophysical techniques and compound solubility,
recapitulating the same molar ratio is probably impossible.

With all these limitations in determining the binding affinity in the presence of a nuclear
extract, we next turned our attention to examining the effect of GQC-05 in modulating the
overall structure of the Xsdomain in the absence of nuclear extract. By harnessing the higher
guantum vyield of G4 structures over their single stranded and duplex counterparts,
preliminary data using fluorescence spectroscopy suggested that GQC-05 may have the ability
to re-model the RNA and induce the formation of a G4 structure in the presence of potassium

chloride, however further investigation will need to be conducted on well characterised G4
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and duplex structures to validate such observations. This suggests that despite GQC-05
binding to multiple places on the RNA, the overall effect of GQC-05 in modulating the RNA
secondary structure may be the critical factor in influencing splice site selection.

We next tested the effect of this re-modelling on the accessibility of the U1 snRNA through
EMSA experiments. Results indicated no noticeable change in the binding affinity of the Ul
snRNA after the addition of 4 equivalents of GQC-05. However, a similar issue arises as we
are not fully recapitulating the same molar ratios as in the splicing reaction. Perhaps using
higher GQC-05 concentrations would be necessary to see a noticeable change in the binding
affinity of the U1 snRNA. Alternatively, instead of affecting the U1 snRNP accessibility, the
induced G4 in the presence of GQC-05 may make another cis acting sequence accessible to a
different trans acting factor as a means to regulate splice site selection. The mechanism by
which this structural re-modelling can bias the Xs 5’ss remains to be explored.

There are limitations with the EMSA assay described above which may have impacted on the
observed results. For example, by annealing an oligonucleotide to probe the accessibility has
the potential to completely change the 3D structure of the RNA, meaning that structural and
biophysical characterisations of the RNA without the oligo may no longer hold true. In a future
experiment, using an oligo that is not 100% complementary (such as the WT U1 5’snRNA
sequence) may prevent such drastic changes to the RNA structure (as the artificial duplex
would not be as strong), and potentially result in observable changes with GQC-05.

In conclusion, we have showed that GQC-05 has the ability to bind to multiple different RNA
sequences, but has the ability to re-model the RNA into a G4 in regions that have G4 forming
potential, meaning that simply looking at the binding affinity of this compound for different

structures is not very informative on deciphering its mechanism of action.
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6.1 Introduction

Bcl-x is a member of the BCL-2 family of pro and anti-apoptotic proteins and has two
alternative 5’ splice sites (5’ss) in exon 2, giving two protein splice variants with antagonistic
functions. Bcl-Xs functions as a pro-apoptotic mediator by promoting the release of
cytochrome ¢ from the mitochondria, in contrast to Bcl-X. which inhibits pro-apoptotic
mediators (Czabotar et al., 2014). The ratio of Bcl-Xs to Bcl-X, therefore determines the fate
of a cell, enabling us to exploit the splicing mechanism of Bcl-x for cancer treatment by trying
to promote the pro-apoptotic Xsisoform.

In our lab, previous work suggested a structural model for a Bcl-x-681 mini-gene (which has
identical splicing patterns to the wild-type Bcl-x pre-mRNA) obtained using M-fold with
constraints collected from foot printing data (Weldon et al., 2017). After substituting the
guanine for de-aza guanine (which prevents formation of G4 structures), the largest
differences in the foot-printing cleavage pattern was restricted to two distinct regions of
mRNA, termed Q2 and Q5. Bioinformatic analysis of these areas suggested that certain
stretches within these regions have the requirements to fold into canonical G-quadruplexes
(G4s). Interestingly, the Q2 and Q5 G4 forming regions lie close to both the 5’ splice sites
(downstream of Xs and upstream of X, respectively), which suggests their role as a regulatory
mechanism to alter the splice switch of Bcl-x.

With the potential of G4s regulating the splicing behaviour of Bcl-x, G4 stabilising ligands were
added into the splicing reaction and the ellipticine derivative GQC-05 showed an increase in
Xs and a decrease in the X, splice site usage, resulting in an 8-fold increase in the Xs/X, ratio.
Other classes of known G4 stabilising ligands were also tested by in vitro splicing such as
TMPyP4 and SYUIQ-5 (porphyrin and quindoline derivatives), but none showed the same
splicing switch as GQC-05.

Therefore, the overall aim of this thesis is to characterise the presence of a G4 in the Q2 region
using a variety of biophysical techniques. This was followed by investigating the binding
specificity of GQC-05 and its effects in the structural re-modelling of the RNA, and how this

may achieve splice site selection.
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6.2 The Q2 G-quadruplex

In chapter 3, we have shown that the G-tracts of Q2, which lies 13 nucleotides downstream
of the Xs5’ss, can fold into a multi-conformational quadruplex as demonstrated by our NMR
experiments (figure 3.41 A). We also showed that simply mutating out the excess guanines
not involved in the G-tetrad, thereby to try and isolate the major canonical 2-tiered G4
conformation, prevented the G4 fold altogether (figure 3.52), suggesting that the G4 in the
Q2 region may follow a non-canonical topology (Kikin et al., 2006). This observation is also
consistent with the bioinformatic analysis described in section 1.5.1, where we showed that
the Q2 sequence displays a relatively higher G-score in programmes that can also predict non-
canonical G4 structures (G4 hunter), over those that can only predict canonical G4 topologies
(QGRS mapper) (Brazda et al., 2019). One possibility of a non-canonical conformer may arise
through the incorporation of the 5’ G in the G4 tetrad of the GUGG stretch at the end of Q2
sequence, resulting in a single uridine bulge and a 3-tiered G4 conformer (as opposed to a
canonical 2-tiered structure). A very similar observation was made with the NMR structure of
the DNA KRAS promotor quadruplex, where a discontinuous run of guanines in the central G-
tract (GGTG), still incorporated all of the guanines in the G4, resulting in a 3-tiered G4 with a
thymine bulge (highlighted in green in figure 6.21) (Kerkour et al., 2017). Therefore, the

possibility of a non-canonical G4 may be the likely conformation adopted by the Q2 sequence.

PDB: 512V, KRAS, parallel
Structural method: NMR
Sequence: AGGGCGGTGTGGGAATAGGGAA

Figure 6.21 Example of a non-canonical G4 topology of the KRAS promotor G4.

Highlighted in magenta, cyan and yellow are the G-tetrads. Highlighted in green is the thymine bulge
which interrupts the second G-tract (Kerkour et al., 2017).
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As well as adopting a non-canonical fold, we also showed that the Q2 sequence can form
complex higher order structures (such as dimers and multimers), which also contribute to the
peak broadening observed in the NMR experiments. Higher order G4 structures have been
shown to form in G4 sequences that have an unrestrained guanine at the 5’ end (which Q2
contains), resulting in a highly energetically favourable 5’-5’ stacking mode of the G4s (Kogut
et al., 2019). This phenomenon has also been observed in many G4 sequences that have a
free 5’ guanine, such as the RNA G4 sequences of TGFB1, MTA2 and MAPKAPK2, which
showed a remarkably similar NMR spectra to the Q2 sequence in 100 mM KCI, where broad
peaks were observed in the 10-12 ppm region indicating the formation of higher order
structures (figure 6.22) (Binas et al., 2020). However, at lower KCl concentrations, we showed
that Q2 can adopt a monomeric G4, with a significantly better resolved NMR spectrum (figure
3.53 B). Unfortunately, despite showing an improvement in the NMR spectrum at the lower
KCl concentrations, there were also more duplex structures in solution, making structural
studies difficult regardless of the salt concentration used. Therefore, to isolate the major
species and aid in structural determination, the next stage would be to make further
mutations to the Q2 sequence, whereby we could introduce an additional nucleotide (or an
additional phosphate group) at the 5’ end of the sequence, removing the thymine bulge, as
well as removing the excess guanines in the GGGG runs of the second and third G-tracts,
thereby isolating the possible 3-stacked major G4 conformation. This new sequence would

need to be verified as the biologically active conformer by in vitro splicing assays.
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Figure 6.22 1D NMR spectra in the imino region of G4 RNA sequences displaying higher order

structures.
Comparison of 1D NMR spectra in the imino region of the TGFB1, MTA2, MAPKAPK2 and Bcl-x Q2

RNA sequences (adapted from Binas et al., 2020).
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6.3 Effects of GQC-05 on the Bcl-x mRNA

To date, there has not been an experimentally determined structure of a GQC-05/G4
interaction. However, using molecular modelling of the c-myc G4 and docking, it has been
proposed that the most likely binding mode was stacking of the planar ligand to the external
tetrad of the parallel myc G4 (Kaiser et al., 2013) (see section 1.6.3). Furthermore, using
competition dialysis, GQC-05 was shown to display much more selectivity and specificity for
G4 structures over their duplex counterparts (Brown et al., 2011). However, in this thesis, we
found experimental evidence contradicting conclusions in Brown et al. Indeed, we showed
that GQC-05 exhibits similar affinities to structures that have a high G4 as well as low G4 (high
duplex) potential, suggesting that it may not only be recognising G4s. This observation is not
surprising when we consider that the ellipticine core (from which GQC-05 is derived), was
initially described as a duplex binder, that can intercalate between G-C Watson-Crick base
pairs (Canals et al., 2005; Kohn et al., 1975). It is therefore possible that the ellipticine core of
GQC-05 is responsible for its non-G4 interactions. Interestingly, to our knowledge, we are the
first to report that the G4 specificity of GQC-05 is revealed only in functional conditions when
in the presence of a nuclear extract, suggesting that the presence of surrounding proteins
governs its specificity and perhaps its function. Furthermore, we showed that in the presence
of nuclear extract, the binding stoichiometry of GQC-05 is shifted from a 4:1 to a 2:1 molar
ratio, which is very consistent with many well characterised G4 binding ligands such as ThT
and BMVC, all of which showed 2:1 binding stoichiometries to the c-myc promotor G4 (Liu et
al., 2019; Verma et al., 2018). In light of these observations, biophysical and structural results
conducted without the environment that support in vitro splicing should be taken with
caution.

Despite showing interactions with both duplex and quadruplex structures in the absence of a
nuclear extract, we showed that GQC-05 has the ability to re-model the structure of the RNA
in favour of a G4 in RNAs that have G4 forming potential (such as in the Q2 and X; domains).
This very much fits with the initial model that GQC-05 can shift the equilibrium from a duplex
to a quadruplex structure, thereby achieving splice site selection (Weldon et al., 2018). This
is also consistent with the foot-printing results described previously, where the addition of

GQC-05 led to significant structural changes within the Xsdomain (see section 1.7, figure 1.75)
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(Weldon et al., 2017). A future avenue worth exploring would be to assess the sequence
requirements necessary for GQC-05 to induce a G4 structure in a given RNA sequence, and if
only sequences displaying a certain topology of quadruplex (such as parallel) is induced by

the presence of GQC-05. This may help identify other effects of GQC-05 transcriptome wide.

6.4 Effect of GQC-05 on the accessibility of the Xs5’ss

Our original hypothesis for the activation of the Xs5’ss was that in the presence of GQC-05, a
G4 is induced within the Q2 region, resulting in destabilisation of the duplex to which the 5’ss
may be part of, hence increasing its accessibility to the U1 snRNP (see section 4.6, figure 4.61).
Despite having shown that GQC-05 can shift the equilibrium from a duplex to a G4 structure,
our data showed that there is no change in the U1l accessibility upon addition of GQC-05,
which does not support the hypothesis proposed by Weldon et al., 2018. This could mean
that the accessibility of the U1 snRNP to the Xs splice site may not be the entire reason behind
the increase in splice site usage when adding GQC-05. Alternatively, instead of affecting the
U1 snRNP accessibility directly, the induced G4 in the presence of GQC-05 may increase the
accessibility of another cis acting sequence to a trans acting activator. For example,
immediately downstream of the Q2 G-tracts lies a polypyrimidine rich sequence:
CCUUUUUCUCCUUC, which was shown to be the binding site of the protein PTBP1 (Bielli et
al., 2014). As discussed in section 1.2.5.1, this protein displaces SRSF1, resulting in the
activation of the Xs 5’ss. Because the binding site of PTBP1 is in close proximity to the Q2 G-
tracts, it is possible that this site becomes single stranded (and hence more accessible) as a
result of the GQC-05 induced G4. This will need to be explored in the future. As well increasing
the accessibility of the surrounding structure, the induced G4 in the Q2 region may also play
a more direct role by acting as a potential protein recruitment site for key splicing factors.
Recently, Eperon et al. performed a protein-RNA pulldown assay and showed that GQC-05
induces a strong binding of the Bcl-x pre-mRNA to the non-POU domain-containing octamer-
binding protein (NONO) (unpublished data), which has been recently identified in having G4
specific binding properties (Simko et al., 2020). The pulldown also showed that GQC-05
induces the binding of another protein SFPQ (splicing factor proline and glutamine-rich) and
earlier studies have demonstrated that NONO and SFPQ can form heterodimers (Dong et al.,

1993; Passon et al., 2012). SFPQ has also been shown to bind independently to PTBP1, and
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during the apoptotic response, SFPQ becomes hyperphosphorylated and dissociates from
PTBP1, acquiring new binding partners such as the U1-70K protein (Patton et al., 1993; Shav-
Tal et al., 2001). Therefore, a possible mechanism by which GQC-05 activates the use of the
upstream site is that following G4 induction, the protein NONO is recruited to the Q2 G4,
which in-turn forms heterodimers with the protein SFPQ which then recruits molecules of the
U1 snRNP through interaction with the U1 70K protein, thereby bringing the U1 snRNP to the
Xs 5’ss and enhancing its usage. This potential mechanism would imply that the accessibility
of the U1 snRNP to the Xs 5’ss is mediated through a complex network of both protein-protein
and well as protein-RNA interactions, and not just simply through the RNA-RNA interactions
described in this thesis. Therefore, despite not showing any changes in splice site accessibility
with regards to the U1l oligo base pairing at the upstream site, we cannot rule out the
possibility that GQC-05 may be affecting accessibility of the U1 snRNP by influencing protein
recruitment rather than just the RNA secondary structure. Further experiments to test this

model will need to be conducted.

6.5 Final conclusions

In conclusion, we have shown that GQC-05 has the ability to bind to multiple different RNA
sequences (containing both high and low G4 forming potential) with uM affinities, meaning
that it may have specificity for an unknown RNA structural element, contradicting the
published data (Brown et al., 2011). Therefore, trying to correlate the binding affinity of this
compound for different structures does not give any insight into its mechanism of action, but
rather that the overall consequence of such binding may give GQC-05 its unique propertiesin
altering splice site selection. Thus, the overall effect of this compound seen in splicing may
come from its ability to re-model RNA rather than its selectivity to bind to different structures
directly. In light of these observations, solving the 3D structure of the Q2 quadruplex bound
to GQC-05 will provide greater insight into its mechanism of action, an aim which was
originally part of this project but due to heterogeneity and time constraints could not be
achieved. However, we have shown that using the wild-type Q2 sequence will make structural
determination incredibly difficult, if not impossible, due to the heterogeneity of the RNA

structure described above. Therefore, the next stage of this project would be to make
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mutations in the Q2 RNA sequence suggested in section 6.2, in order to begin the process of

structural determination with the hope to obtain a ligand bound complex.
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7.1 Plasmid vector used for cloning the larger Bcl-x fragments

BamHI (20)
Noftl (2441) your gene EcoRI (2(?7)/;,,PEX'R9V
Sacl (2438) , ":;L ___lac promoter
Kpnl (2432)
Mfel (2422) \
pEX-For N\
AmpR promoter pE)z(‘;sAo 1})28 pUC ori

7.2 Sequences of the large Bcl-x constructs

Bcl-x construct Sequence
X (38-206) TAATACGACTCACTATA

GAGACTGAGGGAGGCAGGCGACGAGTTTGAACTGCGGTACCGGCGGGCATTCAGTGACCTGACATCCCAGCTCCACATCACCCCAGG
GACAGCATATCAGAGCTTTGAACAGGTAGTGAATGAACTCTTCCGGGATGGGGTAAACTGGGGTCGCATTGTGGCCTTTTTCTCCTTC
TGAGACCCTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG

SD (38-61 + 112-206)

TAATACGACTCACTATA
GAGACTGAGGGAGGCAGGCGACGAGTTTGACCCCAGGGACAGCATATCAGAGCTTTGAACAGGTAGTGAATGAACTCTTCCGGGATG
GGGTAAACTGGGGTCGCATTGTGGCCTTTTTCTCCTTC
TGAGACCCTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG

Q1 (38-151) TAATACGACTCACTATA
GAGACTGAGGGAGGCAGGCGACGAGTTTGAACTGCGGTACCGGCGGGCATTCAGTGACCTGACATCCCAGCTCCACATCACCCCAGG
GACAGCATATCAGAGCTTTGAACAGGTAGTGAA
TGAGACCCTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG

Q2 (150-206) TAATACGACTCACTATA GAGACTAATGAACTCTTCCGGGATGGGGTAAACTGGGGTCGCATTGTGGCCTTTTTCTCCTTC
TGAGACCCTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG

Q2.2 (150-206) TAATACGACTCACTATA GAGACTAATGAACTCTTCCGGGATGGGGTAAACTGUUGTCGCATTGTGGCCTTTTTCTCCTTC
TGAGACCCTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG

Key

T7 promotor

Bsal restriction site

T7 terminator
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7.3 10 X Tris-Borate EDTA (TBE)

Reagents Amount added
Tris base 108 g
Na,EDTA.2H,0 93¢g

Boric acid 55¢g

MilliQ water Up to 1 litre

7.4 Gel recipes
7.4.1 Agarose gel 1%

Component Amount added
Agarose 1lg
1 XTBE 100 mL
Ethidium bromide (10 mg/mL) 10 pL

7.4.2 Acrylamide gels
Component 8% 12% 16%
Accugel 40% (w/v) 29:1 Acrylamide: Bis acrylamide 2mL 3mL 4 mL
*9 M ureain 1 X TBE 8 mL 7 mL 6 mL
10% APS 100 uL | 100 pL | 100 pL
TEMED (Tetramethylethylenediamine) 10 uL 10 uL 10 uL

*Native gels are made in the same way but with 1 X TBE only (without 9 M urea).

7.5 Toluidine blue gel stain

Component Amount added [Final]
Toluidine blue (MW =305.83) |1g 0.1%
Acetic acid 100 mL 10 %
MilliQ water 900 mL /
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7.6 Gel loading dyes
7.6.1 Denaturing loading dye (2 X)

Component [Final] [Stock] Amount added
Formamide 95 % 100 % 9.5mL
Na2EDTA pH 8.0 18 mM 500 mM 360 pL

SDS 0.025 % 10 % 25 uL
Bromophenol blue 0.025 % / 2.5mg

Xylene cyanol 0.025 % / 2.5mg

MilliQ water / / 115 plL

7.6.2 Native loading dye (5 X)

Component [Final] [Stock] Amount added
TBE 5X 10 X 5mL

Glycerol 20 % 100 % 2mL
Bromophenol blue 0.025 % / 2.5mg

MilliQ water / / 3mL

7.7 Transcription buffer (TB 20X)

Component [Final] [Stock] Amount added
Tris-HCl pH 8.1 800 mM 1M 8 mL
Spermidine 20 mM 1M 200 pL
Triton-X 0.2% 100 % 20 uL

DTT 100 mM 1M ImL

MilliQ water / / 780 uL
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7.8 2TY growth media (1 litre)

Component Amount added
Tryptone l6g

Yeast extract 10g

NaCl 5g
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