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Abstract
This thesis explored the molecular basis for a novel type of allelic dropout (ADO) observed
during genetic analysis of the maternally imprinted human gene, MEST (Stuffrein-Roberts
2008, Stevens et al. 2014a). Polymerase chain reaction (PCR) analysis of human genomic
DNA for three single nucleotide polymorphisms (SNPs) in a region of MEST consistently
gave rise to a non-Mendelian pattern where only one haplotype was detectable in each
subject. The absence of observed heterozygotes appeared to be due to consistent ADO,
with different alleles being lost from different subjects. This pattern of ADO was novel and
warranted further examination.

Use of several different amplification and genotyping approaches indicated that the ADO
occurred during PCR, not during post-amplification DNA sequencing, and that it arose
from an inherent property of the genomic DNA. As an imprinted gene, the maternally
inherited allele of MEST is heavily methylated. It was hypothesised that this allele was
prone to ADO, with the paternal allele being consistently amplified. Several different
techniques were applied to test this hypothesis. First, competitive PCR was performed on
differentially methylated templates pairs, which mimicked the methylation status of
genomic DNA. Second, PCR amplification was performed on genomic DNA samples, which
were alternatively treated using methylation specific or methylation sensitive restriction
endonucleases. Last, methylation specific PCR was performed on bisulfite treated DNA
samples, enabling the amplification of paternal (non-methylated) and maternal
(methylated) DNA in separate reactions. This approach was also applied to parentoffspring trios. All data from these experimental approaches were consistent with loss of
the methylated, maternal allele of the MEST promoter region during amplification under
standard PCR conditions.
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A role for secondary DNA structure was considered in the ADO phenomenon.
Computational analyses predicted extensive potential for G-quadruplex (G4) formation
across the entire amplicon, with three regions of high G4 propensity. The potential to
adopt non B-DNA structure was reduced by use of a synthetic template in which predicted
G4 motifs were removed by mutation, or by incorporating 7-deaza dGTP into the DNA
template. These experiments demonstrated that the MEST ADO occurred due to a
combination of Hoogsteen bond formation and cytosine methylation in the genomic
template DNA.

Using circular dichroism spectroscopy (CD) and polyacrylamide gel electrophoresis the
structural potential of the three putative G4 motifs was confirmed. G4 formation was
favoured by the monovalent cation, K+ and cytosine methylation prevented G4 formation
in the absence of MgCl2. Cytosine methylation also decreased the thermodynamic
stability of G4, however, the re-association rates for methylated G4 were significantly
increased. This effect was enhanced by MgCl2 and PCR buffer, suggesting the hypothesis
that during PCR G4 structures form in genomic DNA and are maintained on the maternally
imprinted, methylated allele. It was also observed that K+ concentration in the PCR buffer
directly influenced genotyping outcome, reinforcing the potential for a link between G4
formation and ADO.

Two novel fluorescent techniques were developed, based on traditional radioisotopic
methods, which enabled the precise mapping of G4 structure on both strands of dsDNA
and genomic DNA templates. These techniques relied on either enzymatic or chemical
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cleavage, followed by precise sizing of fluorescent fragments on a capillary sequencer, to
identify G4 footprints in DNA samples. Application of these techniques revealed extensive
G4 formation across the MEST promoter region, confirming the existence of these
structures in genomic PCR templates. Methylation did not appear to influence G4 topology
or propensity to form under the investigated conditions. It was also demonstrated that
non-structured, dsDNA templates could transition to adopt G4 topology, without strand
denaturation. This indicated that Hoogsteen bond formation at the MEST G4 structures
could out-compete Watson-Crick basepairs, and potentially form in vivo.

A third novel fluorescent technique was developed for the simultaneous investigation of
polymerase arrest on both DNA strands of a double-stranded template. This technique
used fluorescently labelled primers during PCR to monitor the extension by polymerase
across both DNA strands. Fluorescent extension products were sized by capillary
electrophoresis and mapped to the template sequence to identify the corresponding
position of termination. This demonstrated that G4 motifs inhibit the action of Taq
polymerase during PCR, regardless of methylation status. However, this effect was most
pronounced with methylated templates, causing lags in amplification for multiple PCR
cycles, in contrast with non-methylated templates. This was sufficient to result in a large
amplification bias relative to the non-methylated template, accounting for the observed
ADO of the maternal allele.

It was concluded that the combination of G4 formation and DNA methylation are both
required for allelic dropout during PCR amplification of the MEST promoter region, and
neither factor in isolation can explain the observed phenomenon. This research has
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clarified the molecular basis of this unusual “parent-of-origin” specific ADO, and led to
development of several novel methods for the investigation of G4, which can be more
widely applied to the analysis of non B-DNA structure. The results have significance for
the accuracy of PCR tests in clinical diagnosis and more generally for the analysis of
genomic DNA using PCR methods.
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Chapter 1
General Introduction
This thesis investigates a novel phenomenon of allelic drop-out (ADO) found to occur
during genetic diagnostics of an imprinted human gene. Several diverse and independent
genetic factors interact to contribute towards this anomaly. To provide a background
context for the areas of research covered, this introduction will review polymerase chain
reaction, non B-DNA structure and epigenetic DNA markers.

1.1 Polymerase Chain Reaction
The ability to extract and amplify specific DNA sequences, through polymerase chain
reaction (PCR), revolutionised the field of biology. PCR was pioneered by Kary Mullis in
1983 (ScHARF et al. 1986, Schochetman et al. 1988, Erlich 1989, Mullis 1990, Mullis et al.
1992) and has developed into an integral technique for many aspects of genetic research
(Desforges and Eisenstein 1990).

PCR is an enzymatic technique for the in vitro synthesis of targeted DNA regions using
replication by the thermally stable Taq DNA polymerase. Short synthetic oligonucleotides
(primers) hybridize to opposing strands of a DNA template, allowing Taq DNA polymerase
to initiate replication from the unoccupied 3’ OH (Saiki et al. 1988). The enzyme
progresses from the primer, along the template in a 5’ to 3’ direction, creating a doublestranded DNA molecule by adding nucleotides complementary to those on the template
(Figure 1.1) (Schochetman et al. 1988). When the extension product from one primer
encompasses the complementary sequence for hybridization by the other primer, this de
novo amplicon can serve as a template for synthesis in future cycles. For an additional

1|Page

cycle of synthesis to proceed, the DNA strands are denatured at 95oC, separating the
double-stranded DNA molecule into single strands. As the temperature is reduced
primers hybridize (anneal) to their complementary sequence, enabling the next round of
amplification to proceed (Figure 1.1). Consequently, the principle of PCR requires the
repeated thermal cycling through three key temperatures (generally 95oC, 63oC and 72oC)
allowing for denaturation, annealing and primer extension.

Figure 1.1 Schematic representation of DNA polymerase amplification.
DNA strands (dark grey) denature under high temperature, upon cooling primers (blue and green) anneal
and allow for nascent strand synthesis (light grey) by DNA polymerase.

The amplicons generated during one cycle serve as the template for the next cycle,
meaning the number of amplicons approximately doubles every cycle. This results in
exponential amplification of a specific sequence template, where the 5’ termini of the
primers define the product size. Assuming maximum efficiency, 20 PCR cycles generate
approximately a million fold (220) increase (Figure 1.2) (ScHARF et al. 1986, Saiki et al.
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1988, Schochetman et al. 1988, Erlich 1989, Desforges and Eisenstein 1990, Mullis 1990,
Mullis et al. 1992). A standard protocol involves 35 repeated cycles, however, the
theoretical 235 increase is not achievable due to reagent limitations, as the reaction is
driven to completion (Garibyan and Avashia 2013).

Figure 1.2 Exponential amplification of DNA during PCR.
In this example 68.7 billion copies originate from a single allele, where one DNA copy originated from each
parental source. Each red bar represents a single region of dsDNA, the grey portion of the template
represents the flanking DNA.

A successful PCR often requires optimisation to obtain consistent amplification of a target
region. Optimisation may include, but is not limited to, determination of the optimal
primer annealing temperature and titration of magnesium chloride (MgCl2)
concentration. Because magnesium is a necessary cofactor for many enzymes,
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determination of the optimum concentration is critical for successful amplification (Innis
and Gelfand 1999). Two primers are used to initiate DNA polymerase extension during
PCR and these generally have different optimal binding temperatures. The theoretical Tm
(thermal melting) of each primer and the amplicon can be calculated (Burpo 2001, AbdElsalam 2003, Wang and Seed 2006, Kalendar et al. 2011), however, annealing
temperatures for each PCR often need to be empirically established, by using temperature
gradients. Despite over 30 years of extensive optimisation and advancement, PCR of
certain gene regions remain problematic.

Advances in PCR
The basic method of DNA amplification through PCR is still subject to limitations. Various
enzymes, additives, techniques, and cycling conditions have been developed to optimize
PCR by reducing error rates and failures (Garibyan and Avashia 2013). Common targets
for development are specificity, fidelity, robustness, and speed; with the aim of improving
size limitations, error rates, off-target amplification and obstruction by secondary
structures (Barnes 1994, Edwards and Gibbs 1994, Bartlett and Stirling 2003, Garibyan
and Avashia 2013, Rahman et al. 2013).

The refinement of DNA polymerase has arguably been the most targeted aspect of PCR
development. Specialised DNA polymerases are now available for most methods
including long PCR, bisulfite PCR, real-time PCR or amplification of G-rich regions
(McConlogue et al. 1988, Higuchi et al. 1993, Barnes 1994, Herman et al. 1996). The
development of Hot Start Taq DNA Polymerase dramatically increased the specificity of
PCR by preventing non-specific amplification at low temperatures (Saiki et al. 1988,
Nuovo et al. 1991). Hot-Start polymerase is activated by denaturation, which removes a
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bound antibody or aptamer from an active site, enabling magnesium chloride (MgCl2) to
bind and facilitate amplification. The use of Hot-Start enzymes greatly increases primer
to template specificity and allows reaction mixes to be prepared at room temperature
(Schochetman et al. 1988, Desforges and Eisenstein 1990, Edwards and Gibbs 1994,
Rahman et al. 2013).

Fluorescently labelled oligonucleotides have been widely used in PCR as both primers and
probes. This allows for quantitative PCR (qPCR), in which accumulation of the target
amplicon can be measured in “real time”. Fluorescent reporter probes bind to the target
template, increasing specificity and allowing quantification of the DNA amplicon, even in
the presence of non-specific DNA (Higuchi et al. 1993, Heid et al. 1996, Dorak 2007).
Fluorescently labelled primers can also be used to size PCR amplicons using automated
capillary electrophoresis (Dolník 1994).

PCR failure
Interference from secondary structure in the DNA template can cause substantial
hindrance to amplification during PCR. This can arise as a property of the genomic DNA
target region, or the newly synthesized DNA strands (Samadashwily et al. 1993, Woodford
et al. 1994, Boán et al. 2004). The failure to resolve such structures can result in
polymerase arrest, preventing the amplification of a full length product, and causing PCR
failure (Wu and Crothers 1984, Nagamine et al. 1989).

In order to circumvent this limitation, several PCR additives and special buffers have been
developed. Betaine and dimethyl sulfoxide (DMSO) decrease the electrostatic stability
within a DNA molecule and are often used to enhance PCR (Baskaran et al. 1996,
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Chakrabarti and Schutt 2001, Kang et al. 2005). Although not specifically designed for
PCR, nucleotide analogues can reduce formation of secondary DNA structures by
preventing bond formations. 7-Deaza-2’-deoxyguanosine (deaza-7 dGTP) is one example,
and contains carbon at the N7 position of guanine, in place of the nitrogen. The potential
application in genetics was initially recognised during radioisotopic gel sequencing
(Mizusawa et al. 1986), as the artificial guanoside is incapable of forming Hoogsteen
bonds with guanine or adenine. This prevents the formation of guanine based secondary
structures in the nascent template strands, which can also hinder polymerase
amplification during PCR of G-rich elements (Mizusawa et al. 1986, McConlogue et al.
1988, Dierick et al. 1993, Jung et al. 2002).

Allelic drop-out during PCR
PCR failure can result in allelic drop-out (ADO), when one allele of a diploid sample
preferentially amplifies, leading to typing as an apparent homozygote. In this instance, the
other allele is completely under-represented and the genotype observed does not
correspond to the individual’s true genotype. This can result in the misdiagnosis of
important genetic diseases, loss of the ability to differentiate between individuals, and
false assumptions about parentage or genetic diversity (Skowasch and Brinkmann 1992,
Findlay et al. 1995, Sparkes et al. 1996, Gill et al.).

This phenomenon was first observed during forensic typing (Skowasch and Brinkmann
1992) and was subsequently found to influence PCR amplification of variable number
tandem repeat loci (VNTRs) (Tully et al. 1993) and single cell PCR analysis (Rechitsky et
al. 1998). Furthermore, it is a common source of missing data in microsatellite analysis
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(Wang et al. 2012), as ADO is often observed during amplification of GC
(guanine:cytosine) rich sequences (Pompanon et al. 2005).

1.1.3.1

The effect of DNA quality and quantity on ADO

Amplification using low DNA quantity is very demanding and can commonly result in ADO
through stochastic sampling errors, which are incurred during aliquoting. In many areas
of genetic diagnostics, where only a single or few samples of genomic copies are
genotyped, ADO can have severe implications. Forensic analysis is often performed on
highly fragmented DNA extracted from hair, faeces, bone or aged substrates of blood and
tissue. This results in DNA of low quantity and quality, which is particularly susceptible
to ADO. Due to the potential implications of false genotyping in this field, the contexts in
which input DNA relates to ADO have been particularly well investigated (Schneider et al.
2004, Tvedebrink et al. 2009, Kline et al. 2011, Gill et al. 2012). In this instance, ADO is
particularly influential when input DNA is of low or degraded quality, as the probability
is greatly increased that one parental strand contains fewer or no full length templates
(Taberlet et al. 1999).

In medical genetics, the potential outcome of ADO can have severe implications. Input
DNA is generally of high quality and optimal quantity, which significantly decreases the
likelihood of ADO. However, it may occur through less common mechanisms, such as an
aberrant property of the assay design or the genomic DNA itself. The most common cause
of ADO in this context, is through poor primer design. However, guanine content and DNA
structure have both been implicated in ADO (Wilson et al. 1994, Boán et al. 2004, Saunders
et al. 2010, Hussain Askree et al. 2011).
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1.1.3.2

ADO and primer polymorphism

When a primer binding site encompasses a SNP this may result in poor binding to one
allele and the selective amplification of that haplotype during PCR, leading to ADO (Laios
and Glynou 2008). Consequently, careful primer design is required and multiple primer
pairs are often used to avoid this issue. Rare alleles and individual de novo mutations are
often more susceptible to drop-out through this method as they may not be known or
recognised prior to primer design (Hussain Askree et al. 2011). Due to mass genome
sequencing and available SNP databases, knowledge of rare alleles is becoming more
comprehensive {Geer, 2009 #242;Sayers, 2011 #531;Sherry, 1999 #532}. This has
significantly increased the power to identify rare SNPs, prior to primer design however,
individual de novo mutations and singleton mutations cannot be predicted and are often
difficult to identify (Wimmer et al. 2011).

1.1.3.3

ADO and DNA structure

Repetitive G-rich DNA elements can pose a significant barrier to PCR, as they exhibit an
increased propensity to adopt secondary DNA structure. The failure to resolve structure
during PCR amplification can cause premature DNA polymerase arrest. This can result in
ADO when the extension product from one primer fails to encompass the complementary
sequence for hybridization by the other primer. For example, microsatellites are
particularly susceptible due to highly variable length and diverse allelic base
compositions. When this results in higher purine content on one allele there is potential
for secondary structures to impair polymerase extension, resulting in ADO through biased
amplification (Boán et al. 2004, Pompanon et al. 2005, Saunders et al. 2010).

In clinical diagnostics, SNP-induced ADO during PCR has been attributed to differential
formation of secondary structure, which resulted in false positive or negative diagnoses.
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Mis-diagnoses in two cases of Rett syndrome have been documented where rare variants
appeared to be homozygous (Saunders et al. 2010). Similarly, ADO was also observed
during the molecular diagnoses of multiple endocrine neoplasia I (Wenzel et al. 2009). In
these instances the variants were found to impact on repetitive G-rich motifs, which have
propensity to form a structure referred to as a G-quadruplex (G4). It is likely that a
significant proportion of variants involved in human disease may be prone to this
problem (Wenzel et al. 2009).

1.2 Secondary structures in nucleic acids
Since Watson and Crick published the helical structure of DNA in 1953 (Watson and Crick
1953), many alternative DNA forms have been identified in vivo and in vitro. This is a
rapidly developing area of genetic research, with potential for discovery of novel
biological function. Double-stranded and single-stranded DNA can exist as many
conformational structures, including cruciform, hairpin, left-handed Z DNA, triplexes, imotif and G4 (Frank-Kamenetskii and Mirkin 1995, Davis 2004, Cer et al. 2012), where
structure formation can have diverse genomic implications. For example, non B-DNA
structures have been implicated in over 40 human genetic diseases through mechanisms
of genomic rearrangement, triplet repeat diseases and somatic hypermutation (Bacolla
and Wells 2004). For the purpose of this thesis I will be focusing on the formation of G4,
i-motif and triplex DNA structures.

Structure and formation of i-motif DNA
In 1993, nearly 50 years after the first proposed theory for G4 structure, the observation
was made that cytosine nucleotides can intercalate to form a helical structure at acidic pH
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(Gehring et al. 1993). This structure, referred to as an intercalated motif (i-motif) forms
at cytosine repeats in nucleic acids and therefore, has high propensity to form at the
regions of DNA complementary to G4 (Day et al. 2014). The appropriate repeat of cytosine
(four C-tracts) allows two parallel duplexes to align end-to-end and intercalate into a four
stranded secondary structure. The requirement for protonation limits structural
formation to acidic, or neutral pH (Gehring et al. 1993, Guéron and Leroy 2000), however,
this may be alleviated by 5’ methylcytosine (Bhavsar-Jog et al. 2014). In i-motif formation
the basepairing face of cytosine is still sterically available, indicating that in canonical BDNA, cytosine can bind a third nucleic acid. A similar formation has been observed to
result in structure referred to as DNA triplexes (Figure 1.3).

Figure 1.3 Alignment of two cytosine nucleotides under acidic pH
Additional protonation, shown as hydrogen (circled) is required for the formation of a third hydrogen bond
between two aligned nitrogen atoms. Cytosine can only interact with one other cytosine nucleotide; however, a
four stranded structure is formed through the intercalation of two separate duplexes.
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DNA triplex formation
Initially proposed as a theoretical model for the structure of DNA, the existence of triplestranded nucleic acids was first documented in 1957 (Felsenfeld et al. 1957). There is
extensive variation in how DNA strands can potentially orientate, which results in a large
potential for structural diversity (Figure 1.3) (Radhakrishnan and Patel 1993, 1994,
Koshlap et al. 1997). Triplex forming oligonucleotide (TFO) sites can be categorized as
polypurine repeats with high guanine content and a small (0–3) fraction of pyrimidine
nucleotides. This allows for the use of computational algorithms for the rapid
identification of candidate TFO binding sites (Gaddis et al. 2006). However, rules for the
prediction of high-affinity TFO sequences have not yet been optimised (Gaddis et al.
2006).

Compared to G4 structure, DNA triplexes tend to be intrinsically weak; for example, Yang
et al. (1994) reported dissociation at 20 °C for a triplex containing an 11-mer third strand
(Yang et al. 1994). Conversely G4 structure is commonly observed in a stable state above
100oC and even in the gas phase (Rueda et al. 2006, Xu et al. 2006). Furthermore,
abundant evidence supports a multistep process for triplex formation, involving slow
conformational rearrangements which may limit the likelihood of in vivo formation
(Cassidy et al. 1994, Bates et al. 1995, Chin et al. 2004).
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A

B

C

D

E

F

Figure 1.3 dNTP monomers
monomers forming DNA triple helix bonds
bonds.
nds.
Nucleotide base shown on top left of each triplex forms Hoogsteen hydrogen bonds with the central base.
Base shown on the right of each triad forms Watson-crick bonds with the central base. Triplexes are
grouped according to whether bonds are formed between two pyrimidines and a central purine (YR*Y) or
one pyrimidine and one purine (YR*R) with a central purine (Y is a pyrimidine, R is a purine, * is a Hoogsteen
basepair). Arrows to the right indicate the 5’ to 3’ orientation of the DNA backbone, where solid arrows
represent purine bases, dashed arrows pyrimidine bases, solid lines Watson-Crick hydrogen bonds, dashed
lines Hoogsteen bonds. Figure redrawn from (Frank-Kamenetskii and Mirkin 1995)
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G-quadruplex DNA structures
Watson-Crick base pairs formed between guanine and cytosine consist of three hydrogen
bonds, whereas adenine and thymine form two (Figure 1.4). However, guanine is unique
among the four nucleoside bases due to its potential to form stable, self-associating
structure through Hoogsteen bonds at the N7 position (Maxam and Gilbert 1977) (Figure
1.5). This enables guanine to adopt a square planar arrangement (G-tetrad) (Figure 1.6),
the properties of which were first observed over four decades before Watson and Crick
proposed their structure for DNA. This was noted by German chemist Ivar Bang, who
observed the unusual ability of guanosine to form gels (Bang 1910). The mechanisms
underlying this observation remained unresolved until 1962, when Gellert et al. (1962)
published x-ray diffraction data for guanylic acid and proposed a suggested theory for Gtetrad bonding (Gellert et al. 1962) (Figure 1.6).

G4 formation is highly reliant upon the presence of a central, positively charged cation
(i.e. potassium). By orientating the inward facing O-6 oxygen atoms around a central
cation, electrostatic repulsions are neutralised and the negative charge of the oxygen
atoms stabilised (Figure 1.6). G4 are formed by a core of two or more stacked G-tetrads
(Figure 1.6) and connected by nucleotide loops which are not normally involved with the
tetrads themselves (Burge et al. 2006). This structure is reliant on conserved base
sequence repetitions which allow guanine repeats to fold, align and associate. When two
or more guanine repeats are separated by up to seven linking nucleotides; repeated four
times within a motif (e.g. (GGGAAA)3), this sequence can stack into higher order G4
structures (Huppert 2008b).
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Figure 1.4 Guanine to cytosine basepair.
Cytosine to guanine Watson-Crick hydrogen basepair, asterisk denotes the available N-7 atom of guanine

Figure 1.5 Guanine to guanine Hoogsteen basepairing
Two guanine molecules in syn formation are shown. Hoogsteen bonds (broken lines) involve the seventh
nitrogen atom (N-7). The hash denotes the unavailable N-7 atom, oxygen atoms (O) are red and hydrogen
(H) are blue.
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Figure 1.6 Schematic representation of guanine (G) tetrad.
Guanine bonding around a central K+ cation, resulting in a square-planar G-tetrad base pairing
arrangement. Broken lines represent hydrogen bonds formed between donor and acceptor sites. When
appropriate base sequences occur containing consecutive runs of G’s followed by 1-7 linking bases, this
structure can stack into higher order G4 conformations (see below). Figure reconstructed from
(Huppert 2008b).

Classification of structural topologies for G4 conformations
G4 are generally classiﬁed according to strand orientation, loop location and the number
of strands involved in formation (Figure 1.7). Structure can form between one
(intramolecular), or multiple (intermolecular, dimeric/tetrameric) DNA (or RNA)
molecules. Of particular relevance to this research are intramolecular G4, however,
intermolecular DNA/RNA hybrids have also been observed to form during transcription
of C-rich elements (Duquette et al. 2004).

Parallel quadruplexes exist where all strands are orientated in the same direction. This
requires a loop from the bottom G residue of one side to the top G residue of the next, and
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results in a propeller appearance (Figure 1.7A). In this topological orientation, all
glycosidic angles are in an anti-orientation. Anti-parallel formation occurs when two
strands orientate in an opposing direction (Figure 1.7B and C), causing syn and antiorientation of guanine (Burge et al. 2006). Hybrid structures also exist, which are a
combination of three parallel strands orientated against one anti-parallel strand (Ambrus
et al. 2006).

Figure 1.7 SingleSingle-stranded DNA molecules
molecules adopting
adopting G4 formation.
Each coloured box represents a G-tetrad. A. represents a parallel quadruplex where all strands are
orientated in the same direction and connected via an external diagonal loop. B. represents an anti-parallel
intramolecular quadruplex with a cross-wise diagonal loop, pairs of strands can orientate in opposite
directions. C. Alternative anti-parallel conformation resulting from edgewise (lateral) loops.

Many motifs which exhibit propensity for G4 formation may consist of G-tracts which are
uneven in length. In this instance, certain G residues from the longer G-tracts will be
located in the loop region, however, between different DNA molecules the pattern of
guanines which contribute towards the structure may differ. This enables the potential
contribution of multiple guanines to G4 formation, and can result in high structural
polymorphism. Once a certain G4 topology is formed in vitro, it is not necessarily
constrained to that conformation. Rather, it can exist as a dynamic response to prevailing
charges in solution and is often easily induced from one form into another by changing
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relevant cation concentrations, without the need for denaturation (Phan and Patel 2003).
This indicates the ability of ions to pass through the channel of the G-tetrads themselves
(Kaucher et al. 2006).

Causes of G4 structural polymorphism
It is possible for a variety of structural G4 variants to result from the same nucleotide
sequence (Bugaut and Balasubramanian 2008). This occurs because multiple
contributing factors interplay to determine formation and stability. Current mathematical
predictions cannot account for all the factors which contribute towards determining G4
topology, making it impossible to predict G4 topology from sequence. Although cation
properties certainly play a major role in determining topology and stability, electrostatic
effects from surrounding bases, and loop lengths, also have a strong influence (Takahama
et al. 2011b).

Potassium ions always position equal distances between two G-tetrad layers, interacting
with a total of eight oxygen atoms and resulting in a symmetric, tetragonal bipyramidal
conformation. Na+ ions have been observed in a range of positions within the G4 structure,
and appear capable of existing within the tetrad plane or between successive stacks
(Burge et al. 2006).

NMR has indicated that substituting monovalent cations of similar ionic radius results in
little or no changes in topology. This has been seen with thallium (1+) which has an ionic
radius close to that of K+ (Gill et al. 2005). However, substitutions of Na+ and K+ often
result in dramatic topological modification, implying high conformational flexibility in
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certain G4 sequences. In general, potassium often favours the formation of more stable,
parallel G4 and sodium can favour anti-parallel topology (Burge et al. 2006).

A.

B.

Figure 1.9 Guanine nucleotides attached to sugarsugar-phosphate backbone
Schematic representation of guanine nucleosides, illustrating rotational flexibility A. Anti-orientation B.
Syn-orientation. Here the guanine base is rotated 180o, which impacts on chirality and is detected using
circular dichroism spectroscopy.

Consequently, G4 can exhibit diverse structural polymorphism and often exist as more
than one species in a solution. Topology represents the complex interplay of factors
including variation in combinations of loop size, length and location, in conjunction with
strand orientation, and DNA sequence. The structural diversity exhibited by a G4 forming
sequence can be attributed, at least in part to ionic conditions.

Thermodynamic G4 stability
The observation that different cations could induce G4 stability was also made using
guanosine gel (Chantot and Guschlbauer 1969), the mechanisms of which are still not
completely understood. Hydration energy is inversely proportional to ionic radii,
meaning that larger cations are less hydrophilic and more likely to position at the interior
of the G-quartet (Williamson et al. 1989). Therefore, the nature of the ion itself determines
its precise positioning within the G-tetrads. It is widely accepted that K+ promotes the
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greatest stability of G4, followed by Rb+ , Na+ , Cs+ , and Li+, where stability is determined
by ionic radius and structure (Williamson et al. 1989, Hardin et al. 1992, Delaney and
Barton 2003, Burge et al. 2006, Arola and Vilar 2008, Neidle 2009).

Bioinformatic G4 prediction
The use of bioinformatic prediction software has greatly increased the power to search
for and annotate genomic sequences which display G4 propensity. Broadly categorized
into a single algorithm, putative G4 forming motifs can be predicted using the following
model (Rawal et al. 2006):

(GxL(1-7) GxL(1-7) GxL(1-7) GxL(1-7))

Here x represents the number of guanine nucleotides in each G-tract directly involved in
G-tetrad formation and L(1-7) can be any combination of linking nucleotides, including
guanine. It is unlikely that loops are restricted to seven or less nucleotides (Guédin et al.
2010); however, this is inferred from empirical investigation (Bugaut and
Balasubramanian 2008) and discussed in Chapter 4.

Evidence of in vivo G-quadruplex formation and implications for the
human genome
The use of bioinformatic algorithms allowed for genome wide predictions of G4 sequences
in human genomic DNA and many multicellular organisms (Todd et al. 2005). This has
demonstrated over 376,000 putative G4 motifs consisting of two or more G-tetrad stacks
within the human genome sequence. Overall, more promoters (40%) were associated
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with G4 than predicted to occur at random, which is indicative of potential for functional
distribution (Huppert and Balasubramanian 2007).

G4 motifs characterized by a high propensity for G4 formation are localised with genes
involved in development, cell signalling, transcription factor activity, muscle contraction,
growth factors and cytokines (Eddy and Maizels 2006, Eddy and Maizels 2008).
Furthermore, bioinformatic analyses have demonstrated that a conserved statistical
association occurs between G4 motifs and telomeres, replication origins, meiotic and
mitotic double-strand break sites, transcriptional start sites and nuclease-hypersensitive
elements (NHE) (Huppert and Balasubramanian 2005). Functional roles for G4 are
further supported by an evolutionary conservation of G4 sequences through phylogenetic
clades (Capra et al. 2010).

The formation of G4 in biologically relevant conditions (Ambrus et al. 2005, Xue et al.
2007) is suggestive of possible in vivo formation in genomic DNA, and indeed until
recently this remained a contentious topic. Extensive research has shown certain G4
structures maintain high thermal stability in solution (Phan and Patel 2003), gas phase
(Rueda et al. 2006) and at near physiological conditions (Ambrus et al. 2006). However,
it is difficult to experimentally demonstrate the in vivo formation of G4. The first
development towards demonstrating the in vivo formation of G4 was achieved by
successfully raising highly specific antibodies against telomeric G4 DNA (Lipps and
Rhodes 2009). The antibodies were then used to investigate the macronuclei of the single
celled ciliate, Stylonychia lemnae, for G4 formation through in situ immunostaining
(Schaffitzel et al. 2001).
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Biffi et al. (2013) advanced this concept into human genomic research by using an
engineered, conformation-specific antibody probe with low nanomolar affinity and high
selectivity for DNA G4 structures (Biffi et al. 2013). Furthermore, the assay specificity
towards G4 structure and not sequence, was confirmed by an increase in antibody target
sites when cells were treated with a small ligand known to stabilize G4 structure (Biffi et
al. 2012, Biffi et al. 2013, Biffi et al. 2014). Visualisation was achieved in living human DNA
cells using in situ fluorescent labelling, which was a significant development over earlier
studies. This enabled G4 structures to be targeted at different stages of cell replication,
demonstrating that G4 were dynamically responsive to cell cycle. As expected, high G4
formation was observed during replication, where DNA at the replication fork is
temporarily single-stranded. Chromosome ends were expected to contribute towards the
majority of G4 signal, due to their single-stranded, repetitive sequence (TTAGGG),
however, formation predominantly occurred outside of telomeric regions.

This assay was extended to successfully investigate the in vivo formation of G4 in RNA
(Biffi et al. 2014). Due to the single-stranded nature of RNA, G4 formation is likely to be
kinetically favourable compared to formation in dsDNA, which requires separation of
Watson-Crick basepairs (Patel et al. 2007). G4 formation by RNA has wide potential for
biological relevance and has been observed in processes relating to RNA splicing,
packaging (Sundquist and Heaphy 1993), translational control (Horsburgh et al. 1996),
endonucleolytic cleavage (Christiansen et al. 1994) and mRNA turnover (Bashkirov et al.
1997).
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Evidence and consequences of G-quadruplex formation in telomeric DNA
The first observation of G-rich DNA adopting secondary structure in human DNA was
from telomeric repeats, which displayed abnormally high electrophoretic mobility on
non-denaturing polyacrylamide gels (Henderson et al. 1987, Sen and Gilbert 1988,
Sundquist and Klug 1989). Eukaryotic cells with linear chromosomes need to ensure that
chromosomal ends are not recognised by cellular DNA repair mechanisms as breaks in
the DNA strand (Greider and Blackburn 1989). To assist this discrimination, chromosome
ends have telomeres consisting of the repetitive sequence d(TTAGGG)n (vertebrate
telomere sequence). In humans, telomeres can contain several thousand repeats of this
sequence (Cross et al. 1989), where the 3’ terminus may extend beyond the duplex DNA
as a single-stranded G-rich overhang (Wright et al. 1997). This sequence has high
propensity for G4 formation, especially in the single-stranded DNA, which is expected to
facilitate G4 formation (Huppert 2008a).

Unless telomere length can be maintained or stabilised, dividing cells have a finite lifespan
(Harley et al. 1992, Levy et al. 1992). During cell replication, polymerase cannot replicate
the 5’ end of DNA strands without initiation from an RNA primer (Watson 1972), which
is later degraded, resulting in the single-stranded overhang (Greider and Blackburn
1989). Subsequently, the double stranded telomeric region shortens with every cycle of
cell division, resulting in chromosome fusion and impaired gene function. This process
causes senescence and apoptosis, and is implicated in biological aging (De Lange et al.
1990). Stem cells bypass this cell limit using an enzyme called telomerase (Greider and
Blackburn 1985), a telomere dedicated reverse transcriptase which extends telomeres
using an internally positioned CAACCCCAA RNA subunit (Lingner et al. 1997).
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In human diseases, approximately 85% of cancerous cells bypass the limit on cell division
by over expressing telomerase and inducing uncontrolled telomeric elongation (Shay and
Bacchetti 1997, Wright et al. 1997). Consequently, there is great potential for developing
ligands or molecules which inhibit the action of telomerase extension through selective
G4 binding and stabilisation (Mergny et al. 2002, Neidle and Parkinson 2002, Pendino et
al. 2006, Oganesian and Bryan 2007, Patel et al. 2007, Huppert 2008b, Gladych et al.
2011). Likewise, G4 occur within the regulatory regions of several oncogenes (Burge et al.
2006), and therefore have been explored as targets for therapeutic intervention (Todd et
al. 2005).

Regulation of G4 structure by genomic supercoiling
It is anticipated that G4 structures can be induced through DNA supercoiling, especially
negative stress which unwinds the helix (Drolet 2006). The positive and negative impacts
of DNA supercoiling on transcription are well documented (Ostrander et al. 1990,
Rahmouni and Wells 1992, Opel et al. 2001, Lim et al. 2003, Drolet 2006) and may
potentially complement the impacts of G4. In vitro, G4 formation can compensate for
negative supercoiling, suggesting that G4 structures in proximity to promoter regions can
either enhance or impair transcription (Sun and Hurley 2009). Analyses of 55 E. coli DNA
binding proteins with potential G4 flanking transcription factor binding (TFB) sites
showed a strong association with global regulators, which are sensitive to supercoiling
(Rawal et al. 2006). Negative transcription regulation could occur where G4 formation is
on the leading strand of synthesis and G4 inhibits transcription machinery from binding
to or transcribing template DNA (Drolet 2006). Alternatively, G4 formation on the lagging
strand can facilitate transcription by preventing re-annealing of the duplex (Sarkies et al.
2010). Proteins may also bind to G4 structures on either strand, aiding in activation or
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deactivation of gene regulation at the level of transcription or translation (Rich and Zhang
2003, Bacolla and Wells 2004, Bochman et al. 2012, Raiber et al. 2012).

Regulation of transcription by G4 formation
A significant functional distribution of G4 motifs within regulatory regions has been
demonstrated by computational analyses of open reading frames (ORF), performed
across 18 phylogenetically distinct species (Rawal et al. 2006). This has been reinforced
using E. coli, where interrogation of over 61,000 ORFs suggested that transcription, signal
transduction, and amino acid biosynthesis pathways could be primarily regulated by G4
(Rawal et al. 2006). Additionally, G4 forming motifs in promoter regions are strongly
associated with sites of nuclease hypersensitivity, which precede active promoters
(Huppert and Balasubramanian 2007). This research has been supported in humans
where G4 have been found clustered in 5’ untranslated regions on the strand transcribed
during expression (Eddy and Maizels 2006, Maizels 2006, Eddy and Maizels 2008, Verma
et al. 2008). In addition, promoters of human cancer genes and regulatory elements (e.g.
transcription factors) have elevated G4 propensity compared to promoters of tumour
supressing and house-keeping genes where there is relative under representation of G4
motifs (Huppert and Balasubramanian 2007, Eddy and Maizels 2008).

Gene transcription is intricately regulated by a variety of molecular processes and
research into the MYC (c-MYC) oncogene was the first to show involvement of G4 motifs
in transcription (Rangan et al. 2001). Expression of this gene is implicated in a variety of
animal and human malignancies, including breast, colon, cervix and lung cancer, as well
as being linked to cellular proliferation and differentiation (Siddiqui-Jain et al. 2002). A
region termed nuclease hypersensitive element (NHE) III contains a G4 motif and controls
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around 85% of MYC transcription, and stabilisation of the G4 within the promoter region
down-regulates expression (Siddiqui-Jain et al. 2002, Lemarteleur et al. 2004, Ambrus et
al. 2005, Hurley et al. 2006, Yang and Hurley 2006, Ou et al. 2007, Ma et al. 2008, González
et al. 2009, González and Hurley 2010).

Genome-wide investigation on the impact of drug-induced G4 stabilisation also indicates
G4 structures affect transcription (Huppert 2008b). Transcription is influenced through
selective binding of regulatory factors which could potentially recognise G4 structures.
This implies G4 are a signal for protein binding as noted above; however, it is hard to
distinguish G4 structure-specific recognition from G4 sequence-specific affinity.
Bioinformatic mapping of TFB sites to G4 motifs associated with start codons provides
some support for this hypothesis (Verma et al. 2008), and has been used to identify nine
putative G4 binding transcription factors (FIS, GlpR, OmpR, Rpos, TyrR, Crp, Lrp, Rpod
and SoxS) (Rawal et al. 2006).

Regulation of and interference with DNA replication by G4 formation
DNA replication is a highly regulated process which duplicates an organism’s entire
genome every cell cycle. In complex multicellular organisms replication originates at
thousands of positions, called replication origins (ROs). ROs are bidirectional and spaced
approximately every 100 kb, with groups of origins often firing simultaneously
(Huberman and Riggs 1968). Replication is influenced by transcription and chromatin
status, which help regulate the timing of replication (Karnani et al. 2010). Besnard et al.
(2012) mapped active regions of the human genome in different cell lines, documenting a
67% correlation of ROs with G4 motifs. When the G4 loop length was extended from less
than seven to less than 15 nucleotides, a 91.4% association was observed. A smaller
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subset of ROs also correlated with transcription start sites (TSS) and CpG islands, which
are both known to be associated with G4 formation (Besnard et al. 2012).

Based on the observation that higher G4 densities occurred in early replicating domains,
it was hypothesized that the abundance and timing of ROs correlates to abundance and
distribution of G4 (Besnard et al. 2012). From this evidence it was concluded that G4
motifs could be a significant determining factor in regulation of RO position in human cells
(Besnard et al. 2012). The possible interaction of G4 sequences with DNA supercoiling in
transcription regulation could also play a role in explaining the association of G4 motifs
with ROs. G4 formation could induce DNA duplex unwinding in negatively supercoiled
DNA, facilitating the binding of replication factors such as the origin recognition complex
(ORC). This could also explain the apparent affinity of the ORC towards topological DNA
structure rather than a specific DNA motif in vitro (Sandman et al. 1998, Remus et al.
2004).

Failure to resolve non-canonical DNA structures can induce genomic instability
(Takahama et al. 2011a, Biffi et al. 2012). During cell division, helicase enzymes unwind
genomic DNA, allowing the leading strand to form the template for continuous replication
and the lagging strand to form Okazaki fragments (Okazaki et al. 1967). This causes a DNA
“bubble” which contains helicase and DNA polymerase, where replication occurs at the
foremost point in the fork. Here, G4 structures are free to form as the DNA is temporarily
single-stranded (Arthanari and Bolton 2001). For replication to proceed, G4 structures
must be resolved, which requires recruitment of specialised helicase enzymes (Lipps and
Rhodes 2009).
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The failure to resolve G4 structures has been implicated in several human diseases
(Siddiqui-Jain et al. 2002, Bacolla and Wells 2004, Lipps and Rhodes 2009, Wu and Brosh
2010), including Fanconi anaemia (Wu et al. 2008). The protein FANCJ (Fanconi anemia
of complementation group J) is a specialised helicase shown to have high affinity for
unwinding G4 structures, in vitro. Patients who carry FANCJ mutations accumulate
genomic deletions in G4 forming regions, resulting in Fanconi anaemia (Lipps and Rhodes
2009, Wu and Brosh 2010). The S. cerevisiae Pif1 (petite integration frequency1) DNA
helicase is the yeast equivalent of FANCJ, and is also shown to have high selective binding
to G4 sites (Paeschke et al. 2011). Inactivation of Pif1 slows replication and induces
double-stranded breaks (DSB) at G4 sites. This results in a high mutation rate at G4
sequences, impairing G4 formation without necessarily changing GC content. After
restoring of Pif1 function, DNA replication rates returned to baseline and no further DSB
incurred. This suggests that in vivo G4 structures are resolved by Pif1, which prevents
replication stalling and promotes genomic stability (Ribeyre et al. 2009, Paeschke et al.
2011). Additionally, the instability observed by Pif1 deficient genomes is associated with
the formation of G4 on the template of leading strand replication (Lopes et al. 2011). This
does not demonstrate that G4 formation is exclusive to leading strand synthesis, however,
indicates the possibility of differential processing of G4 formation during replication of
the leading and lagging DNA strands.

Experimental investigation using C. elegans (nematode) reinforces these observations by
demonstrating that in vivo, G4 DNA is highly mutagenic in genomes deficient for DOG1
(Deletions of G-rich DNA). DOG1 is the C. elegans ortholog of FANCJ (Youds et al. 2008),
and its inactivation results in an accumulation of mutations at G4 sequence motifs
(Kruisselbrink et al. 2008, Pontier et al. 2009). This supports data provided by mammalian
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analysis, as the pathway involves a similar outcome, in the absence of other genes linked
to Fanconi anemia (Mirchandani and D'Andrea 2006).

G4 formation may also play a role in enzyme recruitment at differentially methylated
regions (DMRS) (Sarkies et al. 2010). It has been proposed that Reversionless1 (REV1), a
key enzyme involved in aiding replication through sites of DNA lesions or damage
(translesion synthesis) acts at G4 motifs, formed at the replication fork (Sarkies et al.
2010). In this model, the absence of REV1 led to the failure of histone recycling during
replication of G4 forming sites, and resulted in the loss of inactive chromatin through the
integration of newly synthesized histones (Sarkies et al. 2010). This was likely to have
resulted from replication arrest at G4 sites on the leading template strand, showing a
requirement for REV1 to enable replication across G4 motifs.

Potential involvement of G4 in DNA recombination
Genetic recombination is a mechanism for DNA repair, substitution and meiotic
segregation of chromosomes. Recombination also regulates gene diversification systems,
mating type switches in yeast, immunoglobulin diversity and pathogenesis-associated
antigenic variation (Haber 1998, Criss et al. 2005, Maizels 2005). Neisseria gonorrhoeae
uses a G4 based mechanism to control expression of genes related to evasion of its host’s
(human) immune system. The formation of pilus structures are the primary mechanism
of host evasion and are regulated under the expression of the pilin expression (pilE) locus.
The genomic location of the pilE locus is determined through recombination at G4
encoding regions (Cahoon and Seifert 2009). Mutation at one of 12 guanines within a 16
bp G4 motif upstream of the pilE locus inhibits antigenic variation; however, mutation of
the linking nucleotides does not. Cahoon et al, 2009 concluded that G4 formation was
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crucial for pilin antigenic variation and constitutes a recombination initiation site,
directing gene relocation with a specific chromosomal locus at alternative pilin regions
(Cahoon and Seifert 2009).

Hypomethylation in regions of high G4 propensity has been suggested to cause genomic
hotspots for recombination, by inducing double-stranded DNA breaks (De and Michor
2011). Generally tissues contain hypermethylated genomic DNA, however, in
tumorigenesis blocks of hypomethylation occur (Timp et al. 2014). Hypomethylated
regions are associated with regions of high G4 density, and the co-localisation appears to
generate genomic instability (Halder et al. 2010, De and Michor 2011). This has been
hypothesized to bridge the roles of genetic and epigenetic influences directing
tumorigenesis (De and Michor 2011).

1.3 Potential epigenetic roles of G4 in methylation and imprinting
Epigenetic gene regulation is a heritable and dynamic method of gene regulation which
silences expression without inducing change in the underlying nucleotide sequence. This
allows genetically homogenous somatic cells of multicellular organisms to exhibit
structural and functional heterogeneity, through differential gene expression (Jaenisch
and Bird 2003, Isles 2015).

Cytosine Methylation
DNA methylation (a major form of epigenetic gene regulation) occurs at adjacent cytosine
and guanine (CpG) dinucleotides on genomic DNA, and requires the addition of a methyl
group to cytosine at the N5 carbon (Jaenisch and Bird 2003). Although the mechanisms
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and function of DNA methylation in eukaryotic organisms are not completely understood,
it is clear that methylation plays an important role in gene expression through
transcription regulation (Turek-Plewa and Jagodzinski 2005, Goldberg et al. 2007, Moore
et al. 2015). Methylation levels established during the early stages of embryo
development may change over a life time. For example, methylation can arise
stochastically or through external influences which allow an organism to respond to the
environment through changes in gene expression (Berger 2007, Suzuki and Bird 2008,
Ziller et al. 2013). However, aberrant or inappropriate methylation has been implicated
in the onset of several diseases including cancer (Palmisano et al. 2000, Esteller et al.
2001, Christman 2002, Ehrlich 2002, Davis and Uthus 2004, Kulis and Esteller 2010).

G4 structures are found in the promoters of many genes and these regions are often
enriched for the

dinucleotide

5’-CpG-3’,

which is

the

substrate

for DNA

methyltransferases. Little is known about the relationship between cytosine methylation
in DNA and the formation or function of G4 in these regions. Using circular dichroism
spectroscopy the in vitro biochemical stabilisation of G4 by methylation was
demonstrated (Hardin et al. 1993). In this instance, the presence of cytosine to cytosine
basepairs greatly increased the stability and kinetic associations of the G4 structure and
this was most pronounced when the substrate contained 5-methylcytosine (Hardin et al.
1993). A genome wide bioinformatics study demonstrated that methylation is depleted in
regions of high predicted G4 propensity (Halder et al. 2010). This indicates either a
selection against methylation within G4, or the maintenance of a specialised function for
the co-localisation of these two factors. Finally, methyltransferases are known to have a
higher affinity for unusual structures in DNA relative to B-form DNA (Smith et al. 1991).
This indicates that in vivo, structures such as G4 could provide signals which direct the
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enzymatic activity of methyltransferase, an idea that has not been followed up and which
warrants further investigation.

G4 and methylation both separately play a major role in regulating gene expression and
the combination of these two factors may have a unique biological function. For example,
it is possible that G4 structures could act as preferred binding sites for DNA
methyltransferases (Smith et al. 1991). Despite the high prevalence of G4 motifs in
promoters and CpG rich genomic regions, little research has investigated the potential
role for interactions between DNA methyltransferases and G4 motifs. It has been
hypothesised that G4 structures could be involved in maintaining epigenetic signatures
through several cycles of replication; however, this has not been well supported (Sarkies
et al. 2010, Bochman et al. 2012).

Genomic imprinting
Genomic imprinting is an epigenetic form of gene regulation where cytosine methylation
plays a role in directing the mono-allelic transcription of genes, as determined by their
parental origin (Feil and Khosla 1999, Smith et al. 2004). Currently, around 150 imprinted
mammalian genes have been identified, characterised by the presence of differentially
methylated regions (DMRs) (Li 2013). The process of genomic imprinting is regulated via
a very intricate pathway and is involved in embryonal development, growth and possibly
behaviour (Lefebvre et al. 1998, Reik and Walter 2001, Jaenisch and Bird 2003, Li 2013,
Varmuza and Miri 2014, Isles 2015, Moore et al. 2015). Dysregulation of genomic
imprinting is observed in several congenital diseases, including Beckwith-Weidermann,
Prader-Willi syndrome, Angelman syndrome and Silver-Russell syndrome, which are
associated with abnormal growth (Moon et al. 2010, Bird 2014, Milani et al. 2014, Isles
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2015). Dysregulation of genomic imprinting is also a key factor in tumorigenesis
(Sapienza 1992, Nicholls et al. 1998).

1.4 Introduction to MEST
The work in this thesis is focused on G4 structures in regulatory regions of a maternally
imprinted gene called MEST (mesoderm-specific transcript), previously known as
paternally expressed gene 1 (PEG1). This gene shows parent of origin methylation
patterns where the maternally inherited allele is permanently switched off (Nakabayashi
et al. 2002, McMinn et al. 2006, Moon et al. 2010). In humans, MEST is situated on
chromosome 7q31-34, and is the only known imprinted gene on chromosome 7
(Kobayashi et al. 1997). MEST is imprinted in an isoform specific manner as opposed to a
tissue specific manner, where isoform 1 is imprinted and methylated, displaying paternal
expression, and isoform 2 is non-methylated and biallelically expressed (Figure 1.10)
(Kaneko-Ishino et al. 1995, Riesewijk et al. 1997, Kosaki et al. 2000, Kanwar et al. 2003,
Suzuki et al. 2005, Kataoka et al. 2009, Huntriss et al. 2013).

Isoform 2
Exon A
Isoform 1
Exon 1
Figure 1.10 Two major mRNA isoforms expressed from the human MEST gene.
UCSC Genome Browser depiction of the human MEST gene (Meyer LR 2012). Each isoform is controlled by
a different promoter. The two unique isoform-speciﬁc exons A and 1 are indicated. Green boxes indicate 5’
and 3’ untranslated regions.
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The promoter which controls the expression of MEST isoform 1 is completely methylated
at CpG dinucleotides on the silenced maternal gene, and un-methylated on the expressed
paternal gene (Kobayashi et al. 1997, Lefebvre et al. 1997). However, methylation at this
CpG island does not suppress biallelic transcription of isoform 2 from an apparent
promoter that is located over 6 kb upstream (Brunner et al. 2000). In normal
development, isoform 1 is primarily expressed in embryonic tissues, whereas expression
of the two isoforms is equivalent in adult blood lymphocytes (Yokoyama et al. 2001). In
adult mice, MEST was found to be expressed almost exclusively in the nervous system,
with high levels of expression in the spinal cord and brain, especially in the hypothalamus,
amygdala, ventral hippocampus; main and accessory olfactory bulbs (Lefebvre et al.
1998).

Several lines of research support evidence for a role of imprinting in brain development
and/or function (Fundele and Surani 2005). MEST was the first imprinted gene suggested
to regulate mammalian behaviour, where MEST deficient mice indicated intrauterine and
postnatal growth retardation and abnormal response to new-borns. This included
impaired placentophagia (with few exceptions) and pup abandonment (Lefebvre et al.
1998).

In humans, research has suggested an involvement of imprinted genes, including MEST
with fetal and neonatal growth (Moon et al. 2010). Loss of imprinting at MEST has been
identified in patients born after reproductive assisted technology, and diagnosed with
Beckwith-Weidermann syndrome and Angelman syndrome (Moon et al. 2010).
Additionally, children with Beckwith-Wiedermann syndrome have an enhanced risk of
developing embryonal tumors, such as Wilms’ tumor and hepatoblastoma (Shi et al.
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2004). Loss of imprinting at MEST has also been reported in malignant tumours including
colon, lung and breast cancer (Pedersen et al. 1999, Nishihara et al. 2000, Kohda et al.
2001, Arslan et al. 2005). In invasive breast cancer, MEST has been shown to be highly upregulated, especially for the non-imprinted isoform 2 (Pedersen et al. 1999).

Unusual genotyping behaviour of variants in the imprinted promoter of
MEST
In prior work from this laboratory, the potential of human MEST as a psychiatric
candidate gene was investigated by PhD student, Selma Stuffrein-Roberts (StuffreinRoberts, et al 2008). This involved interrogation of the MEST gene for the presence of
common DNA sequence variation, which could be attributed to maternal behaviour. Three
SNPs (rs375098511, rs73724236, rs116603785) occur within a CpG island that extends
from the MEST promoter for isoform 1, into intron 1 (Figure 1.10). These three SNPs are
in total linkage disequilibrium, such that two haplotypes occur in the human population,
referred to as ATA/GCG (Stuffrein-Roberts 2008). During analysis of the promoter region,
an apparent non-Mendelian behaviour of these SNPs was noted (Stuffrein-Roberts 2008).

During genotype analysis of a large number of individuals, only homozygotes of either
haplotype, and never heterozygotes were observed. Experiments with mixing the
genomic DNA from different individuals proved that the assay was capable of detecting
both alleles simultaneously. It was concluded that the observed absence of heterozygosity
was likely resulting from consistent allelic dropout of one allele in every subject
(Stuffrein-Roberts 2008).

This thesis set out to explore the cause and relevance of apparent genotyping failure of
PCR at the MEST promoter region. My primary hypothesis was that allelic dropout (ADO)
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resulted from the failure of Taq DNA polymerase to amplify the maternally imprinted DNA
during PCR. Because methylation can stabilise G4 structures and certain G-rich repeat
sequences in vitro (Hardin et al. 1993, Dai et al. 2010), (Boán et al. 2004), I also examined
the role of methylated cytosine nucleotides in this phenomenon.
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Chapter 2
Materials and Methods
2.1 General Reagents and Buffers
2.1.1.1

DNA loading dye for gel electrophoresis, 6X

The loading dye used for DNA gel electrophoresis contained 30 % glycerol, 0.01 M Tris pH
7.5, 0.25% (w/v) bromophenol blue (Sigma-Aldrich, St. Louis, MO, USA), 0.25% (w/v)
xylene cyanol (Sigma-Aldrich, MO, St. Louis) and 0.05 M EDTA.
2.1.1.2

Tris stock, 1M

12.11 g of Tris Base (Thermo Fisher Scientific, Waltham, MA, USA) was dissolved in
~900ml of Milli-pore water (MPW) and the pH adjusted to 7.4 with concentrated HCl
before the volume was brought up to 1 litre.
2.1.1.3

EDTA stock, 10 mM

3.72 g of EDTA (Thermo Fisher Scientific, Waltham, MA, USA) was dissolved in ~900 ml
of MPW before the volume was brought up to 1 litre.
2.1.1.4

Tris/Borate/EDTA buffer (TBE)

A stock solution of 10 x TBE containing 45 mM Tris base (121.1g), 45 mM boric acid (62g),
5 mM EDTA (7.4g), pH 8.0 was prepared with MPW to a 1 litre volume. This solution was
diluted 1 in 10 with MPW for routine electrophoresis use (1 x TBE).
2.1.1.5

Tris/Acetic acid/EDTA(TAE)

A stock solution of 10 x TAE buffer containing 48.4 g of Tris base, 11.4 mL of glacial acetic
acid, 3.7 g of EDTA, disodium salt was prepared with MPW to a 1 litre volume.
2.1.1.6

Tris/EDTA buffer (TE)

TE containing 10 mM Tris Base (Thermo Fisher Scientific, Waltham, MA, USA) and 1 mM
EDTA (Thermo Fisher Scientific, Waltham, MA, USA) was prepared by adding 1 ml of 1 M
Tris and 200μl of 0.5M EDTA solutions to a final volume of 100 ml with MPW.
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Circular Dichroism spectroscopy (CD) buffers
2.1.2.1

Na2HPO4 stock, 1M

14.2 g of Na2HPO4 (Thermo Fisher Scientific, Waltham, MA, USA) was dissolved in ~900
ml of MPW before the volume was brought up to 1 litre.
2.1.2.2

Na2H2PO4 stock, 1M

15.6 g of Na2H2PO4.H20 (Thermo Fisher Scientific, Waltham, MA, USA) was dissolved in
~900 ml of MPW before the volume was brought up to 1 litre.
2.1.2.3

KCl stock, 1 M

18.63 g of KCl (Thermo Fisher Scientific, Waltham, MA, USA) was dissolved in ~200 ml of
MPW before the volume was brought up to 250 ml.
2.1.2.4

NaCl Stock, 1 M

14.61 g of NaCl (Thermo Fisher Scientific, Waltham, MA, USA) was dissolved in ~200 ml
of MPW before the volumes was brought up to 250 ml.
2.1.2.5

Na2H2PO4 / Na2HPO4.H20, 10 mM, pH 7

A stock solution of 10 mM NaPi containing ~577 µl of 1 M/L Na2HPO4.H20 and ~423 µl of
1 M/L Na2H2PO4, pH 7 was prepared with MPW to a 100 ml volume.
2.1.2.6

Na2H2PO4 / Na2HPO4.H20, 10 mM, pH 5.5 + 50 mM KCl

A stock solution of 10 mM NaPi containing ~77 µl of 1 M/L Na2HPO4.H20, ~923 µl of 1
M/L Na2H2PO4 and 5 ml of 1 M KCl, pH 7 was prepared with MPW to a 100 ml volume.
2.1.2.7

Na2H2PO4 / Na2HPO4.H20, 10 mM, pH 7 + 50 mM KCl

A stock solution of 10 mM NaPi containing ~577 µl of 1 M/L Na2HPO4.H20, ~423 µl of 1
M/L Na2H2PO4 and 5 ml of 1 M KCl, pH 7 was prepared with MPW to a 100 ml volume.
2.1.2.8

Na2H2PO4 / Na2HPO4.H20, 10 mM, pH 8.0 + 50 mM KCl

A stock solution of 10 mM NaPi containing ~932 µl of 1 M/L Na2HPO4.H20, ~68 µl of 1
M/L Na2H2PO4 and 5 ml of 1 M KCl, pH 7 was prepared with MPW to a 100 ml volume.
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2.1.2.9

Na2H2PO4 / Na2HPO4.H20, 30 mM, pH 8.0

A stock solution of 30 mM NaPi containing ~13.8 ml of 1 M/L Na2HPO4.H20, ~1.2 ml of 1
M/L Na2H2PO4 and 500 µl 1 M KCl, pH 8 was prepared with MPW to a 500 ml volume. This
solution was autoclaved and treated under UV light for 10 minutes before use during PCR.
Polyacrylamide gel electrophoresis (PAGE) preparation
Preparation of ammonium persulfate
10% ammonium persulfate (APS) was prepared by dissolving 1 g of APS in 10 ml of water.
Aliquots of 1 ml were stored at -20oC.
Polyacrylamide gel analysis of oligonucleotides
Polyacrylamide gels were prepared using 40% bis-acrylamide/bis solution (37.5:1 Bio
Rad Laboratories, Inc), at a final concentration of 15% (3 ml in 8 ml of MPW). Each
polyacrylamide gel contained 1 x TBE, 100 mM of the required cation for G4 folding, of
0.004% APS and 0.006% TEMED. The ionic conditions of the polyacrylamide gel were
consistent with tank buffers (1 x TBE) to ensure even oligonucleotide migration. For
denaturing PAGE, 7 M Urea (Roche NimbleGen, Madison, WI, USA),) was heat-dissolved
and added only to the gel mix.
Sample loading buffer of nPAGE
10 µM of oligonucleotide was added to 10 µl of the appropriate buffer for G4 folding, then
heat denatured according to the required protocol. For nPAGE analysis, this solution was
added to 5 µl of 2% glycerol in 1x TBE with 100 mM of the required cation for G4 folding,
to make a final volume of 15 ul. This was loaded onto the gel using a 10ul, long reach
pipette tip. For denaturing PAGE analysis, 10% formamide was added to the loading
buffer and KCl excluded.
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2.2 Genomic DNA samples and extraction
SNP discovery and analysis of MEST genotype patterns was carried out in subjects of a
family study of major depression and its treatment, called the Genetics and
Pharmacogenetics of Depression Study (GODS) (Joyce et al. 2009). The collection of DNA
for GODS was approved by the Canterbury Ethics Committee (Christchurch, New
Zealand). All participants were provided with an information sheet and verbal
explanation of the study, and written consent was then obtained. Participants were all
adults.

Purified DNA samples (Table 2.1) from lymphoblastoid cell lines of specific MEST
haplotypes (as determined by the 1000 Genomes Project) were purchased from the
Coriell Institute for Medical Research (Camden, USA). The DNA solution was quantitated
by UV spectrophotometry, and working aliquots (20ng/ul in 200 ul) were made then
stored at -20oC.

Where required, genomic DNA was prepared from peripheral blood samples of
anonymous donors. All DNA extraction procedures were performed in a clean separate
DNA-preparation area. The method used was guanidium chloride extraction followed by
isopropanol precipitation (Ciulla et al. 1988).
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Table 2.1 Coriell DNA samples

DNA ID# *

Coriell Reference #

MEST haplotypes**

1.

ID# NA19311

ATA/ATA

2.

ID# NA18873

ATA/ATA

3.

ID# NA18874

GCG/GCG

4.

ID# NA19900

ATA/ATA

5.

ID# NA19834

ATA/GCG

6.

ID# NA20752

ATA/GCG

7.

ID# NA19312

GCG/GCG

8.

ID# NA20588

ATA/ATA

9.

ID# NA18856

ATA/GCG

10.

ID# NA19448

ATA/ATA

11.

ID# NA19313

ATA/GCG

12.

ID# NA19449

ATA/GCG

* Reference ID# used in this thesis
**SNPs: A<G rs75098511, C<T rs73724326, A<G rs116603785, as published in the 1000 Genomes database
(Consortium 2012).

2.3 Polymerase chain reaction (PCR)
Primer design and storage
For conventional PCR, primers were designed to be at least 17 nucleotides long, have an
optimal GC content of 50% and avoid long runs (>3) of single nucleotides and repeat
regions (especially guanine). Preferably the primer melting temperature (Tm = 2oC * (A +
T) + 4oC *(C + G)) was above 63oC, and the same or similar to the corresponding reverse
primer’s Tm. However, due to the high GC content of the MEST promoter region, fulfilling
these criteria was not always possible.
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Oligonucleotide sequences were checked by using primer-BLAST on the NCBI nonredundant DNA database to ensure the primer would be specific to the region of interest
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). If the primer had high levels of 3’
homology to any human genes, an alternative primer was sought.

Oligonucleotides were purchased from Integrated DNA Technologies (IDT Pte. Ltd.,
Singapore) and reconstituted with Tris-EDTA 1× solution to a stock concentration of 50
µM. Primer stocks were further diluted with sterile water to 5 µM working solutions for
use in polymerase chain reaction (PCR). The stocks were then stored at -20°C and the
working solutions were stored at 4°C.

PCR set-up
Unless stated otherwise, PCR was performed using Eppendorf Mastercycler® Gradient S
PCR machines. PCR was performed in a separate pre-PCR room to avoid contamination
with post PCR products or genomic DNA. All pre-PCR reactions used filter pipette tips,
sterile 200μl strip tubes, and UV treated pipettes. Prior to setting up any PCR, equipment
and consumables (buffers, pipettes, tips, tubes, and water) were were pre-irradiated with
UV light for 15-20 min to minimise the risk of carry-over contamination. The reaction
mixtures were prepared at 4oC prior to thermal cycling to minimise non-specific
amplification that may arise from residual Taq polymerase activity at low temperatures.

Standard PCR
Unless stated otherwise, PCR amplification was carried out in a total reaction volume of
25 μl containing 1 x PCR reaction buffer with 1.5mM MgCl2 (Roche Diagnostics), 0.5μM of
each primer, 0.2 μM each dNTP, 1 M betaine, 0.5U Fisher Taq-ti polymerase (Fisher Biotec,
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Wembley WA, Australia) and ~30ng of genomic DNA. Standard thermal cycling conditions
consisted of an initial denaturation step of 95oC for 2 min, followed by ≤ 35 cycles of 95oC
for 30 sec, 55-63oC annealing for 15 sec (depending on the Tm of individual primer pairs)
and 72oC for 20-45 sec (depending on the size of the PCR product) with a final extension
of 72oC for 5 min. Where specified, 7-deaza-2´-deoxyguanosine 5´-triphosphate (7-deazadGTP; Trilink Biotechnologies, San Diego, USA) was included in the buffer at a 1:3 ratio
with dGTP.

Touchdown PCR
Touchdown PCR is a two-phased PCR cycling protocol for improved specificity (Korbie
and Mattick 2008). Where used for this thesis, annealing temperature was initiated at
65oC and decreased to 55oC over 10 cycles, in the first phase. Subsequent cycles were
performed at 55oC, where the total cycle number was limited to 35 cycles or below.
Touchdown PCR was performed on any primer combination where the Tm of the primer
pairs differed by 10oC, or greater.

2.4 TwistAmp TM Basic Kit
This approach towards DNA amplification utilized a commercially available non-PCR
based DNA amplification kit developed by TwistDX (Cambridge, UK). This method relies
on isothermal recombinant polymerase amplification and strand replacement to achieve
exponential amplification without DNA denaturation. For the application of techniques,
the manufacturers protocols were followed (TwistDX 2014). Each reaction sample
contained 14 mM magnesium acetate, 0.48 µM of each primer, 52% rehydration buffer
and 30ng genomic DNA. The total incubation time was at least 40 minutes, and the final
product was visualised using gel electrophoresis on 1% agarose gel. The amplification
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product was then prepared according to standard protocol for Sanger sequencing
(Section 2.4). Specific DNA primers were developed for this protocol following
recommended guidelines (Tpf2, Tpr2, Table 1, Appendix A).

2.5 Agarose gel electrophoresis of PCR products
DNA from PCR amplification was resolved in 2% agarose, using gel electrophoresis.
Agarose powder (Progen Biosciences, Brisbane, Australia) was heat-dissolved in 1 x TBE
buffer, containing 8% SYBRTM Safe DNA Gel stain (Invitrogen, Carlsbad CA), then cast and
run in an EASY-CASTTM Electrophoresis System (Owl Separation Systems, Portsmouth,
NH, USA). The solidified gel was then immersed in 1 x TBE buffer, after which, 3 µl of PCR
product mixed with 6 x loading dye was loaded into each well. The PCR products were
electrophoresed at 80-90 V for 20-40 min, until the dye had visibly migrated three
quarters the length of the gel. A GeneRulerTM DNA size standard (0.5μg/μl) (Fermentas
International, Inc., Burlington, Ontario, Canada) was used alongside any PCR products run
on an agarose gel, to determine product size. To visualise DNA bands, agarose gels were
photographed under UV light using a Uvitec Gel Documentation System (Uvitec,
Cambridge) and analysed using Alliance software (Uvitec, Cambridge). Alternatively, PCR
products were analysed using a Shimadzu BiotechTM (Kyoto, Japan) MultiNA (microchip
electrophoresis system), following the manufacturer’s protocol, and visualised using the
inbuilt machine software.

2.6 Gel Extraction of DNA
100 µl of PCR template/mixture was loaded onto 1-2% agarose gel and subjected to
electrophoresis, according to earlier materials and methods. The agarose gel was
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visualised over a UV transilluminator (Alpha Innotech Corporation) and 3M filter
membrane backed by Prepared Dialysis Tubing (Life Technologies, U.S.A, Gaithersburg)
was inserted into the agarose gel ~2mm forward of the targeted band. Electrophoresis
was continued for another 5 minutes, until the DNA band had migrated through the filter
paper and had been trapped on the membrane.

A sterile MonojectTM, tuberculin syringe and needle were used to insert a small hole in the
end of a 0.6 ml Axygen microfuge tube (Corning life sciences, Tweksbury, MA, USA), which
was inserted into a larger 1.7 ml microfuge tube. The PCR product, dialysis tubing and 3M
filter paper were then transferred to the 0.6 ml microfuge tube, to which 20 µl of 1 x TAE
was added. Centrifugation of the TAE (containing the PCR product) from the solid material
was performed at x12000g for approximately 3 minutes. SyberSafeTM and TAE were
removed from the eluted solution through phenol chloroform extraction, and the DNA
was recovered by ethanol precipitation, then re-suspended in MPW or 1 x TE.

Alternatively, gel-purification of PCR products was performed using a MEGA-Quick SpinTM
commercial Agarose Gel Extraction System (iNtRON Biotechnology, Seongnam-si,
Gyeonggi-do, Korea). Following electrophoresis and UV visualisation, the desired PCR
bands were excised using a clean scalpel. Gel slices were heat-dissolved in the provided
lysis buffer at 55°C for 10 min, vortexed and purified through the MEGA-Quick SpinTM
columns by centrifugation for 1 min. PCR products bound to the column membrane were
washed twice with 70% ethanol. The columns were dried by repeated centrifugations and
eluted with 25-30 µL of water or 1x Tris-EDTA. Recovered DNA was quantified by UV
spectrophotometry, and stored at -20°C until further analysis.
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2.7 DNA sequencing
Sanger DNA sequencing was carried out on PCR products after purification using
AcroPrep (PALL Corporation, New York, USA) 96 well filter plates (omega 30K).
Sequencing of PCR products was outsourced to Macrogen Inc. (Seoul, Korea), and
performed using their standard sequencing protocol. DNA, primers and relevant
concentrations were sent, as specified by the service provider’s online entry form
(http://dna.macrogen.com/eng/service/seq/standard/standardseq.jsp). Raw data files
were analysed and aligned using GeneiousTM software (Biomatters Ltd, Auckland, New
Zealand).

2.8 In vitro methylation experiments and restriction digests
In vitro methylation
In vitro methylation and digestion experiments were performed on PCR product
generated from genomic DNA or from the synthetic gBlocksTM templates (IDT Pte. Ltd.,
Singapore) (as described below), using enzymes purchased from New England Biolabs
Inc. (Ipswich, MA, USA). In vitro methylation was carried out by incubation with M. SssI, a
CpG methyltransferase which methylates all cytosine residues in CpG dinucleotides, for
120 minutes at 37oC, followed by heat inactivation at 65oC for 20 minutes. Each DNA
sample was then incubated with the restriction enzyme MspI (which targets and cuts at
CCGG sites) and its methylation-sensitive isoschizomer HpaII, to assess the extent of in
vitro methylation. The resulting digestion products were analysed on the MultiNA
(Shimadzu, Kyoto, Japan) microchip electrophoresis system.
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Restriction digestion
Where methylation-dependent digestion was required, this was performed on ~70 ng
genomic DNA using McrBC endonuclease (New England Biolabs Inc., Ipswich, MA, USA),
according to the manufacturers protocol. McrBC is an endonuclease which cleaves DNA
containing methylcytosine on one or both strands. PCR was then performed on McrBC
digested genomic DNA, using primers MESTPF1/MESTPR4 (Appendix A) and the
amplicon was analysed by Sanger sequencing. Subsequent amplification was performed
using the primer combination Pf1/Pr4 (Appendix A) in 30 µl reactions using touchdown
(section 2.3.4) from 65oC to 55oC.

2.9 Bisulfite DNA conversion
To investigate DNA methylation, genomic DNA was subjected to bisulfite conversion using
an EZ DNA Methylation-GoldTM Kit (Zymo Research, Irvine, CA), according to the
manufacturer’s recommendations. This involved treatment of genomic DNA with CT
conversion reagent for 2.5 hours at 64oC, followed by desulphonation using the supplied
buffers. Treated genomic DNA was prepared using the supplied wash buffers and
separated by size exclusion centrifugation using the supplied reagents. The final product
was re-suspended in TE and quantified on a NanoDrop2000 (Thermo Scientific,
Wilmington DE, USA).

Bisulfite DNA PCR amplification
This method was similar to that described by Herman et al. (1996). Primers were
designed with 5’ homology to either converted (TG) or protected (CG) dinucleotides of
bisulfite-treated DNA (BSPF1CG and BSPF1TG, Appendix A). In conjunction with a
common reverse primer (BSPMESTR3, Appendix A), this allowed selective amplification
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of paternal (bisulfite converted) and maternal (methylation protected) alleles in separate
PCR procedures.

PCR was performed using Eppendorf Mastercycler® Gradient S PCR machines. Standard
pre and post PCR protocol was followed. PCR amplification was carried out in a total
reaction volume of 50 μl containing 1 x Takara Mg2+ free PCR buffer, 2.5 mM MgCl2
(Takara), 0.4 μM of each primer, 200 μM dNTPs, 1M betaine, 0.1U Takara Epitaq Hq
enzyme (Takara) and ~30ng of genomic DNA. Standard thermal cycling conditions
consisted of an initial denaturation step of 94oC for 20 sec, 15 cycles starting at 60oC with
a temperature decrease of 1oC per cycle followed ≤ 35 cycles of 94oC for 15 sec, 45oC
annealing for 15 sec and 68oC for 45 sec with a final extension of 68oC for 5 min.

2.10 Modelling allele specific drop-outs
To examine the effect of methylation on allelic drop-out, the methylation status of
genomic DNA was simulated using in vitro methylation of templates representing the two
MEST haplotypes. PCR products were generated from genomic DNA of two GODs subjects
(Section 2.2) known to give different haplotypes in PCR of the 5’ MEST region. KAPA
2GRobust enzyme (Kapa Biosystems, Inc., Woburn, MA, USA) was used for amplification
with the primer combination MESTPF1/MESTPR6 (Appendix A), following the
manufacturers protocol for G-rich DNA. Products from each PCR were then subjected to
in vitro methylation with M.SssI CpG methyltransferases. The effectiveness of methylation
was tested by enzymatic digestion (as described in section 2.8.2). These products were
purified and diluted to 2 ng/μl in 1 x TE. Different combinations were then mixed at equal
concentrations to provide synthetic templates, which modelled the different allelic
methylation states of genomic DNA. PCR amplification was performed on mixed templates
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using primers MESTPF1/MESTPR3 (Appendix A) and the resulting amplicons were
purified and sequenced as above.

To experimentally differentiate between the contribution of methylation and G4
formation in allelic drop-out, two customized gene fragments (gBlockTM) were
synthesized (IDT Pte. Ltd., Singapore), and supplied as plasmid constructs. The “wildtype” gBlockTM plasmid contained a product spanning 636 bp of the human MEST
promoter, and encompassed all three SNPs (of the ATA haplotype) and all three G4
forming regions (as described in Chapter 4). The “mutant” gBlockTM plasmid insert
represented the equivalent region, except that T bases were substituted for all G bases
expected to be involved in G-quartet formation for the three predicted G4s (Table 4.1,
Chapter 4).

The primer combinations MESTPF1A/MESTPR3C and MESTPF1C/MESTPR3C (Appendix
A) were used to generate alternative “synthetic” haplotypes of each wild-type and mutant
gBlockTM marked by a novel base introduced during the PCR. In vitro methylation was
performed (section 2.8.1) on PCR products which were amplified from both synthetic
gBlockTM templates. These products were purified and diluted to 2 ng/μl in TE. Seminested PCR was then performed on various mixed templates of equal concentration, using
primers MESTPF1/MESTPR3 (Appendix A). The resulting amplicons were purified and
sequenced as above.

2.11 Bioinformatic analysis
Predictions of putative G4 motifs were made using the software algorithms Quadparser (Huppert
and Balasubramanian 2005), G4P_calculator.exe (Eddy and Maizels 2006), QGRS Mapper (Oleg
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Kikin 2006), Quadfinder (Scaria et al. 2006) and QGRS-H Predictor (Menendez et al. 2012) (Table
2.2). Where necessary, both DNA strands were analysed separately to ensure G4-motifs were
detected in both orientations.

Primer design, analysis of sequence alignments, and DNA sequencing results were managed using
Geneious 5.5.3 software (Biomatters Ltd, Auckland, New Zealand).
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Table 2.2 G4 prediction algorithms and settings used

Program

Quadparser.exe, Quadruplex

Website Tutorial

http://www.quadruplex.org/?view=quadparser_instructions

Download Page

http://www.quadruplex.org/docs/quadparser.exe

Reference Paper
Parameter Settings Used

Program
Website Tutorial
Download Page
Reference Papers
Parameter Settings Used

Minimum Size of G-run: 2 nt
Size of linker: 1-7 nt
Minimum number of G-runs per window: 4
G4P_calculator.exe, G4P Calculator, an online program for
predicting G- quadruplexes
http://depts.washington.edu/maizels9/downloads/G4calc/Read
Me.txt
http://depts.washington.edu/maizels9/downloads/G4calc/G4P_
calculator.exe
http://depts.washington.edu/maizels9/publications.php

Program

Size of search window: 33 nt
Size of window shift: 1 nt
Minimum Size of G-run: 2 nt
Minimum number of G-runs per window: 4
QGRS Mapper: a web-based server for predicting G-quadruplexes

Website Tutorial

http://bioinformatics.ramapo.edu/QGRS/background.php

Download Page

http://bioinformatics.ramapo.edu/QGRS/analyze.php

Reference Paper
Parameter Settings Used

Website Tutorial

Max length: 45 nt
Min G-group: 3 nt
Loop size: 1 to 7 nt
Quadfinder: A web-based server for identifying quadruplexforming motifs
N/A

Download Page

http://miracle.igib.res.in/quadfinder/gquadruplex.html

Program

Reference Paper
Parameter Settings Used

G Stretch: 3 to 5 nt
N Stretch (linker): 1 to 7 nt
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2.12 Native polyacrylamide gel electrophoresis (PAGE)
The investigation of differential migration by G4 forming oligonucleotides was performed
using non-denaturing PAGE, carried out on a 15% polyacrylamide gel in TBE, containing
100 mM of specified cation, according to section 2.1.5. Sample loading buffer containing
10 µM of oligonucleotide was heated at 95oC for 5 minutes then cooled slowly to room
temperature (22oC) overnight. Gels were run for 40 minutes at 200 mAh/200 V/37 W,
maintained below 25oC. Molecular weight markers consisted of custom synthesised
oligothymidylates of 10, 20, 30, 40 and 50 nucleotides in length (IDT Pte. Ltd., Singapore).
After electrophoresis, gels were visualised by UV shadowing against a thin layer
chromatography plate followed by staining with SYBR®Safe and destaining in MPW.
PAGE was performed in a Bio-Rad (Hercules, CA) Mini-Protein ® II Cell box. The
investigation of i-motif formation was performed according to the above protocol, using
15% non-denaturing PAGE (pH 5.5), in TBE containing 100 mM KCl and 30mM NaPi (pH
5.5).

UV Shadow
To visualize bands, polyacrylamide gels were placed into a plastic zip sealed bag, placed
onto a plastic wrapped TLC plate and photographed under a hand-held short-wave UV
lamp (200-300 nm).

2.13 Circular Dichroism Spectroscopy (CD)
Oligonucleotides were purchased from Integrated DNA Technologies (IDT Pte. Ltd.,
Singapore), and reconstituted in MPW. A 1000 uM working stock solution was used for
both CD and PAGE. Stock solutions were stored at -20oC. Where 5’ methyl cytosine
modifications were required, oligonucleotides were also HPLC purified. Comparisons
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were initially made between purified and un-purified oligonucleotides, and purification
was found to have no difference on CD spectra or melting temperatures. Unless stated
otherwise, all experiments were carried out in 10 mM NaPi, with 50 mM of the relevant
cation required for G-quadruplex folding. The desired buffer pH was adjusted by relative
quantities of Na2H2PO4 / Na2HPO4.H20 (section 2.1.2) and determined using a Chiltern
(Smith Bio-Lab, Auckland, NZ) pH detector.

Unless stated otherwise, all oligonucleotides were heated at 95oC for ten minutes then
cooled slowly to room temperature (22oC) over night, prior to analysis. CD measurements
and CD-melting studies were performed on a Jasco J-815 CD Spectrometer (Jasco
Analytical Instruments, MD USA), with a 1mm path length quartz curvette. Sample
temperature was controlled using a Peltier temperature controller. CD spectra were
collected across 340 nm to 220 nm in 1 nm increments (continuous scanning) and the
reported spectra corresponded to the average of at least two scans. An appropriate buffer
blank correction was made for all spectra. The scanning speed of 50 nm/min was used for
final data, and 200 nm/min for preliminary investigations, with a response of 1 sec and a
band width of 1 nm.

The motif conformation was determined by spectral investigation where the
oligonucleotide is 100% helical. CD melting curves were changed by monitoring the
change in ellipticity as a function of temperature across all wavelengths. Temperature was
increased from 25oC to 95oC at a rate of 0.25oC min-1. Analyses of the CD melting curves
yielded Tm at 260 nm, calculated as the temperature at which the structure was 50%
folded in solution. This assumed complete folded complexes at 25oC and completely
denatured at 95oC. Species were deemed dissociated when there was no longer a
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significant decrease in ellipticity, despite significant temperature increases. For
structures which did not denature below 95oC, stability exceeded the temperature range
of the CD spectrometer and Tm could not be calculated.

CD modifications for i-motif investigation
For i-motif analysis, CD spectra were collected across 350 nm to 220 nm in 1 nm
increments and the reported spectra corresponded to the average of at least two scans.
Analyses of the CD melting curves yielded Tm at 287 nm, calculated as the temperature at
which the structure was 50% folded in solution. Structural formation was investigated
over a pH range of 5.5-8.0, which was adjusted according to the above methods.

2.14 Fluorescent Polymerase Stop Assays
Primer design
Polymerase stop assays were performed on both single-stranded oligonucleotide
templates and double-stranded genomic DNA. For optimal detection, MEST primers were
designed to bind 50-100 nucleotides (nt) from the hypothesized stop position, avoid
repetitive G rich motifs, have a thermal denaturation temperature of 65oC and contain a
minimum of 17 nucleotides.

Fragment sizing by capillary electrophoresis
All size analysis of fluorescently labelled DNA was outsourced to Macrogen Inc. and
performed according to their standard microsatellite protocol, using capillary
electrophoresis. When necessary, it was requested that the DNA pellet was
re-suspended directly in highly dionized (HiDi) formamide, to avoid undue dilution of the

53 | P a g e

sample. For all analyses, an initial denaturation step of 95oC for 5 minutes was requested.
The size standard used was GS500LIZ.

Computational data analyses
Raw data were visualised on Applied Biosystems Peak Scanner 2.0 software and
subsequently exported into Microsoft Excel (2007). The fragment size was rounded to the
nearest whole number and aligned with the template size or sequence. Peaks of
equivalent size, or below the size of the primer, were removed as these did not correspond
to polymerase extensions. An example of the graphical representation of extension
products is indicated in Figure 2.1. The x-axis represents the template DNA strand (DNA
sequence or amplicon size) and the y-axis represents fluorescence. Multiple replicate runs
were plotted by using average fluorescence values for each nucleotide position.

Where bidirectional analysis was performed on double-stranded DNA (dsDNA), the
fragment peaks originating from the reverse primer were illustrated by first subtracting
their lengths from the overall amplicon length, then plotting them along the x-axis in 5’ to
3’ orientation. Colour coding was used to indicate fragments originating from the two
different primers.

Figure 2.1 Example of fluorescent stop assay analysis
Peaks originating from each primer are depicted in separate series, where the colours represent the colour
of the fluorescent label. Nucleotide length is presented on the X-axis and fluorescent intensity is presented
on the Y-axis, and is proportional to the amount of fluorescent product.
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Semi-nested fluorescent oligonucleotide extension
This technique was developed as a method for evaluating the potential use of fluorescence
in polymerase arrest assays. It made use of a 5’ 6-fluorescein (FAM) labelled primer
(Apt1) already in use in our laboratory for an unrelated purpose (analysis of a tandem
repeat variant in the MAOA gene), as an initial test for the analysis of multiple G4 motifs.
This was achieved using tagged MEST primers, which incorporated a 5’ binding site for
the fluorescent apt1 primer into the template of interest. In a single PCR, the FAM labelled
primer was incorporated into one strand of a MEST amplicon, using the following PCR
protocol. Unless stated otherwise, this reaction was carried out in a total volume of 50 μl
containing 1 x PCR buffer with 1.5mM MgCl2 (Roche Diagnostics), 0.5 μM of fluorescently
labelled Apt1FAM primer, 0.5 μM non tagged MEST primer, 0.15 μM tagged MEST primer,
200 μM dNTPs, 1 M betaine, 0.5U Taq DNA polymerase (Fisher) and ~30ng of genomic
DNA or ~2 ng of plasmid. Thermal cycling conditions consisted of an initial denaturation
step of 95oC for 2 min, 10 cycles of 95oC for 30 sec, annealing for 15 sec with temperature
increments at 1oC per cycle from 55oC to 65oC and extension at 72oC for 45 sec. This was
followed by 25 cycles of 95oC for 30 sec, annealing for 15 sec at 65oC and extension at 72oC
for 45 sec with a final extension of 72oC for 5 min.

PCR products were separated using gel electrophoresis (section 2.5) and visualised in
agarose using a UV transilluminator. Target bands were extracted and purified, according
to section 2.6. Primer extension was performed in a total reaction volume of 20 μl
containing 1 x PCR buffer with 1.5 mM MgCl2 (Roche Diagnostics), 0.5-1 μM of FAM
labelled Apt1 primer, 200 μM dNTPs, 0.5U Taq DNA polymerase (Fisher) and ~150 ng of
FAM labelled PCR product. Thermal cycling conditions consisted of an initial denaturation
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step of 95oC for 2 min, followed by 3 cycles of 95oC for 30 sec, 58oC annealing for 15 sec
and extension at 72oC for 45 sec. DNA was concentrated and dried in a centrifugal
evaporator (Thermo Fisher Scientific, Waltham, MA, USA), after which it was stored in the
lyophilized state at -20oC until genotyping. Genotyping and analysis were performed
according to the above methods.

Single-stranded Fluorescent Oligonucleotide Primer Extension (ssFOPE)
ssFOPE was performed using synthetic oligonucleotides (IDT, Singapore), in a total
reaction volume of 30 μl containing 1 x PCR buffer with 1.5 mM MgCl2 (Roche
Diagnostics), 0.25 μM of FAM labelled primer, 200 μM dNTPs containing 7-deaza-dGTP;
(Trilink Biotechnologies, San Diego, USA) in a 1:3 ratio with dGTP, 0.5U non Hot-start DNA
polymerase (Roche Diagnostics) and 0.25 μM of synthetic linear template.
Oligonucleotides, buffer and nuclease free water were heated at 95oC for 3 min then
cooled to room temperature over 30 min. Taq DNA polymerase and dNTPS were then
added to this mix at the indicated concentrations and incubated for 1 hour at 55oC. Where
Hot-start Fisher Taq DNA polymerase (requires heat activation) was used, cycling
conditions consisted of an initial denaturation step of 95oC for 2 min, followed by one
cycle of 95oC for 30 sec, 58oC annealing for 15 sec and extension at 72oC for 45 sec.

Fluorescent oligonucleotide primer extension (FOPE)
Fluorescent oligonucleotide primer extension was performed on double-stranded DNA
(dsFOPE) in a total reaction volume of 30 μl containing 1 x PCR buffer with 1.5 mM MgCl2
(Roche Diagnostics), 0.25 μM of FAM labelled primer, 200 μM dNTPs containing 7-deaza2´-deoxyguanosine 5´-triphosphate (7-deaza-dGTP; Trilink Biotechnologies, San Diego,
USA) in a 1:3 ratio with dGTP, 0.5U Taq DNA polymerase (Roche) and ~200ng of genomic
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DNA. A reaction mixture consisting of genomic DNA, primers and buffer was heated at
95oC for 5 min and cooled to 22oC over one hour. Taq polymerase and dNTPs were then
added, and the sample incubated at 55oC for 30 min. Where Hot-start Fisher Taq DNA
polymerase (requires heat activation) was used, cycling conditions consisted of an initial
denaturation step of 95oC for 2 min, followed by one cycle of 95oC for 30 sec, 58oC
annealing for 15 sec and extension at 72oC for 45 sec.

Polymerase extension was terminated through the addition of phenol:chloroform and
brief vortexing, after which the aqueous phase was removed and concentrated by
centrifugal evaporation (Thermo Fisher Scientific, Waltham, MA, USA) at 55oC. DNA
samples were then stored in a lyophilized state at -20oC until fragment analysis. Capillary
electrophoresis, using a Genetic Analyser (Applied Biosystems) was used for the sizing of
FOPE products, where the lyophilized DNA pellet was re-suspended directly in HiDi.
Without increasing the input genomic DNA, this yielded enough fluorescent product for
one analysis per sample, requiring samples to be concentrated using a centrifugal
evaporator. When using a centrifugal evaporator to concentrate samples, salts from the
PCR are also concentrated, which can interfere with fragment migration. To overcome this
limitation, initial PCR sample volumes were limited to 30 ul.

Fluorescent investigation on methylation specific allelic failure
These experiments were performed as described for FOPE, but using up to 36 cycles of
PCR. A single master mix was split into 36 sample aliquots, one of which was removed
after every second PCR cycle and stored prior to visualisation, which was carried out at
completion of the run (according to section 2.14.2). Template methylation was performed
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according to section 2.8.1. Equal DNA concentrations in methylated and non-methylated
treatments were ensured.

2.15 Fluorescent dimethyl sulfate footprint analysis
DMS treatment
Dimethyl sulfate (DMS) was added to the reaction sample at a final concentration of 1%
and incubated at room temperature for 10 minutes, per μg DNA (of ~500bp length). The
reaction was quenched through the addition of sodium acetate (pH 7.0) to a final
concentration of 0.3 M, along with 0.2 m β-mercaptoethanol and 100 ng salmon sperm.
DNA was then precipitated through the addition of an equal volume of isopropanol and
stored overnight at -80oC. After centrifugation at x14,000g for 20 min, the DNA pellet was
washed twice in 70% ethanol and resuspended in 50 µl 20% v/v piperidine:ethanol and
incubated at 90oC for 30 min. Piperidine was removed by centrifugal evaporation (Thermo
Fisher Scientific, Waltham, MA, USA) and the sample was stored in a lyophilized state at 20oC until capillary gel electrophoresis. Data were analysed and graphed according to
section 2.14.3.

Single-stranded fluorescent analysis of DMS footprint assay (ssFADFA)
Non-purified, 5’ fluorescently labelled oligonucleotides (referred to as template 1,
illustrated in Figure 2.2), were purchased from IDT (Singapore) and reconstituted in
MPW. 300 picomole of oligonucleotide was added to 9 µl of 10 mM Tris (pH 8.0), 1 mM
EDTA, and 100 mM KCl. Oligonucleotides were either heat denatured at 95oC for 5 min
and cooled at a rate of 0.2oC per min, or incubated at 37oC for the desired time course.
One µl of glycerol was added to the reaction mixture, prior to loading onto a 12%
bis/acrylamide, non-denaturing polyacrylamide (PAGE) gel. Fluorescent oligonucleotide
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migration was monitored using direct visualisation with a UV transilluminator (Alpha
Innotech Corporation), without removal from the glass plate.

Once bands had migrated approximately two thirds the length of the gel, the glass plates
were removed and the gel was transferred to a UV transilluminator (Alpha Innotech
Corporation). Bands of interest were excised and added to 200 µl of appropriate G4
folding buffer (usually, 10 mM Tris (pH 8.0), 1 mM EDTA, and 50 mM KCl). Bands were
crushed, freeze-thawed and rotated overnight at 4oC. Samples were then centrifuged at
x14000g for 5 min and the supernatant removed using a pipette. Small polyacrylamide
particles were removed by size exclusion centrifugation using a 100K AcuPrep 96 well
filter plate (Omega). The filtrate was subjected to DMS treatment according to the above
protocol (section 2.13.2). Prior to centrifugal evaporation, samples were split into three
aliquots for multiple analysis of each sample.

Where CD spectroscopy was used to interrogate G4 formation by specific bands, this was
performed on the recovered filtrate, prior to DMS treatment. Visualisation required
approximately 4 µM of oligonucleotide, which was then adjusted to 300 picomoles before
DMS analysis.

Double-stranded
(dsFADFA)

fluorescent

analysis

of

DMS

footprint

analysis

This technique was performed on two different double-stranded DNA substrates, referred
to as template 2 and template 3 (Figure 2.2). These templates both contained fluorescent
markers at opposing termini, but they were generated using different protocols.
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Template 2 was generated through ligation; this avoided the potential for any early
terminated products or off-target amplification generated during PCR which could give
false peaks in downstream analysis. Complementary oligonucleotides were synthesized
(IDT, Singapore) which encompassed the G4 sequence of interest and contained flanking
regions complementary to a fluorescent oligonucleotide. When assembled, the
fluorescent termini were located at the 5’ end of the construct on both strands (Figure
2.2). In total this product consisted of four separate oligonucleotides, CmycPF1HEX,
CmycPR1FAM, CMycFbindsR, CMycRbindsF, which were assembled into a doublestranded construct by annealing and ligation. Annealing was performed by heating 0.5 μM
of each oligonucleotide for 5 min at 95oC in 200 μl ligation buffer (10 mM Tris (pH 8.0)
and 50 mM LiCl), and cooling the sample in a PCR machine at the rate of 0.2oC per minute.
The sample was then subjected to ligation by T4DNA ligase (New England Biolabs Inc,
Ipswich, MA, USA) according to the manufacturer’s recommendations. In order to remove
non annealed oligonucleotides, the sample was concentrated by centrifugal evaporator
and PAGE purified, using the non-denaturing protocol in section 2.1.5, without potassium.
After extraction, 500 ng of template DNA was added to 10 mM Tris (pH 8.0) 1 mM EDTA
and 100 mM KCl, and incubated at 37oC for the desired time, before DMS analysis.

Template 3 (Figure 2.2) was generated through PCR of genomic DNA with primers
containing 5’ hexachlorofluorescein (HEX) on the forward strand and FAM on the reverse
strand according to the following PCR protocol:

PCR amplification was carried out in a total reaction volume of 25 μl containing 1xPCR
buffer with 1.5 mM MgCl2 (Roche Diagnostics), 0.5 μM of each primer, 200 μM dNTPs, 1
M betaine, 0.5U Taq DNA polymerase (Fisher) and ~30 ng of genomic DNA. Standard
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thermal cycling conditions consisted of an initial denaturation step of 95oC for 2 min,
followed by ≤ 35 cycles of 95oC for 30 sec, 55oC annealing for 15 sec and 72oC for 45 sec
with a final extension of 72oC for 5 min.

Gel electrophoresis and band extraction was performed using dialysis tubing according
to section 2.6. Following extraction, 500 ng-1 μg of DNA was heat denatured in an
appropriate buffer.

Figure 2.2 Representation of DNA templates used in analysis
Colours represent the fluorescent label used in analysis of each strand. A. Template 1: Artificially
synthesized, single-stranded DNA template containing a 5’ FAM. B. Template 2: Construction of doublestranded DNA, generated through oligonucleotide annealing and ligation where HEX (green) is on the Grich strand and FAM is on the C-rich strand. Template C: Double-stranded DNA generated using PCR where
differentially fluorescing primers are incorporated at opposing termini (HEX and FAM). In the above
examples potential G4 structures have been omitted.
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2.16 Mung Bean nuclease footprint analyses
Template 2 and 3 were also subjected to interrogation using the single strand specific
endonuclease, Mung Bean (New England Biolabs Inc, Ipswich, MA, USA). 500 ng of
fluorescently labelled, purified template was suspended in the desired buffer, heat
denatured at 95oC for five minutes and cooled to room temperature over 30 minutes. This
reaction was then incubated with 4U of enzyme in appropriate buffer at 37oC for nine
minutes in an 80 ul reaction volume. This reaction was terminated through the addition
of phenol:chloroform at a 1:1 ratio, then vortexing and centrifugation at x14,000g for five
minutes. The aqueous phase was removed and speed vacuum dried at 45oC, then stored
in a lyophilized state at -20oC until analysed by capillary electrophoresis.
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Chapter 3
Allelic drop-out of the human MEST promoter region
during PCR
3.1 Introduction
Prior work from this laboratory (Stuffrein-Roberts 2008) identified three SNPs in a CpG
island located immediately 5’ of the MEST isoform 1, a transcript that shows maternal
imprinting. These SNPs, G>A (rs75098511), C>T (rs73724326) and G>A (rs116603785),
displayed total linkage disequilibrium, such that only two haplotypes (named ATA or
GCG) exist. When these SNPs were genotyped in many subjects, a non-Mendelian pattern
was observed where each subject appeared homozygous. The absence of heterozygotes
occurred despite the use of several different primer pairs, and different methods for
genotyping, including DHPLC (Transgenomic WAVE® Fragment Analysis System), and
Sanger DNA sequencing (Stuffrein-Roberts 2008).

The observed population frequency of haplotypes was approximately 87% for GCG and
13% for ATA. Mixing of genomic DNA from individuals who yielded different haplotypes
indicated that the assays were capable of detecting both alleles simultaneously, and that
ADO arose from an innate property of the genomic DNA. It was concluded that this
observation was an artefact of PCR, likely resulting from allelic failure (Stuffrein-Roberts
2008), although the cause was not determined.

Inspection of the DNA sequence for the MEST promoter region revealed the potential
formation of three G-quadruplex structures. The detailed characterisation of these
structures and their potential involvement in the observed ADO is described in Chapters
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4-7. However, this chapter describes a more detailed analysis of the ADO phenomenon at
the MEST locus, an exploration of the role of methylation in this ADO, and approaches to
obtaining correct diploid genotypes from human genomic DNA. Some of the work in this
chapter took place after completion of experiments described in subsequent chapters, and
was therefore informed by findings documented later in this thesis.

The results presented in Chapters 3 to 5 of this thesis formed the basis for a publication
(Stevens et al. 2014), included in Appendix P.

3.2 Results
The MEST DNA sequence which is the focus of this thesis is presented in Figure 3.1, which
indicates the position of the three SNPs and the common primer pairs used. The results
of Stuffrein-Roberts (2008), which indicated unusual ADO during PCR of this region were
revisited using reference DNA samples that were analysed as part of the 1000 Genomes
Project (Consortium 2012). The 1000 Genomes database contained genotypes for the
relevant MEST SNPs, and reference genomic DNA samples representing the two possible
haplotypes of this region were acquired from the Coriell Institute of Research (Table 3.1)

Initial attempts at optimizing MEST PCR
The PCR described by Stuffrein-Roberts (2008) proved inconsistent and was prone to
unexplained failure. This inconsistency was also observed for any PCR through this region
for which the amplicon was longer than 400bp. Therefore, extensive optimisation was
systematically performed (Kramer and Coen 2001), without significant improvement of
PCR yield, specificity or consistency (Kramer and Coen 2001). Alternative PCR protocols
were trialled, including touch-down PCR (Korbie and Mattick 2008), which appeared to
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reduce non-specific amplification using certain primer pairs, but did not alleviate the ADO
(Figure 3.12). In further attempts to alleviate ADO, thermophilic polymerase enzymes
from many suppliers were trialled, along with different methods of DNA amplification,
allele specific amplification and high resolution melt (HRM) genotyping (Appendix B), all
which proved unsuccessful. Over the course of these investigations, 20 different primer
combinations were trialled, all of which were prone to ADO. This demonstrated the highly
robust nature of the ADO.

Table 3.1 Haplotypes of
of DNA samples purchased from the Coriell Institute of Research
Research

DNA ID# *

Coriell Sample Ref. #

Published Genotype**

1.

NA19311

ATA/ATA

2.

NA18873

ATA/ATA

3.

NA18874

GCG/GCG

4.

NA19900

ATA/ATA

5.

NA19834

ATA/GCG

6.

NA20752

ATA/GCG

7.

NA19312

GCG/GCG

8.

NA20588

ATA/ATA

9.

NA18856

ATA/GCG

10.

NA19448

ATA/ATA

11.

NA19313

ATA/GCG

12.

NA19449

ATA/GCG

* Reference ID# used in this thesis
**SNPs: A<G rs75098511, C<T rs73724326, A<G rs116603785, as published in the 1000G genomic database
(Consortium 2012).
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Figure 3.1 Sequence of MEST promoter region.
Illustration of the target genomic sequence (ATA haplotype) of the MEST promoter region. Bold arrow
indicates the position of the transcription start site (TSS). Black triangles denote the positions of all three
SNPs (indicated in bold), with associated rs numbers. Forward primers are indicated in dark grey with
forward facing arrows and reverse primers are indicated in light grey with reverse facing arrows. The name
of each primer is indicated above the 5’ position. Base pair numbering is presented on the left side of the
image.
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Figure 3.2 Genotyping by Sanger sequencing, showing allelic dropdrop-out
Result obtained from Sanger sequencing of PCR products generated by touch-down PCR amplification of
the heterozygous DNA sample #6 using primers Pf1 and Pr4. * denotes rs75098511 and ** denotes
rs73724326. The SNPS are 69 bp apart, and only two relevant sections of one sequence read are shown.

Allelic Drop-out in PCR with in vitro methylated templates
Differential methylation, as encountered at imprinted loci like MEST, has been reported
to contribute towards decreased PCR efficiency and cause false genotyping (Tomaz et al.
2010, Bunyan et al. 2011). To investigate if methylation contributes towards ADO during
genotyping of MEST, PCR products of opposing haplotypes (ATA/GCG) were individually
methylated, in vitro. PCR products were used, as these lack DNA modifications such as
methylation. Mixing of methylated and non-methylated templates of different haplotypes
mimicked the differential methylation status of a heterozygous genomic MEST locus, and
allowed for genotype analysis using PCR and Sanger sequencing.

Using primers MESTPF1/MESTPR6 (Appendix A) which encompass all three SNPs (Figure
3.1), an 872bp PCR amplicon was generated from genomic DNA samples previously
shown to yield different haplotypes (Stuffrein-Roberts 2008) (GODS#1C3 and 1C5, refer
Table B.2, Appendix B). PCR products were verified with Sanger sequencing before their
use in the next step. In vitro methylation of each amplicon was carried out with the CpG
methyltransferase M. SssI, producing four different templates: ATA methylated, ATA nonmethylated, GCG methylated, and GCG non-methylated.
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The methylation status of the template DNA was verified with restriction enzymes that
display differential sensitivity to methylated cytosine (MspI or HpaII endonuclease)
(Figure 3.3). Both enzymes have the same recognition sequence (CC^GG), however,
cytosine methylation prevents digestion by HpaII, but not MspI. Lanes 2 and 5 (Figure 3.3)
show the full length non-treated control templates, which consists of a single band of 872
bp. Lanes 3 and 4 indicate digestion of the non-methylated template by both MspI and
HpaII. Lane 6 indicates that the methylated template was protected against digestion by
HpaII. Lane 7 (Figure 3.3) demonstrates that the methylated template was digested by
MspI. Together, this indicates successful in vitro methylation of the template DNA. Only
the results for the ATA templates are illustrated (Figure 3.3), although equivalent results
were obtained with the GCG templates.
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Figure 3.3 Restriction digest of differentially methylated ATA templates.
Methylated and non-methylated ATA templates were digested using methylation insensitive HpaII
endonuclease and methylation sensitive MspI endonuclease. Lane 1. 25 bp size marker. Lane 2. Nonmethylated, undigested negative control. Lane 3. HpaII digest of non-methylated template. Lane 4. MspI
digest of non-methylated template. Lane 5. Methylated, undigested negative control. Lane 6. HpaII digest of
methylated template. Lane 6. MspI digest of methylated template. Due to analysis restraints associated with
the MultiNA (Shimadzu, Kyoto, Japan) solid state electrophoresis system the full 872 bp regions are only
visible as an unmarked band above the upper marker (UM) in lanes 2, 5 and 6. In lanes 3 and 4 differing
band size is an artefact of the MultiNA analyses software, where products have been analysed on different
electrophoresis chips (2 and 3). Upper marker highlighted in blue, lower marker in purple.
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Different pairs of these methylated and non-methylated templates were then mixed to
mimic genomic DNA and used in PCR (primers Pf1/Pr4), followed by Sanger sequencing
of the products to determine which allele or alleles successfully amplified.

These experiments demonstrated that the methylated allele always dropped out of the
PCR regardless of which haplotype was methylated (Figure 3.4). ADO was not influenced
by the SNPs, as it independently occurred when each haplotype served as the methylated
template (Figure 3.4 A and B). Furthermore, mixing of two non-methylated templates
(ATA or GCG), resulted in clear “heterozygous” genotypes (Figure 3.4). These experiments
confirmed that cytosine methylation of the template DNA is a critical component of the
ADO.

Figure 3.4 Allelic dropdrop-out during PCR amplification of in vitro methylated templates.
PCR products (primers MESTPF1/MESTPR6) were generated from genomic DNA, which was known to
generate either the ATA or GCG haplotypes during PCR. Methylated and non-methylated forms of these
amplicons were diluted and mixed, subjected to PCR amplification, and then genotyped by Sanger
sequencing. All three SNPs showed the same pattern, although results for only SNP rs75098511 (black box)
are illustrated: (A) methylated ATA vs. non-methylated GCG showing apparent GCG homozygosity; (B)
methylated GCG vs. non-methylated ATA showing apparent ATA homozygosity; (C) non-methylated ATA vs.
non-methylated GCG showing apparent heterozygosity.

Thermal Denaturation comparison of methylated and non-methylated
templates
To explore potential Tm differences between methylated and non-methylated templates,
which could potentially impact on allelic dropout, HRM analysis was performed using an
EcoTM real time PCR instrument (Illumina, San Diego, CA) with the DNA intercalating dye,
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Syto 9 (Invitrogen, Auckland, New Zealand). Primers PF2/PR3C (Appendix A) were used
to amplify a 358 bp region of the MEST promoter, which had a GC content of 66.5% and
contained 24 CpG dinucleotides. In vitro methylation was carried out as described above.
In deionized water the Tm of the methylated DNA was consistently observed to be 91.6oC
and the non-methylated DNA to be 90.6oC. When this was repeated in PCR buffer,
containing 1.5 mM MgCl2 and 50 mM KCl (Roche, Mannheim, Germany) the Tm increased
to 92.3oC for methylated and 91.4oC for non-methylated products. This suggested that the
complete separation of the DNA duplex would occur for both methylated and nonmethylated templates below the denaturation temperature (95oC) used for PCR, and
indicates this is unlikely to be a factor in ADO.

Genotyping of a short target region by PCR amplification
In vitro mixing experiments indicated that cytosine methylation played a significant role
in determining which allele failed to genotype. I therefore reasoned that minimising the
CpG content of the PCR amplicon should alleviate the ADO, and potentially allow for the
development of an assay capable of correctly genotyping the MEST region. Using primers
Pf3a and Pr4a (Appendix A) a 213 bp region was targeted, which encompassed SNP
rs73724326 and contained only six (2.8%) methylated cytosine residues (Figure 3.5).

Sanger sequencing of the 213 bp PCR product indicated a predominant T allele at
rs73724326, with a faint peak suggestive of the C allele (which was on the methylated
template). It was apparent from these results that this “short amplicon” approach was still
prone to ADO, making it insufficient for accurate SNP calling (Figure 3.5).
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Figure 3.5 Allelic dropdrop-out in short amplicon
amplicon PCR
Amplification performed using primers Pf3a and Pr4a, of heterozygous DNA sample #6. Genotyping by
Sanger sequencing used SNP rs73724326 (black box). Broken black line indicates the arbitrary cut off level
for SNP calling, as assessed using GeneiousTM.

Analysis using 7-deaza-dGTP in the PCR buffer or the PCR templates
Hoogsteen bonds, formed between guanine nucleotides, have been documented to cause
false genotyping through the formation of G-rich DNA structures (non B-DNA) (Boán et
al. 2004, Wenzel et al. 2009, Saunders et al. 2010). Non B-DNA can potentially form on the
template DNA (Woodford et al. 1994), or between the template DNA and the nascent PCR
amplicon (Radhakrishnan and Patel 1994). Formation of non B-DNA can then block PCR
amplification which could be a potential mechanism for ADO. To test the contribution of
guanine Hoogsteen bonds towards ADO in the MEST promoter, 7-deaza-dGTP (Trilink
Biotechnologies, San Diego, USA) was used. 7-deaza-dGTP is a dGTP analogue, which lacks
nitrogen at the N7 position of the purine ring and prevents the formation of Hoogsteen
bonds, reducing the potential formation of non B-DNA structures (Figure 3.6).

7-deaza-dGTP does not interfere with standard Watson-Crick base pairing, allowing for
direct substitution with dGTP during PCR. Substituting dGTP for 7-deaza-dGTP in the PCR
buffer did not alleviate ADO during PCR amplification of heterozygous genomic DNA
samples (Figure 3.7A). This suggests that ADO during PCR is not impacted by the
formation of guanine Hoogsteen bonds in the nascent G-rich strands of PCR amplicons.
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Alternatively, to test if Hoogsteen bonds in the template DNA contribute towards ADO, 7deaza-dGTP was incorporated into the PCR target template using a prior round of PCR
(Figure 3.7B). In vitro mixing experiments as described in section 3.2.1 were repeated
using differentially methylated DNA templates of different haplotypes that contained 7deaza-dGTP (Figure 3.7). For all template pairs, the incorporation of 7-deaza-dGTP
alleviated ADO of the methylated allele. This demonstrates that Hoogsteen basepairs in
the template strand, along with cytosine methylation, both contribute to ADO.

It was unclear whether incorporation of 7-deaza-dGTP into templates would interfere
with either the in vitro methylation procedure, or the restriction digestions used to test
for appropriate methylation. There is some evidence that 7-deaza-dGTP will inhibit the
activity of certain restriction enzymes and reduces the efficiency of DNA
methyltransferase human Dnmt1 when incorporated at the recognition sequence.
Although both human Dnmt1 and M. SssI recognise the sequence CpG, Dnmt1 requires
methylcytosine to be positioned 5’ of guanine. The activity of M. SssI, where deoxycytosine
is 5’ of 7-deaza-dGTP, has not been investigated (personal communication from Jessica
Stewart, Trilink Biotechnologies, San Diego, USA).

The activity of M. SssI on templates containing 7-deaza-dGTP was tested using
methylation specific restriction digestion (Figure 3.8). This was achieved using the
enzyme McrBC (according to section 2.8.2, Chapter 2), which binds and cleaves DNA
containing methylcytosine on one or both strands. Lane B contained methylated 7-deazadGTP template, treated with McrBC and demonstrated reduced band intensity. Lane C
contained non-methylated template, treated with McrBC and had equivalent band
intensity to the non-treated, non-methylated control in Lane D (Figure 3.8). Due to limited
sample availability the non-treated, methylated control was not performed. This assay
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indicated that the methylated 7-deaza-dGTP template appeared to have been digested;
however, the low sample volumes prevented accurate analysis.

Because the above experiment was inconclusive, the methylation status of the 7-deazadGTP templates was verified using bisulfite conversion and methylation-specific PCR
followed by Sanger sequencing (as described in Section 3.2.8, below). This result showed
that in vitro methylation of the 7-deaza-dGTP containing templates had been successful
(Figure 3.9).

#

Figure 3.6 Chemical composition of 77-deazadeaza-dGTP and dGTP monomers
7-deaza-dGTP (left), compared to standard dGTP (right). 7-deaza-dGTP lacks nitrogen at the N7 position,
which has been replaced by carbon (indicated by hash).

Figure 3.7 Effect of 7-deazadeaza-dGTP in template mixing experiments
Sanger sequencing of PCR products from 7-deaza-dGTP template mixing experiments. SNP rs75098511
(black box) is shown. In both instances methylated “G” haplotype was mixed with non-methylated “A”
haplotype prior to PCR amplification. “W” denotes a “heterozygote” where both templates were amplified.
A. 7-deaza-dGTP was included in the PCR buffer, for incorporation into newly synthesized DNA. B. 7-deazadGTP was incorporated into the DNA templates prior to template mixing and PCR amplification.
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Figure 3.8 Restriction digestion of methylated 7-deazadeaza-dGTP templates
DNA templates were treated using McrBC methylation specific endonuclease. DNA template was the 550 bp
amplicon generated with primers Pf1 and Pr3c. A: 100 bp DNA marker, with 500 bp size fragment indicated;
B: methylated template treated with McrBC; C: Non-methylated template treated with McrBC; D: Nontreated, methylated template (no treatment control). Black arrow indicates the position of the 550 bp DNA
band. Due to limited sample availability, bands are faint.

Figure 3.9 Genotyping of bisulfite treated 7-deazadeaza-dGTP templates
Methylation specific PCR performed on bisulfite-treated artificial templates containing 7-deaza-dGTP. Top
sequence is of the wild-type unmodified MEST consensus sequence. Bottom sequence is of the modified
template. Solid black boxes indicate the positions of protection from cytosine conversion by methylation.
Broken black boxes indicate the positions of cytosine conversion to thymine. Similar sequencing results
were also obtained for the non-methylated template showing complete conversion (data not shown).
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Buffer Development
To clarify the factors leading to ADO at this locus, I attempted to develop a PCR
approach that would yield consistent and accurate genotypes from genomic DNA
samples. Analysis of the 5’ portion of the MEST promoter revealed low propensity for
non B-DNA structure (Chapters 4 & 5) relative to the full length amplicon. Therefore,
this region was targeted by PCR with primers Pf1 and Pr4, which were designed to have
an optimal annealing temperature of 63oC, to reduce formation of secondary structure
(described in Chapter 5). This amplicon encompassed two SNPs (rs73724326 and
rs75098511), enabling the differentiation of haplotypes by Sanger sequencing, and had
an overall GC content of 36%; including 15 CpGs.

Initial analysis indicated Tris-based (Roche TM) PCR buffer may influence genotyping
results (described in Chapter 5), therefore, a novel PCR buffer was developed using
sodium phosphate (NaPi). PCR products were obtainable up to a final concentration of
10 mM NaPi, however, optimum amplification occurred at 2.5 mM. The optimal
magnesium chloride (MgCl2) concentration which allowed for adequate PCR
amplification was between 2-3 mM. Buffer pH was investigated from 3 – 9 and
appeared to have minimal influence on PCR specificity or yield. Potassium chloride
(KCl) concentration was varied between 1-100 mM and it became apparent that this
directly influenced both the yield (Figure 3.10 and Table 3.2) and the genotyping
outcome (Figure 3.11). Sanger sequencing demonstrated that high KCl concentrations
in the PCR buffer were associated with ADO (Figure 3.11). Analysis of different PCR
amplicons revealed that the KCl concentration at which both alleles were amplified
differed by approximately +/- 25 mM, which may have related to the amplicon size
(data not shown).
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The optimized buffer contained 2.5 mM NaPi at a pH of 8.0, 1.0 mM KCl, and 2 mM
MgCl2. This buffer proved adequate for correctly amplifying heterozygous DNA samples
using primers Pf1 and Pr4, and is referred to as 25NAP10. PCR using this buffer on 12
reference DNA samples (Table 3.1) gave genotypes that were entirely concordant with
haplotypes for these lines in the 1000 Genomes Project database (Table 3.3). This was
the first observation of correct genotyping of MEST (Figure 3.12).

PCR amplification using 25NAP10 was compared with amplification using the standard
PCR protocol (Chapter 2, section 2.3.3) in which ADO occurs. In addition to amplifying
both alleles, PCR performed in 25NAP10 is more specific and has higher yield (Figure
3.13). A second PCR buffer was developed which was identical to Roche TM except for
the KCl concentration. This buffer contained 10 mM, Tris-HCl, pH 8.30 with no KCl and
1.5 mM MgCl2 and also allowed successful amplification of both haplotypes of
heterozygous reference DNA samples (Figure 3.12D). This reinforced the likely
involvement of potassium in the ADO.
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Figure
Figure 3.10 KCl titrations for PCR amplification in NaPi
NaPi Buffer.
PCR in NaPi buffer containing different final KCl concentrations. PCR in NaPi buffer of heterozygous
Coriell DNA sample #6 with primers Pf1/Pr4 generated a 284 bp amplicon. Lane 1. DNA size marker.
Lane 2. 100 mM KCl. Lane 3. 50 mM KCl. Lane 4. 25 mM KCl. Lane 5. 10 mM KCl. Band intensity is
representative of DNA concentration, as assessed by MultiNA (Shimadzu, Kyoto, Japan) analysis
software. Non-specific amplification occurred at 60 bp, which reduced as KCl concentration was
decreased.

Figure 3.11 Sequencing result of KCl titration during PCR
Coriell DNA sample 5, genotype for rs75098511 (black box), using primers PF1/PR4 in 25 mM NaPi
buffer. Similar genotype data for rs73724326 were also obtained (data not shown). KCl concentration is
listed beside relevant sequencing result.
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Figure 3.12 Example of correct PCR amplification for three genomic Coriell samples.
PCR amplification using 25NAP10 buffer with primers Pf1/Pr4 was performed on all 12 Coriell DNA
samples. Sanger sequencing of the PCR products across rs73724326 (black box), for three of the samples
is presented here. A. ATA homozygous DNA sample #2. B. GCG homozygote DNA sample #7 C.
Heterozygote DNA sample DNA sample #6. D. PCR amplification of heterozygous DNA sample #6 in
custom Tris based buffer lacking potassium.
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Table 3.2 MEST genotyping comparison with published haplotypes

DNA ID# Coriell Sample Ref. #
*
1.
NA19311

Our Genotype**

Published haplotype***

ATA/ATA

ATA/ATA

2.

NA18873

ATA/ATA

ATA/ATA

3.

NA18874

GCG/GCG

GCG/GCG

4.

NA19900

ATA/ATA

ATA/ATA

5.

NA19834

ATA/GCG

ATA/GCG

6.

NA20752

ATA/GCG

ATA/GCG

7.

NA19312

GCG/GCG

GCG/GCG

8.

NA20588

ATA/ATA

ATA/ATA

9.

NA18856

ATA/GCG

ATA/GCG

10.

NA19448

ATA/ATA

ATA/ATA

11.

NA19313

ATA/GCG

ATA/GCG

12.

NA19449

ATA/GCG

ATA/GCG

* Reference ID# used in this thesis
** SNPs: A<G rs75098511, C<T rs73724326. Obtained by PCR amplification in 25NAP10, followed by
Sanger sequencing.
***SNPs: A<G rs75098511, C<T rs73724326, A<G rs116603785, as published in the 1000G genomic
database (Consortium 2012).
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Figure 3.13 Buffer comparison between Roche PCR buffer and NaPi.
PCR performed in PCR buffer (Lane 2) and 25NaPi10 (Lane 3) using heterozygous Coriell DNA sample
#6 with primers Pf1/Pr4 generated a 284 bp template. Lane 1 contains the DNA size marker. Relative
peak concentrations (as assessed by the MultiNA) at 284 bp were 1.5 ng/ul for lane 2 and 7 ng/ul for
Lane 3. Non-specific amplification is apparent as a band at ~60 bp. Upper marker indicated in blue, lower
marker in purple.

The maternal allele drops out of PCR on genomic DNA
3.2.7.1

Genotyping of family trios in low potassium buffer

Using 25NAP10 buffer for PCR of a 284 bp amplicon in NaPi buffer, I genotyped parentoffspring trios from the GODS cohort. By screening ~80 offspring I identified three
informative trios, all of which were heterozygous offspring with GCG homozygous
mothers and heterozygous fathers (Figure 3.14). Genotyping of these trios
demonstrated that in all cases it was the maternal allele that was dropping-out under
normal PCR conditions.
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Figure 3.14 ADO analysis of informative
informative family trios from the GODS cohort.
GODS probands were screened by traditional PCR to identify those with an apparent ATA genotype.
Because ATA is the minor allele in the population, our assumption was that most of these cases would
prove to be heterozygotes, with the major GCG haplotype obscured due to ADO. Using the short PCR
amplicon (218bp) in potassium-free PCR buffer we were able to accurately genotype all members of the
trios. These data showed that all offspring were indeed heterozygous ATA/GCG, as were all fathers, and
that the mothers in these trios were all GCG homozygotes. The figure illustrates for each GODS subject
(identified by four digit study numbers) the true MEST promoter haplotype, and for each of the three
probands the observed genotype generated by traditional PCR. For all three trios it is clear that one
maternal GCG allele has dropped out of the traditional PCR.

3.2.7.2

Restriction Analyses

To confirm drop-out of the maternal, methylated MEST allele, methylation-specific
restriction digestion of genomic DNA prior to PCR was applied to the twelve Coriell
reference DNA samples. This assay depended on treatment of genomic DNA prior to
PCR with either McrBC endonuclease, which specifically cuts DNA only when it
contains methylated cytosines on one or both strands, or the methylation-sensitive
restriction enzyme HpaII (as described in Materials and Methods, Section 2.5). Pretreatment of genomic DNA in this way, followed by standard PCR amplification and
Sanger sequencing, enabled the detection of each parental allele through separate
reactions. PCR was performed on the purified digestion products using primers Pf1/
Pr3, generating an amplicon which spanned multiple restriction recognition sites for
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both McrBC and HpaII. Sanger sequencing of the PCR products gave genotypes (Figure
3.15) that were entirely concordant with haplotypes for these lines in the 1000
Genomes Project database (Table 3.3).

Figure 3.15 Analysis of differentially digested genomic DNA reference samples
Left panel: Sanger sequencing of PCR analysis on twelve McrBC treated Coriell DNA samples. Right panel:
Sanger sequencing of PCR analysis on twelve HpaII treated Coriell DNA samples, gave genotypes
concordant with the published haplotypes for these lines (Table 3.2).
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Bisulfite conversion and methylation specific PCR
As a final confirmation of the ADO pattern, genomic DNA from Coriell and GODS trios
were subjected to allele-specific amplification based on the methylation status of the
genomic DNA (Figure 3.16). This method uses bisulfite treatment to convert all nonmethylated cytosine nucleotides to uracil, which are then replaced with thymines by
polymerase during PCR. The bisulfite conversion reaction is inhibited by the presence
of 5’ methylcytosine in a CpG dinucleotide which allows for methylation-specific PCR
amplification of DNA.

In order to examine the methylation pattern in the MEST region, bisulfite sequencing
was first carried out using PCR primers which non-selectively amplified all DNA,
regardless of conversion status (BSPF1ALL/R2, Appendix A). Within this amplicon, all
CpG dinucleotides were found to be ~50% methylated, and all individual cytosines
were 100% converted (data not shown). This allowed for inspection of the modified
DNA sequence, from which primers were designed with 3’ homology to either
converted (TG) or protected (CG) dinucleotides (Figure 3.17, row 2 and row 3).

Where methylated DNA contains a CpG, the non-methylated DNA contains TpG
dinucleotides in the same position. By positioning the forward primer to bind two of
these dinucleotide repeats at the 3’ position, each strand could be independently
amplified during PCR (BSPF1CG and BSPF1TG). This allowed selective amplification of
paternal (bisulfite converted) and maternal (methylation protected) alleles in separate
PCR procedures (Figure 3.18). Mono-allelic amplification was ascertained by
examining alleles of SNPs rs75098511 and rs116603785 in known heterozygous
samples. Performing this method of genotyping across parent-offspring trios (Figure
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3.18) and comparing the genotyping results with standard PCR (Figure 3.17)
reinforced the consistent loss of the methylated maternal allele.

A total of 20 subjects were genotyped using this method, including members of the
trios

examined

previously

(Table

3.3).

When

the

non-selective

primers

BSPF1ALL/BSPR2 were used on bisulfite treated DNA, allelic failure of the methylated
DNA was still sporadically observed (Figure 3.19). This indicated that although forced
amplification of each allele was possible, bisulfite conversion was not a sufficient
modification to disrupt the factors contributing to ADO and enable the simultaneous
amplification of both alleles.
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B
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Figure 3.16 Genotyping result of bisulfite converted
converted genomic DNA samples.
Sanger sequencing result of mono-allelic bisulfite PCR amplification, performed on genomic DNA
samples. Solid black box denotes the position of SNP rs75098511, long dashed box denotes CpG
dinucleotides in non-treated genomic DNA, short dashed box denotes cytosine conversion to thymine.
Coriell DNA sample number on left (Table 3.3). A: Maternally inherited, methylated DNA samples. PCR
was performed using specific primers which amplify methylated (protected) DNA from bisulfite treated
genomic samples; B: Paternally inherited, non-methylated DNA samples. PCR was performed using
specific primers which amplify non-methylated (converted) DNA from bisulfite treated genomic
samples. Samples #2, 10, 11 and 12 are not shown.

Figure 3.17 Sanger sequencing of bisulfite PCR and standard PCR products
Genomic sequence obtained from Sanger sequencing products of bisulfite PCR and standard PCR
performed on heterozygous DNA sample #6. Solid black box indicates the position of rs75098511, short
dashed black box indicates position of C to T conversion during bisulfite treatment; long dashed black
box shows methylated CG dinucleotides; 1: Standard protocol for PCR amplification 2: Methylationspecific PCR of bisulfite treated DNA. The CG dinucleotide represented is the only semi methylated
position on the maternally inherited strand, and is revisted in chapter 4; 3: PCR amplification of nonmethylated bisulfite treated DNA (paternal strand).
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Figure 3.18 Bisulfite genotyping
genotyping result from PCR amplification.
amplification.
Amplification of bisulfite treated DNA from GODS family trio. Black box indicates the position of
rs75098511. A. Sanger sequencing of methylation specific PCR products, the methylated strand of DNA is
the GCG allele for all family members. B. Sanger sequencing of non-methylation specific PCR product. The
non-methylated strand of DNA is the GCG allele for the mother. The offspring and father carry a nonmethylated ATA allele, indicating they are both heterozygotes. The offspring therefore inherited their GCG
allele from their mother and ATA from their father.

Figure 3.19 DropDrop-out of the methylated allele during PCR of bisulfite treated DNA
Sanger sequencing of products generated by PCR amplification of bisulfite treated, heterozygous DNA
sample #5. Three separate PCRs were performed which targeted the different potential modifications of
treated DNA. Black box denotes the position of SNP rs75098511. 1: Amplification with non-selective
primers (BSPF1All/BSPR) generating an apparent homozygote for the A allele, indicating ADO; 2:
Amplification with methylation-specific primer pair (BSPF1CG/BSPR2), indicating the GCG allele is
methylated and dropped out of 1; 3: Amplification with conversion-specific primers (BSPF1TG/BSPR)
indicating the paternal ATA haplotype.

Table 3.3 Parent of origin analysis of all samples investigated using bisulfite conversion and standard PCR procedures
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Sample ID

True
Genotype**

Methylated
Genotype

Coriell #1
Coriell #2
Coriell #3
Coriell #4
Coriell #5
Coriell #6
Coriell #7
Coriell #8
Coriell #9
Coriell #10
Coriell #11
Coriell #12
GODS 2031
GODS 2032
GODS 2033
GODS 1031
GODS 1032
GODS 1033
GODS 1181
GODS 1182
GODS 1183
GODS 1191
GODS 1192
GODS 1193

Homozygote
Homozygote
Homozygote
Homozygote
Heterozygote
Heterozygote
Homozygote
Homozygote
Heterozygote
Homozygote
Heterozygote
Heterozygote
Homozygote
Heterozygote
Heterozygote
Homozygote
Heterozygote
Heterozygote
Homozygote
Heterozygote
Heterozygote
Homozygote
Homozygote
Homozygote

ATA
ATA
GCG
ATA
GCG
GCG
GCG
ATA
ATA
ATA
GCG
ATA
GCG
GCG
GCG
GCG
GCG
GCG
GCG
GCG
GCG
GCG
GCG
GCG

NonMethylated
Genotype
ATA
ATA
GCG
ATA
ATA
ATA
GCG
ATA
GCG
ATA
ATA
GCG
GCG
ATA
ATA
GCG
ATA
ATA
GCG
ATA
ATA
GCG
GCG
GCG

Standard
PCR
Genotype*
ATA
ATA
GCG
ATA
ATA
ATA
GCG
ATA
GCG
ATA
ATA
GCG
GCG
ATA
ATA

ATA

ATA

GCG

*Parental GODS samples were not assessed for ADO, as the parent of origin could not be determined.
**All genotyping was performed by Sanger sequencing.
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3.3 Discussion
This chapter characterises the unusual behaviour of the imprinted human MEST promoter
region during in vitro genetic analysis. PCR of this region met with substantial difficulty
and often resulted in unexpected and unexplained failure. Where amplification was
successful, the region displayed a surprising and novel form of ADO, whereby one allele
from every subject analysed consistently failed to genotype. This observation was
consistent across all genomic samples analysed, and was not alleviated through primer or
PCR optimisation. In the human population, two common haplotypes of this region exist,
defined by three SNPs in total linkage disequilibrium. Genotyping of these SNPs
demonstrated that one allele in every subject was prone to ADO; however, the drop-out
of different alleles from different samples was both novel and intriguing.

Mixing experiments using genomic DNA samples known to yield opposite haplotypes
proved that assays were capable of correctly genotyping genomic DNA. Multiple
genotyping and amplification techniques, including HRM, Sanger sequencing, PCR, allele
specific PCR and isothermic amplification (Appendix B) were investigated and met with
either failure to amplify or persistent ADO. These results did, however, indicate that the
observed ADO was occurring during PCR, not during post-amplification Sanger
sequencing, and did not relate to primer binding position.

Correct genotyping shows consistent drop-out of maternal allele in PCR
To understand the mechanisms contributing to the observed allelic failure, I applied four
approaches to determine which allele was prone to drop-out. The working hypothesis for
these experiments was that the methylated, maternal allele was difficult to amplify and
prone to ADO. The initial templates for these experiments were PCR products of known
haplotype (ATA or GCG) generated from different subjects. These products lack potential
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modifications, including methylation which could contribute to ADO. Each allele was
subjected to in vitro methylation using M. SssI, to generate four templates representing
those expected in vivo, i.e. methylated or non-methylated ATA, and methylated or nonmethylated GCG. Experiments where different pairs of templates were mixed in equal
quantity to mimic genomic DNA clearly showed that the methylated template always
failed to amplify (Figure 3.2).

Second, two novel PCR buffers were developed, one that contained sodium phosphate and
10 mM potassium, and the other which contained Tris-HCl and no KCl. When used in
conjunction with careful primer design, which avoided regions of high structural
propensity, amplification using these buffers enabled effective PCR of heterozygous
genomic DNA samples. This protocol was used to identify three informative parentoffspring trios that enabled parent-of-origin analysis of the ADO. By comparing the
genotypes obtained with this modified PCR, versus a standard PCR for these three trios, it
was clear that the maternal, methylated allele always failed to amplify in standard PCR
(Figure 3.12). Obtaining correct genotyping results in both sodium phosphate and TrisHCl also showed that Tris-HCl itself was not likely to be a factor in the observed ADO.

Third, in order to extend this initial result I developed a methylation-specific PCR that
could distinguish the maternal (methylated) and paternal (non-methylated) MEST alleles.
By applying this method to bisulfite treated DNA from many subjects, including the trios
described above, I confirmed that the methylated allele consistently dropped out of the
assay. Interestingly, when non-selective primers were used to amplify both methylated
and non-methylated DNA in a single PCR, ADO was still sporadically observed. This
indicated that the bisulfite conversion was not a sufficient modification to disrupt the
factors contributing to ADO.
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The fourth and final proof that the maternal, methylated allele was lost depended on
differential treatment of genomic DNA prior to PCR. This was achieved using alternative
restriction endonucleases, which are sensitive to the methylation status of cytosine in a
DNA substrate. McrBC specifically cuts DNA when it contains methylated cytosine on one
or both strands, whereas HpaII is a methylation-sensitive restriction enzyme and cuts
only non-methylated DNA. By pre-treating genomic DNA with either McrBC or HpaII,
followed by standard PCR amplification, it was possible to individually genotype each
allele. This further confirmed that the methylated allele was failing to amplify under the
standard PCR protocol.

Taken together, these results prove that the methylated, maternal allele of the MEST
promoter region is refractory to amplification under standard PCR conditions and suffers
ADO. This ADO can only be circumvented by extraordinary measures, such as using
modified, potassium free reaction buffer and targeting a very short amplicon in this
region. This raises the question of whether there is a more complex interaction between
cytosine methylation and DNA structure. Hardin (1991) showed that G-rich regions
containing methylated CpG had higher stability in vitro (Hardin et al. 1993), and another
more recent in vitro analysis suggested that CpG methylation can greatly increase the
thermal stability of guanine Hoogsteen bonds in the P1 promoter of the oncogene, bcl-2
(Lin et al. 2013).

Multiple factors contribute to allelic drop-out
Similar observations of ADO have been attributed to the presence of cytosine methylation
in GNAS which, like MEST, is an imprinted gene (Tomaz et al. 2010), although these
authors did not explore the role of Hoogsteen bonding in the drop-out. This GNAS ADO,
unlike the one described in this chapter, was largely alleviated by adding DMSO to the PCR
(Tomaz et al). CpG methylation is known to increase the Tm of DNA and indeed this was
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attributed as the reason for a less persistent ADO in another region of MEST, adjacent to
the region studied in this thesis (Bunyan et al. 2011). Bunyan et al. (2011) overcame ADO
by the relatively trivial step of using a longer denaturation stage prior to addition of the
polymerase (Bunyan et al. 2011). This region is further analysed in Section 4.2.1.1.

In vitro mixing experiments performed using artificially methylated DNA templates
revealed that methylation was a strong contributor to ADO in the MEST promoter.
However, measurement of the differential denaturation temperatures between the
methylated and non-methylated DNA templates using HRM (Section 3.2.2) demonstrated
that the observed difference was too small to account for ADO. Furthermore, PCR which
targeted a 213 bp region containing only six (2.8%) methylated CpG residues in the
amplified region did not alleviate ADO. This indicates that the position of methylation on
the DNA template may be a more important determining factor of ADO then the total CpG
content. This observation provided a basis for investigation of the potential interaction
between methylation and DNA secondary structure which could contribute towards ADO.

By separately incorporating 7-deaza-dGTP into either the PCR template or into the newly
synthesized PCR products, I demonstrated that the MEST ADO occurred due to a property
of the original genomic template DNA, and not the nascent G-rich strands which were
generated during PCR. This test however, did not exclude the possibility that nascent Crich strands generated during amplification from the reverse primer are involved in the
ADO. Because 7-deaza-dGTP is a modified guanosine analogue which lacks the necessary
nitrogen at the N7 position for Hoogsteen bonding, these experiments indicated that non
B-DNA structure forming in the genomic template, along with cytosine methylation, were
playing a pivotal role in the observed allelic failure.
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These observations strongly suggest that structures dependent on Hoogsteen bonds, such
as G4s and CpG methylation are both important for the observed ADO in the MEST
promoter, and that neither property alone is sufficient to fully account for the observed
results. This conclusion is reinforced by the observation that the allelic dropout is highly
dependent on the presence of K+ ions. Similar reports in the clinical diagnostic setting
have attributed ADO to the variable effects of single nucleotide variants on formation of
G4 DNA structures (Wenzel et al. 2009, Saunders et al. 2010). This situation was not
compatible with the pattern of ADO at the MEST promoter, as differential drop-out of each
haplotype was observed in different subjects. Instead, a more effective hypothesis is that
secondary structures form on the template DNA during PCR of the MEST promoter region,
which can block amplification by Taq polymerase. The larger the PCR amplicon, the more
structures are likely to be encompassed, increasing the propensity for ADO or PCR failure.
Methylation may interact with these structures to significantly reduce the amplification
efficiency of one allele, causing exponential dilution during PCR, leading to ADO.
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Chapter 4
Investigation non-B DNA structures in MEST promoter
region

4.1 Introduction
Experiments described in Chapter 3 provided strong evidence for the involvement of non
B-DNA structure in the observed MEST allelic drop-out. Structural formation appeared to
occur at guanine nucleotides through Hoogsteen bonds. Therefore, this chapter will focus
only on DNA secondary structures involving guanine Hoogsteen bonds.

Guanine is unique among the nucleoside bases commonly found in DNA and RNA due to
its ability to self-associate at the N7 position of the purine ring (Huppert 2008a). This
results in Hoogsteen bonds, which allow for the formation of several non B-DNA
structures, including both G-quadruplex (G4) and triplex formation. Guanines involved in
G4 can originate from the interaction between a single DNA molecule (intramolecular)
and multiple DNA molecules (intermolecular) (Dayn et al. 1992, Qin and Hurley 2008). In
genomic DNA, potential exists for multiple G-tetrads to layer above each other, forming a
three dimensional “stack” of guanines referred to as an intramolecular G4. This structure
is recognised by two or more consecutive guanines, repeated four times within a motif;
separated by up to seven linking nucleotides (Verma et al. 2008).
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
X X X X X X X G G G L L L L L L L G G G L L L L G G G G L G G G X X X X
G-Tract:
1
2
3
4

Figure 4.1 Example of GG-tetrad stacking to for a GG-quadruplex
Schematic of G4 folding, where corresponding genomic sequence is illustrated and numbered below the
figure in 5’ to 3’ orientation. X represents flanking nucleotides; G represents Guanine and L represent linking
nucleotides between adjacent G-tracts (numbered 1-4). One guanine from each of the four tetrads (red and
yellow boxes) associates to form a tetrad layer. Multiple layers can stack upon each other, restricted by the
number of guanines in the shortest G-tract. Solid underlined bases are involved in Hoogsteen bonds and
each G-tract layer is numbered 1-4. Broken underlined bases are involved in the loop (linker) between each
G-tetrad.

The use of bioinformatic algorithms has greatly increased the ability to search, predict
and annotate motifs within a genome, which contain the potential to adopt non B-DNA
structure (Huppert and Balasubramanian 2005, Todd et al. 2005, Huppert and
Balasubramanian 2007, Eddy and Maizels 2008, Verma et al. 2008). These algorithms
specify a flexible pattern for identification of G4 potential, and match it within a database
by searching within a sliding window of (for example) 100 nt at a time. Using
computational approaches, potential intramolecular G4 forming motifs have been
identified across various organisms (Rankin et al. 2005, Maizels 2006, Rawal et al. 2006).
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The motif commonly used for identification of G4 is (Huppert and Balasubramanian
2005):

(G>2 N(1-7) ) (G>2 N(1-7) ) (G>2 N(1-7) ) (G>2 N(1-7) )

Here the density of consecutive G-tracts represents any value greater than two, which will
determine the number of guanine nucleotides in each G-tract directly involved in G-tetrad
formation. Linkers (N(1-7)) between G-tracts can be any combination of between one and
seven nucleotides, including guanine (G) (Figure 4.1). It is unlikely linkers are restricted
to seven or fewer nucleotides; however, assumptions are deduced from empirical
investigation of loop length in G4 stability (Bugaut and Balasubramanian 2008).

G4 are the most commonly described structure arising through guanine Hoogsteen bonds,
however, an alternative structure known as triplex DNA can also form in similar genomic
sequences. Furthermore, triplex formation also involves Hoogsteen basepairs, and
together these factors make it difficult to experimentally differentiate between G4 and
triplex

formation.

Triplex

formation

requires

Watson-crick

bonds

between

complementary base-pairs (DNA duplex) and a third strand of DNA, to “piggy back” on the
duplex (Figure 1.5, Chapter 1) (Raghavan et al. 2004a, Raghavan et al. 2004b). The third
strand binds the major grove of the duplex by Hoogsteen bonding to purine nucleotides,
and is referred to as the TFO (Rules 2011).

H-DNA is a specialised form of a DNA triplex, which can form during polymerase
amplification and is known to cause arrest during PCR (Dayn et al. 1992, Samadashwily
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et al. 1993). This can occur where a homopurine: homopyrimidine mirror repeat stalls
replication at the central position of symmetry. The remaining single-stranded region acts
as the TFO, binding to the double-stranded duplex and trapping the polymerase within an
enclosed “bubble”, resulting in polymerase arrest. Triplex formation is stabilised by pH,
cation presence and internally methylated cytosine, making it a possible candidate for
involvement in the observed MEST ADO (Lin et al. 2013).

The work in this chapter aimed to investigate the propensity of the human MEST
promoter region to adopt various non B-DNA structures through Hoogsteen bonds. This
involved first using computational predictions to identify specific areas likely to be
involved in such structures. Second, the relevance of the regions identified by
computational analysis to MEST ADO was then tested using modified DNA templates.
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4.2 Results
Bioinformatic G-quadruplex prediction of the MEST PCR amplicon
Using several bioinformatic prediction programs, evidence was sought for regions within
the MEST PCR amplicon (Figure 4.2), which were capable of forming G4 structures (Figure
4.2). Computational analysis was performed using five prediction programs: QGRS
mapper1(Oleg Kikin 2006), QuadParser2, Quadfinder 3, G4P Calculator Software4 and nonB DB (Cer et al. 2012)5. Each program relied on a similar underlying algorithm for G4
detection, but each required different inputs, and took slightly different approaches to
presenting results. The entire MEST FASTA sequence, including the upstream
untranscribed region, was downloaded from UCSC Genome Browser database and
imported into each program for analysis. Where applicable, the minimum G-group was
set at three with a loop size between zero and seven, as this returned G4 predicted to have
a high propensity for formation. Where necessary, both DNA strands were analysed
separately, ensuring G4-motifs were detected in both orientations. The analysis and
annotation of sequence alignments was then managed using Geneious v.5.5.3 software
(Biomatters Ltd, Auckland, New Zealand).

Depending on the settings, the algorithms assess the input nucleotide sequence by shifting
an overlapping window of (e.g.) 20 nt within a framework of (e.g.) 100 nt. G4 formation
was also assessed under relaxed parameter guidelines (G-group setting of two and loop
size maximum of 30), to investigate the potential G4 formation by longer motifs.

1

http://bioinformatics.ramapo.edu/QGRS/index.php
http://www.quadruplex.org/?view=quadparser
3 http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1538896/
4 http://depts.washington.edu/maizels9/G4calc.php
5
https://nonb-abcc.ncifcrf.gov/apps/site/default
2
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Figure 4.2 Sequence of MEST promoter region indicating key features.
This figure encompasses the hg19 coordinates chr7:130131340-130132187. Features indicated are the
three G4s (grey shading, with the extended G4MEST1L region indicated by light grey shading), the three
SNPs (arrowheads with rs IDs as indicated), and the transcription start site (TSS, arrowed) and start codon
(double underline) for the imprinted isoform of MEST (NM_001253900). The most 5’ base of the 381bp
region studied by Bunyan et al. (2011)(Bunyan et al. 2011) is indicated by an asterisk.
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Results from the five programmes were congruent, however, Quadparser and Quadfinder
ceased to be publically available shortly after this analysis. Three clear regions
(G4MEST1-3) within the 872 bp MEST PCR amplicon (Pf1 and Pr6, Appendix A) were
predicted to have high propensity to form G4, by QGRS mapper, QuadParser, Quadfinder,
and G4P Calculator programs (Tables 4.1-4.4). However, the precise nucleotides
predicted to contribute to G4 formation differed between programs and parameter
settings. For example, G4MEST1 was not identified by non-B DB (Cer et al. 2012), which
does not allow manual configuration of the default settings (Table 4.1). In addition, the Grich nature of G4MEST1 and G4MEST3 meant that both of these regions were predicted
by QGRS to form multiple different G4 structures, with equal or similar propensity (Table
4.2). The G4MEST1-3 motifs were all located on the same strand, with only weak G4
predictions for the complementary strand.

Table 4.1 Non BB-DNA DB search predictions of G4 forming regions from the MEST promoter.

Name

Predicted G4

Length

Feature

G4MEST2

GGGAGCAGCGGGGTCTTGGGGAGGGGG

27

G_Quadruplex

G4MEST3

GGGCGGGCTAGGGGCGGGGCGCGGGTGGG

29

G_Quadruplex
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Table 4.2 QGRS mapper predictions of G4 forming regions from the MEST promoter

Name

Length Predicted G4*

G-Score

G4MEST1

32

GGGGCTTGTGGGCAGCCTGTGGGGTTTGTGGG**

70

G4MEST1A**

32

GGGGTTTGTGGGCGGCCTGTGGGGTTTGTGGG

70

G4MEST1A*** 32

GGGGTTTGTGGGCG
CGGCCTGTGGAGTTTGTGGG
CG

36

G4MEST1B

34

GGGCAGCCTGTGGGGTTTGTGGGCGGCCTGTGGG 70

G4MEST2

27

GGGAGCAGCGGGGTCTTGGGGAGGGGG

70

G4MEST3

18

GGGCGGGCTAGGGGCGGG

70

G4MEST3

21

GGGCTAGGGGCGGGGCGCGGG

72

G4MEST3
18
GGGCGGGGCGCGGGTGGG
70
* Search Parameters: QGRS Max Length: 45, Min G-Group Size: 3, Loop size: from 0 to 8. Underlined bases
denote potential guanine residues predicted to form G4. Bold bases indicate CpG dinucleotides internal to
a predicted G4 motif.
**G4 prediction at G4MEST1A for the GCG allele
***G4 prediction at G4MEST1A for the ATA allele

G4MEST1 was located in a longer G-rich region (termed G4MEST1L), which included six
G-tracts, spanned the SNP rs75098511, and included one CpG dinucleotide (Table 4.2 and
Figure 4.1). G4 formation by the sequence for G4MEST1A was predicted to be
dramatically influenced by this SNP, with both the G-Score and G-tracts reduced (Table
4.2). G4MEST2 contained four G-tracts which could contribute to structural formation,
but because one of the tracts contained only three Gs, this motif most likely gives rise to a
quadruplex containing three layers of G-tetrads. However, the longer length of the last
two G-tracts allows for potentially flexibility of which nucleotides will contribute to Gtetrad formation, and which will reside within the linker. This sequence contained one
internal CpG dinucleotide, adjacent to the first guanine of the second G-tract (Figure 4.2).
Because there are only three guanines in this G-tract, this particular guanine must always
contribute towards G-tetrad formation in a three G-tetrad structure. G4MEST3 resided
within a highly G-rich motif, where potential G4 formation could occur between any four
of the seven G-tracts, which contained three or more guanines. In all of these G4MEST3
combinations, a minimum of one CpGs dinucleotide would be contained within a given G4
structure.
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Due to ease of use, the output from QGRS mapper and G4P_Calculator were selected as the
preferred algorithms for subsequent investigations. G4P_Calculator gives an overall
potential for putative G4 (PG4) folding where the total hits are calculated as a percentage
of overall framework windows searched (Table 4.3). This programme does not annotate
the specific G4 forming motif within the DNA sequence, rather evaluates the overall
potential of the candidate region of interest. In contrast, QGRS Mapper calculates a GScore based on all identified G4 motifs, with each G4 forming G-rich sequence (QGRS)
designated a value proportional to its arrangement of ‘G's that are likely to form a
unimolecular G4. The system assigns its value proportionally to the size and distribution
of the gaps in the region, with larger sized G-tracts leading to higher scores.
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Table 4.3 G4P_Calculator predictions of G4 forming regions from the MEST promoter.*

#G-Runs matching Criteria

21

#C-Runs matching criteria

3

#Windows searched

31

% Windows matching G run criteria

67.74194

% Windows matching C run criteria

9.67742

% sum of windows

77.41936

*Output from G4P_Calculator predicting the total propensity for G4 formation within MEST. Default settings
were used: 100 nt search window, 20 nt window shift, 3 nt minimum G-tracts, 4 nt minimum G-runs per
window. The input reference sequence is presented in Figure 4.2.

Two additional potential G4 were predicted on the G-rich strand, using QGRS mapper,
with a relaxed definition for linker length. Because these motifs had substantially lower
G-scores then G4MEST1-3 they were not further studied (Table 4.4).

Table 4.4 Additional predicted G4 in MEST promoter using relaxed criteria
criteria QGRS mapper.

Name

Length Predicted G4

G4MEST4 36

GGGGAGGGTTTCTGCAGCAGAATCTCGGGCTCAGGG

G-Score
56

G4MEST5 40
GGGAGGGGCTCTGCGGCGAGCAAGGGAGCAGGCGGTAGGG 59
* Underlined bases denote potential guanine residues predicted to form G4. Bold bases indicate CpG
dinucleotides internal to a predicted G4 motif. Search Parameters: QGRS Max Length: 45 | Min G-Group Size:
3 | Loop size: from 0 to 19

4.2.1.1

Downstream MEST G4 investigation

The MEST region investigated by Bunyan et al. (2011) and described in Section 3.3.2 and
Figure 4.2, was interrogated for G4 propensity using QGRS mapper. This analysis failed to
find any significant regions of G4 potential which included three or more consecutive Gtracts. Multiple G4 forming motifs consisting of two G-tetrads were present in this region,
which had low associated G-scores (data not shown).
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TFO and H-DNA target sequences
Regions of potential triplex formation within the human MEST promoter region were
investigated using several programmes (Asensio et al. 1998, Gaddis et al. 2006, Buske et
al. 2012). Triplex-Forming Oligonucleotide Target Sequence Search was selected as the
principal analysis method, using the default parameter settings. Six regions of potential
TFO sequence were detected within the full length MEST promoter, of which Triplex4
overlapped G4MEST3 and Triplex3 overlapped G4MEST5 (Table 4.5). The remaining TFO
regions did not correlate with previously predicted positions of non B-DNA formation.

Table 4.5 Predicted TFO forming regions from the MEST promoter region

Name

TFO Target Sequence*

Length

%G

Strand

Triplex1

GAACGAGGGATGGGAGCAGG

20

55.0

forward

Triplex2

AACGAGGGAGCAGCGGGG

18

55.6

forward

Triplex3

GCGGCGAGCAAGGGAG

16

56.2

forward

Triplex4

AGGGGCGGGGCGCGGG

16

75.0

forward

Triplex5

GCGGTGGGAACGAGGGGG

18

66.7

forward

Triplex6

GCAGGCGAGCGGAGGA

16

56.2

forward

*Predictions sourced using http://spi.mdanderson.org/tfo/. Target sequence is listed in 5’ to 3’ orientation.
Settings used were: Minimum length: 15. Maximum length: no limit. Minimum Guanine percent: 50.
Allowable number of pyrimidines: 3.
The input reference sequence is presented in Figure 4.2.

The predicted TFO’s (Table 4.5) did not contain mirror symmetry, which has previously
been reported to cause polymerase arrest, and were not likely to cause ADO through
polymerase arrest. Consequently, a separate search for H-DNA motifs was required. An
algorithm-based search which enables detection of triplex forming mirror repeats was
not available, thus, manual analysis was performed. This required visual analysis for
homopurine:homopyrimidine repeats which contain mirror symmetry, allowing for
potential H-DNA formation through triplex Hoogsteen bonds with nascent strands during
amplification. I concluded that three motifs (Triplex2a-4a), which corresponded to
similar genomic regions as triplex 2- 4 contained the necessary central symmetry for the
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formation of H-DNA structures. These regions overlapped with two potential G4 forming
motifs, which were predicted to have high propensity for formation (G4MEST2 and 3),
and one G4 (G4MEST4) with a relatively low propensity (Table 4.6).

Table 4.6 Putative HH-DNA forming sequences
sequences of the MEST promoter region.

Name
Sequence*
Length
Triplex2a
GAGGGAGCAGCGGGGTCTTGGGGAGGGGGCTCGA
34
Triplex4a
AGAGCGGCTGGGAGGGGCTCTGCGGCGAGCAAGGGAGCAGG 41
Triplex3a
GATGGGCGGGCTAGGGGCGGGGCGCGGGTGGGCTCT
36
*Non-transcribed strand listed 5’ to 3’, Light grey represents the potential triplex forming region and dark
grey represents the loop region. Underlined bases indicate guanine residues available for potential
Hoogsteen bonding in G4 formation, which could also form a “Hoogsteen hairpin” between G:G or G:A. Bold
bases indicate mismatched bases, not capable of forming Hoogsteen bonds.

Computational analysis of i-motif DNA structure
i-Motif structures generally form in the C-rich sequences that are complementary to G4
motifs (Guéron and Leroy 2000, Sun and Hurley 2009, Dai et al. 2010, Saunders et al. 2010,
Bhavsar-Jog et al. 2014, Day et al. 2014). Consequently, specific computational evidence
for i-motif DNA structures was not sought prior to experimental investigation (described
in Chapter 5).

Involvement of predicted non B-DNA motifs in allelic dropout
The experiments described in Chapter 3 demonstrated ADO of the maternal, methylated
allele during PCR of the MEST promoter region. Three factors appeared to contribute to
this phenomenon: (1) cytosine methylation at CpG dinucleotides; (2) guanine Hoogsteen
bonds; and (3) the presence of potassium in PCR buffer. This section describes
experiments designed to evaluate the respective impact of the previously identified
putative non B-DNA regions (G4MEST1-3) on the MEST ADO.
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Based on the bioinformatic predictions for non B-DNA formation described above, two
custom “gene fragments” (gBlocksTM, IDT, Singapore) of 636bp in length were designed
that spanned the MEST promoter region, and mimicked the ATA haplotype (Appendix C).
One of these represented the normal ATA haplotype (referred to as “wild-type”), and the
second was an equivalent sequence, but with 38 G > T substitutions to remove all
anticipated non B-DNA structures (referred to as “mutant”) (Figure 4.3). These gBlocksTM,
supplied as cloned inserts in plasmids, were used to generate amplicons for a series of
template mixing experiments (Figure 4.4), which were similar to those described in
Chapter 3 (Section 3.2.2). In vitro methylation, template mixing, PCR and Sanger
sequencing were performed as described previously. To ensure no residual,
unmethylated, template remained after in vitro methylation, each methylated template
preparation was treated prior to use with the methylation sensitive enzyme HpaII. The
impact of ADO could be assessed by Sanger sequencing because of the multiple sequence
differences between wild type and mutant templates.
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1

CGGTAGTTAAGCTTAGGGCGCATAGGGCCCTCGTGGCTCGCCACCTCTCA

51

CGGTTCAGTACCCACGCTTCGAACGAGGGATGGGAGCAGGCGCCACGGCC

101 GGCACCCCAGAGCCCTGCTGCCCCTTAGTTCGAGCGGCCATCCTCCTGTG
151 GGGCTTGTGGGCAGCCTGTGGGGTTTGTGGGCGGCCTGTGGAGTTTGTGG
201 GTGGTCTAAGGAAAGAGTTGGGGCACTCAGGGGTCTGCTGTTTTTGCCCG
251 TGGCCTTAACTTATCAGGGGAGGGTTTCTGCAGCAGAATCTCGGGCTCAG
301 GGTTGGCGGTTAACGAGGGAGCAGCGGGGTCTTGGGGAGGGGGCTCGACA
351 CCCCTGAAGGTGCCCCCTAAAGGAGCCACTGTTAGAGGGGCACCCCATCT
401 TTGTGGCCATGGCGGTGGTAGAGCGGCTGGGAGGGGCTCTGCGGCGAGCA
451 AGGGAGCAGGCGGTAGGGGTTCTGCGGCGATGGGCGGGCTAGGGGCGGGG
501 CGCGGGTGGGCTCTAAAAGTCGGTGCCCACTCACTCCGCGCTGCCGCGGC
551 AACCAGCACACCCCGGCACCTCCTCTGCGGCAGCTGCGCCTCGCAAGCGC
601 AGTGCCGCAGCGCACGCCGGAGTGGCTGTAGCTGCC
Figure 4.3 Synthetic plasmid constructs for MEST promoter region.
Synthetic plasmid constructs (gBlocksTM, IDT Pte. Ltd., Singapore) were generated containing 636bp of
MEST promoter sequence corresponding to chr7:130,131,385-130,132,020 (hg19), and encompassing all
three SNPs (indicated in bold) and all three quadruplex forming regions (G4MEST1-3 are highlighted with
grey shading, and the extended G4MEST1L region is shown with darker grey shading). One of these
constructs (“wild type”) represented genomic sequence (of ATA haplotype) as illustrated, and the other
(“mutant”) was modified with 38 G to T substitutions (underlined bases) to remove all potential G4 forming
ability.

The results of these template mixing experiments were as follows (Figure 4.4). When
methylated wild-type was mixed with non-methylated mutant, the wild-type allele
consistently failed to amplify. Similarly, when the non-methylated wild-type and
methylated mutant templates were mixed, only the methylated mutant allele consistently
amplified, although occasional weak apparent heterozygosity was observed for this pair
of templates. When wild-type and mutant templates were both methylated then mixed,
the wild-type template exhibited consistent drop-out. When non-methylated wild-type
and non-methylated mutant templates were mixed, PCR usually resulted in a
heterozygous genotype, but the wild-type (G4 forming) template was often prone to
failure (Figure 4.4).
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Figure 4.4 Synthetic MEST template mixing experiments using mutated vs. wildwild-type templates.
templates.
The G4 forming region (G4MEST1L) is indicated as a grey bar above sequence traces. Wild-type MEST sequence is illustrated at bottom of figure. SNP rs75098511 is
underlined. (A). Methylated wild-type vs. non-methylated mutant; (B). Methylated mutant vs. non-methylated wild-type; (C). Methylated wild-type vs. methylated mutant;
(D). Non-methylated wild-type vs. non-methylated mutant. Full length Sanger sequencing results are presented in Appendix E
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To further investigate the role of methylation in allelic drop-out, the two synthetic
gBlockTM templates (wild-type and mutant) were used in additional experiments, where
pairs of the same template were mixed. These experiments investigated amplification of
each differentially methylated gBlockTM template by monitoring an artificial haplotype
generated by PCR with the primers MESTPF1A/MESTPR3C (as described in Section 2.8).
Mixing of methylated and unmethylated wild-type templates resembled the situation for
genomic DNA, resulting in consistent drop-out of the methylated strand. Mixing of
methylated and unmethylated mutant templates, neither of which can form G4, resulted
in occasional allelic drop-out of the methylated strand, however, a peak indicative of the
other haplotype was always visible (Figure 4.5).

Figure 4.5 Synthetic MEST template mixing experiments using marked templates.
PCR with primers MESTPF1/MESTPR3C or MESTPF1A/MESTPR3C on the two gBlockTM constructs (wildtype and mutant) generated synthetic templates that were identical except for the presence of one variant
base introduced with the mismatch primer MESTPF1A. Methylated and unmethylated forms of these
amplicons were diluted and mixed, subjected to PCR, and then genotyped by Sanger sequencing. Products
derived from the synthetic templates could be distinguished due to the presence of either an A or T at this
position. (A) wild-type templates for which the “T” allele was methylated, and the “A” allele was
unmethylated, showing apparent “A” homozygosity; (B) mutant (non-G4 forming) templates for which the
“T” allele was methylated, and the “A” allele was unmethylated, showing apparent heterozygosity (W). Full
length sequencing results are presented in Appendix E.
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Cytosine methylation within the motifs of putative G-quadruplex forming
regions
To ensure the methylation status within G4 motifs was consistent with the wider MEST
promoter sequence G4MEST1L, G4MEST2 and G4MEST3 were examined by bisulfite
sequencing (Chapter 3, section 3.2.7). Analysis verified that G4MEST2 and G4MEST3 were
completely methylated on the maternal allele (Figure 4.6) and un-methylated on the
paternal allele (data not shown). However, G4MEST1L contained a single CpG
dinucleotide which displayed a variable methylation status on the maternally inherited
allele suggesting variable rather than complete methylation (Figure 4.6). At this position,
the paternal alleles were non-methylated (data not shown).

A

B

C

Figure 4.6 Methylation within the G4MEST
G4MEST regions of a maternal (methylated) ATA haplotype.
Bisulfite sequencing results for three G4MEST regions which display potential for G4 structure. Black boxes
indicate cytosine residues which are methylated on the maternal DNA. Broken black box indicates the
cytosine residue which exhibits variable methylation. Underlined guanines are residues involved in the
potential formation of G4 DNA structure. A. G4MEST3L, B. G4MEST2 C. G4MEST3
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4.3 Discussion
Prediction of G4 motifs
Examination of the human MEST promoter region using various computer algorithms
indicated this region has the potential to display diverse structural polymorphism. Three
key regions (G4MEST1-3) which displayed high predicted propensity to form G4 on the
G-rich DNA strand were identified by four of the five analytical programmes used.
Although some structure was predicted to form on the C-rich strand, the corresponding
G-scores were low. Each of the regions G4MEST1-3 contained the potential for G4
structures consisting of three stacked G4 tetrads; however, this result differed between
software and parameter settings. Given the high density of guanines in each region, it is
unlikely that the precise nucleotides or G-tracts involved in G4 structure can be accurately
predicted, and more direct experimental investigation would be required to achieve this
(subject of Chapter 6 and 7).

The regions of G4MEST1L (the extended “long” form of G4MEST1) and G4MEST3 both
included six G-tracts which were predicted to form three different G4, each consisting of
three G-tetrads. Because G4 formation requires four G-tracts it is unlikely that more than
one independent structure can form in a given DNA molecule. However, it is possible that
in different molecules G4 conformations may involve different G-tracts (studied further
in Chapter 6). G4MEST1L encompasses a single CpG dinucleotide which is positioned 5’
of a guanine predicted to contribute to G-tetrad formation. This region also includes a
single A>G SNP (rs75098511), which influenced the predicted propensity for G4
formation (Table 4.2). This suggests the potential for differential G4 formation by the two
haplotypes in a heterozygous DNA sample. Because different haplotypes drop-out of PCR
from different genomic samples, any such variation in G4 structures is not likely to direct
ADO. G4MEST3 contains the potential for methylation at four CpG dinucleotides, all of
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which are adjacent to guanines predicted to contribute to G4 formation. G4MEST2
encompasses a single CpG dinucleotide and has no flexibility in the number of G-tracts
which contribute to G4 formation. The precise nucleotides predicted to contribute to G4
formation may vary between DNA molecules, however, all combinations likely result in a
three tetrad G4.

Predicted G4 at imprinted genes
There are no published data which investigated the distribution of G4 specifically within
imprinted genes. However, two studies have investigated the distribution of G4 motifs in
relation to methylation and concluded that CpGs within G4-forming regions are rarely
methylated, which suggests an evolutionary selection against the co-location of
methylated CpG and G4 motifs (Halder et al. 2010, De and Michor 2011).

In order to understand the wider genomic distribution of G4 within imprinted genes I
performed a preliminary manual computational analysis. This investigated the
distribution of putative G4 motifs within a large proportion of known imprinted genes
and is presented in Appendix D. From the 92 genes investigated, there were 831 predicted
G4 motifs across 77 genes (84%). Of these, 79% contained potential for cytosine
methylation at one or more CpG dinucleotides, which equates to 61 genes (66%) of all
genes investigated. This indicates that MEST does not appear to be unique in the
distribution of G4 and methylation in an imprinted gene.

Analysis of triplex forming sequences
The DNA triplex is an alternative non B-DNA structure to the G4, which can also form in
purine rich DNA regions through Hoogsteen bonds. This occurs when a third strand of
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DNA (the TFO) binds selectively to the purine rich strand of dsDNA via Hoogsteen bonds
(Dayn et al. 1992, Samadashwily et al. 1993, Frank-Kamenetskii and Mirkin 1995, Asensio
et al. 1998, Raghavan et al. 2004a, Raghavan et al. 2004b, Gaddis et al. 2006, Buske et al.
2012). H-DNA can result in polymerase arrest by trapping the polymerase within the
structure during replication of a homopurine:homopyrimidine mirror repeat sequence.
Here, the non-replicated single-stranded region of the mirror repeat folds back upon the
amplified double-stranded region, trapping the polymerase within the central loop of the
mirror repeat (Samadashwily et al. 1993). The formation of this structure is described in
depth in Chapters 6 and 7.

G4 and triplex DNA are both easily detected using computational approaches; however,
the sequence regions can often overlap. In these instances, triplex formation and G4
formation can be experimentally challenging to differentiate, which is not possible using
straightforward methods. Bioinformatic analysis of the MEST promoter region indicated
that in addition to G4 propensity, this region also had at least three predicted triplex
targets. Of these, Triplex4 overlapped with G4MEST3 and Triplex3 overlapped with
G4MEST5.

In the absence of a mirror repeat sequence it is unlikely that these potential TFO targets
could provide a viable mechanism through which ADO could occur, however, their
potential was noted and the regions were avoided during primer design. A computational
analysis for the prediction of H-DNA was not available. Manual analysis identified at least
two regions where polymerase trapping could potentially occur, which overlapped with
the sequences for G4MEST2 and 3. Both G4 structure and H-DNA have been implicated in
polymerase arrest (Samadashwily et al. 1993, Woodford et al. 1994). Furthermore, triplex
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bonds, which are the basis for H-DNA, can be stabilised by methyl cytosine (Raghavan et
al. 2004a), as can G4 formation (Lin et al. 2013).

Because guanine can form Hoogsteen bonds with guanine or protonated cytosine in a CG
basepair, this could potentially result in polymerase arrest during synthesis of both
template strands, through formation of H-DNA (Dayn et al. 1992, Samadashwily et al.
1993, Cassidy et al. 1994, Radhakrishnan and Patel 1994, Frank-Kamenetskii and Mirkin
1995, Cheng et al. 1998, Gaddis et al. 2006, Buske et al. 2012). Potential exists for
polymerase arrest to occur at positions of H-DNA through triplex bonds, which could
result in polymerase arrest. Previous analyses (Chapter 3) using 7-deaza dGTP indicated
that nascent G-rich strands, synthesized during PCR, did not significantly contribute
towards allelic failure. However, the situation for C-rich strands, which originate from the
reverse primer, was not investigated. Where these positions overlap with regions of high
G4 propensity, extensive experimental investigation would be required to differentiate
the two possible structures.

The combination of experimental results and bioinformatic predictions described in this
chapter suggest that G4 was more likely than triplex H-DNA to form in the MEST promoter
region. In this thesis I designed analyses based on the hypothesis that G4 formation was
a key contributing factor in ADO. However, where appropriate I also investigated the
potential relevance of triplex and i-motif (Chapter 5) formation. I set out to confirm the
hypothesis that secondary structure was contributing to the drop-out by empirically
evaluating the respective impact on allelic drop-out of either cytosine methylation or
guanine Hoogsteen bonds. Custom synthesized gBlocksTM allowed for the strategic
replacement of specific guanine residues with thymine, reducing the propensity for
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structural formation. In vitro methylation and template mixing experiments followed by
PCR and genotyping by Sanger sequencing, were then performed using these templates.
This demonstrated that the wild-type MEST template was more difficult to amplify then
the mutated template, regardless of methylation status. Furthermore, when methylated
and non-methylated mutant templates were mixed, both alleles were consistently
detected (Figure 4.5).

The nucleotides which were substituted for thymine during the design of the mutant
template completely removed the G4 potential of G4MEST1L-3. Retrospective analysis
revealed that these modifications were also sufficient to prevent the formation of H-DNA.
Consequently, this analysis could confirm the involvement of guanine Hoogsteen bonds
in the observed ADO, but it could not differentiate between the potential contributions of
G4 or H-DNA structure.

Conclusion
Computational analyses were used to predict regions within the human MEST promoter
which exhibited high propensity for non B-DNA structure. G4 formation was predicted to
extensively form across the entire GC rich amplicon, but the strongest predicted
structures were all on the G-rich strand. The use of several different algorithms
highlighted three key regions which displayed the highest propensity for formation.
These regions display highly polymorphic G4 potential, and identifying the precise
structural positions and topology would require experimental investigation. Two of these
regions (G4MEST2 and G4MEST3) contain homopurine:pyrimidine repeats which further
complicate analysis due to potential formation of H-DNA which, like G4 has been
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previously demonstrated to result in polymerase arrest (Dayn et al. 1992, Samadashwily
et al. 1993).

From these findings, a hypothesis for the observed ADO was developed, where several G4
structures form in genomic DNA and are stably maintained on the maternally imprinted
gene by cytosine methylation. During PCR amplification, this results in polymerase arrest,
preventing the correct genotyping of both alleles.
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Chapter 5
Initial structural analysis of predicted G-quadruplexes
5.1 Introduction
Having identified putative G4 motifs (Chapter 4), this chapter will examine the in vitro
formation of G4 in single-stranded oligonucleotides. For most non B-DNA, the ability to
adopt structure is determined by a substantially wider set of parameters then motif
sequence, meaning computational prediction is not definitive (Stegle et al. 2009, Guédin
et al. 2010, Huppert 2010). G4 topology is determined by the motif sequence, including
the length, number of tetrad layers, the composition of linking loops and the ionic
conditions in which analysis is performed. For instance, G4 formation is highly reliant
upon available ions in solution, which intercalate into the G4 structure and neutralise
electrostatic repulsions within the G-quartet (Henderson et al. 1987, Radhakrishnan and
Patel 1994, Arthanari and Bolton 2001, Burge et al. 2006, Bugaut and Balasubramanian
2008, Huppert 2008b, Qin and Hurley 2008, Lipps and Rhodes 2009, González and Hurley
2010, Bochman et al. 2012). Depending on their ionic radius, different cations can change
internal glycosidic bond angles of G4 and modify the orientation of the connecting strands,
directly influencing thermal stability (Tm) (Stegle et al. 2009).

Structural G4 polymorphism can arise where a nucleic acid region adopts multiple
alternative patterns of Hoogsteen bonding (Todd et al. 2005, Huppert 2010). This can
occur when a motif contains more than four G-tracts, which will compete for formation
and may result in a mosaic of structures, or dimerization. Currently, algorithms can only
consider a motif within constrained parameters which may underestimate contributions
from the wider genomic context. Furthermore, the influence of ionic interactions cannot
currently be computationally predicted as these may stimulate a wide variety of
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topological changes. Together these two factors prevent accurate topological prediction
of G4 for a given DNA sequence (Huppert 2010).

Circular dichroism (CD) spectroscopy and non-denaturing (native) polyacrylamide gel
electrophoresis (PAGE) are convenient diagnostic tools for the preliminary analysis of G4
structure using custom synthesized, single-stranded oligonucleotides. These techniques
are commonly used to bridge the gap between computational prediction and structural
formation as they allow for the preliminary characterisation of G4 under diverse
conditions (Vorlickova et al. 2012).

Native PAGE (nPAGE) is a routine method for the separation of DNA templates on the
basis of electrophoretic mobility. The mobility of nucleic acids is influenced by their
molecular weight, structural topology (surface area) and the number of strands involved
in structure formation (Bryan and Baumann 2010). G4 structure has less surface area
then a non-folded oligonucleotide of equivalent length, and consequently presents less
resistance to migration through polyacrylamide (Bryan and Baumann 2010). By
comparing nPAGE mobility rates in the presence of different cations, the ionic dependence
of a G4 structure can be investigated. When migration is compared against an oligodeoxythymidylate (oligo-dT) marker which completely lacks potential for structure
formation, changes in mobility are easily detected and quantified (Sen and Gilbert 1988).
A major advantage of using nPAGE is that intermolecular and intramolecular G4
structures are easily distinguished as independent band products on the gel. The specific
band of interest can then be isolated and excised from the gel for interrogation using CD.

Nucleic acids differentially absorb ultraviolet light depending on orientation, the bonds
between bases, and also the reaction temperature. CD measures the differential
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absorption of left and right circularly polarized light after it is passes through a chiral
species. Instrument analysis overlays the two asymmetric “circles” of light, creating an
ellipse, and the offset in peak height of the two ellipses is measured as “ellipticity” (Figure
5.1) (Đapić et al. 2003, Gottarelli et al. 2008). This interaction varies with wavelength and
can also be measured across a wide temperature range. Different chiral species produce
different wavelength by ellipticity plots, which are attributable to specific structures or
chiral orientations (Gray et al. 1994, Gottarelli et al. 2008, Vorlickova et al. 2012). This
makes it possible to distinguish G4 formation from other DNA states, and to differentiate
between strand polarities of specific G4 structures (Gray et al. 1994).

Parallel G4 structures are represented by CD spectra which display a peak at 260 nm and
a trough at 240 nm, anti-parallel G4 display a peak at 295 nm and a trough at 260 nm.
Super-position of the two spectra can result when both conformations are present within
a sample (Huppert 2008b). Here the peak and the trough at 260 nm may cancel out leaving
a peak at 290 nm. Referred to as hybrid G4, combinations of the two structures can also
occur, which have spectral characteristics representative of both parallel and anti-parallel
G4 (Ambrus et al. 2006). Furthermore a variety of polymorphic or hybrid G4 structures
can occur which cannot be characterised as parallel or anti-parallel and will have CD
spectra which do not match either of these two categories. The transition between folded
structure and dissociated linear structure occurs at the melting temperature, which can
be monitored at a fixed wavelength by increasing the sample temperature. This can
provide thermodynamic information of structural stability, which can be compared
between ionic conditions, allowing the influence of stabilising ions to be investigated.

Because CD does not discriminate between inter- and intra-molecular G4, it is best
combined with nPAGE to reduce interference from higher order G-rich structures
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(Gottarelli et al. 2008, Huppert 2008b, Kypr et al. 2009, Karsisiotis et al. 2011, Vorlickova
et al. 2012).

Figure 5.1 Illustration of CD spectroscopy
The differential absorption of left and right polarized light (red arrows) is measured (photomultiplier) after
it passes through a chiral structure (G4).

Previous characterisation of the imprinted human MEST promoter region (Chapters 3 and
4) implicated guanine Hoogsteen bonds and cytosine methylation in a novel observation
of maternal allelic drop-out (ADO). Using bioinformatic prediction algorithms (Chapter
4), three key regions which displayed high propensity for the formation of G4 structure
were identified. Template mixing experiments with 7-deaza dGTP and mutated DNA
templates demonstrated that the combination of cytosine methylation and Hoogsteen
bonds were necessary for the observed ADO to occur. Although G4 was predicted to be
the most likely relevant structure, contribution of triplex DNA or i-motif formation to ADO
cannot be ruled out.
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The structural and chemical dynamics of cytosine methylation within non B-DNA
structures has received little scientific investigation. Early work by Hardin et al. reported
that cytosine-cytosine basepairing increased G4 stability, an effect that was greatly
enhanced by cytosine methylation (Hardin et al. 1993). Likewise, Lin et al. observed a
similar influence of methylation within the G4 structure of the bcl-2 oncogene promoter
(Lin et al. 2013). The observation of structural stabilisation by cytosine methylation is not
limited to G4, but has been extensively characterised in DNA triplexes (Xodo et al. 1991,
Leitner et al. 2000), and a recent study published a similar finding in i-motif DNA
(Bhavsar-Jog et al. 2014). The one uniform observation between these studies appears to
be that cytosine methylation can substantially influence structural stability of
cytosine:cytosine bonds by increasing hydrophobicity, as initially recognised by Hardin
et al, 1993.

The MEST gene is maternally imprinted, meaning that the allele derived from the mother
is heavily methylated at CpG dinucleotides. My overall hypothesis is that 5’
methylcytosine increases G4 stability in the presence of potassium, for three predominant
G4 structures (G4MEST1-3) within the human MEST promoter region. The aim of this
chapter was to investigate in vitro formation of G4MEST1-3 and to test the influence of 5’
methylcytosine on structure and stability. This analysis used nPAGE and CD, performed
on synthetic oligonucleotides corresponding to these predicted G4 regions. Using these
techniques, the possibility of i-motif and triplex formation is also explored.

5.2 Results
Design of MEST G4 oligonucleotides
In genomic DNA, the motifs G4MEST1L (but not G4MEST1) and G4MEST2 each contain
one CpG, and G4MEST3 contains four CpGs, which are methylated on the maternal allele
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and are non-methylated on the paternal allele (Chapter 4). Two sets of oligonucleotides
corresponding to these three G4 forming motifs were synthesised (Table 5.1), which
represented the differential methylation status of genomic DNA. Methylated
oligonucleotides were named G4MEST1LM, G4MEST2M and G4MEST3M, and each
contained a single 5-methylcytosine residue. Non-methylated oligonucleotides were
named G4MEST1, G4MEST1L, G4MEST2 and G4MEST3. The physical properties of these
methylated oligonucleotides were then examined to explore the potential impacts of
cytosine methylation within G4 motifs.

For G4MEST3M 5-methylcytosine was incorporated during oligonucleotide synthesis at
only one of the four available CpGs, and this site was chosen because it is adjacent to a
guanine nucleotide, which is predicted to contribute to G4 formation. Due to the cost of
modified oligonucleotide synthesis, the situation where G4MEST3M contained multiple
or complete methylation was not investigated. Preliminary assays did not include the
longer region of G4MEST1L and G4MEST1LM, which were retrospectively analysed.

In addition to these oligonucleotides, a third set of (mutant) oligonucleotides were
synthesized which lacked G4 potential. These closely resembled the wild-type
oligonucleotides in sequence; however, critical guanine nucleotides which were predicted
to contribute towards G4 formation by QGRS mapper were substituted for adenine. These
oligonucleotides were named G4MEST1A, G4MEST2A and G4MEST3A and were used to
assess the sensitivity of assays toward G4 formation (Table 5.1).
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Table 5.1 Comparison of oligonucleotide sequences used

Oligonucleotide Sequence**
G4MEST1*

GGGCTTGTGGGCAGCCTGTGGGGTTTGTGG

G4MEST1A

GAACTTGTGAACAGCCTGTGGAATTTGTGA

G4MEST1L

G4MEST2
G4MEST2M
G4MEST2A
G4MEST3
G4MEST3M

GGGCTTGTGGGCAGCCTGTGGGGTTTGTGGGCGGCCTGTGGAG
TTTGTGGG
GGGCTTGTGGGCAGCCTGTGGGGTTTGTGGGCGGCCTGTGGAG
TTTGTGGG
GGGAGCAGCGGGGTCTTGGGGAGGGGG
GGGAGCAGCGGGGTCTTGGGGAGGGGG
GAGAGCAGCGAAGTCTTGAAGAGAAAG
GGGCGGGCTAGGGGCGGGGCGCGGGTGGG
GGGCGGGCTAGGGGCGGGGCGCGGGTGGG

G4MEST3A

GAGCGAGCTAGAAGCGAAGCGCGAGTGAG

G4MEST1LM

* Lacks CpG positions; ** methylated cytosines are underlined. Bold A, indicate positions of G>A
substitution in mutant oligonucleotides

Native PAGE
nPAGE was used to validate the structural properties of three G4MEST regions (G4MEST1,
G4MEST2 and G4MEST3) and two methylated regions (G4MEST2M and G4MEST3M) by
electrophoretic mobility. Mutant oligonucleotides (G4MEST1A, G4MEST2A and
G4MEST3A) were used as controls which had reduced G4 potential and were therefore
predicted to migrate at the equivalent speed to non-structured DNA. The dependence of
G4 formation on the presence of monovalent cations (potassium and sodium) was
investigated by annealing constructs in the appropriate buffer prior to electrophoresis.

nPAGE analysis in 100 mM KCl
Due to the cationic dependence of G4 formation, the migration rates of G4MEST1-3 were
assessed by nPAGE in the presence of 100 mM KCl. This showed G4-forming
oligonucleotides migrated with significantly greater mobility than equivalent mutant
oligonucleotides (G4MEST1A-3A) (Figure 5.2). The mutant structures each migrated
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through the gel in a very tight band, and at the appropriate relative mobility for their
nucleotide length, as would be expected for unfolded, linear molecules. The wild-type
oligonucleotides migrated through the gel as wider, relatively smeared bands, and in all
instances at greater relative mobility than both the mutant sequences and the appropriate
size marker.

G4MEST1 (30 nt) displayed increased electrophoretic mobility by ~10 nt compared to
G4MEST1A, and migrated as a smeared band. Compared to the size marker and
G4MEST2A, G4MEST2 (27 nt) showed increased mobility by approximately 20 nt, which
may indicate the ability to form a very compact secondary structure. G4MEST3 (29 nt)
was the only non-methylated oligonucleotide that did not have a clear band of migration.
This indicates it may exist as a concatemer of several species. The forefront of this band
is likely to represent the more compact G4 structures and this migrated approximately 10
nt faster than the equivalent mutant oligonucleotide. The mobility of the two methylated
oligonucleotides (G4MEST2M and G4MEST3M) was similar to their non-methylated, wildtype counterparts, with an apparent electrophoretic mobility of 15 and 20 nt
(respectively) for sequences of 27 and 29 nt length (Figure 5.2). This analysis indicated
formation of secondary structure by G4MEST1-3, however, the lack of oligonucleotides to
migrate as a single band may indicate the presence of multiple structural topologies.
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Figure 5.2 NonNon-denaturing KCl PAGE of G4 forming oligonucleotides.
nPAGE performed on single-stranded oligonucleotides for the investigation of G4 DNA structure. Gel and
buffers contained 100 mM KCl, and visualisation was performed using UV shadowing. Lane 1: Oligo-dT size
markers (size in nucleotides indicated to left); Lane 2: G4MEST1A (mutant); Lane 3: G4MEST1 (wild-type).
Lane 4: G4MEST2A (mutant). Lane 5: G4MEST2 (wild-type). Lane 6: G4MEST3A (mutant); Lane 7: G4MEST3
(wild-type); Lane 8: G4MEST2M (methylated); Lane 9: G4MEST3M (methylated).

nPAGE analysis in 100 mM NaCl
Different ionic conditions can trigger the formation of different G4 topologies (Burge et
al. 2006). To test if this occurred for G4MEST1-3, G4 mobility was assessed in the presence
of 100 mM NaCl by nPAGE. The electrophoretic mobility of G4MEST1-3 in 100 mM NaCl
(Figure 5.3) clearly differed from the previous analysis in 100 mM KCl (Figure 5.2).

G4MEST1A migrated with apparent electrophoretic mobility of approximately 15 nt
faster than the appropriate size marker and approximately five nt faster than G4MEST1.
Both G4MEST1 and G4MEST1A appear capable of forming higher order intermolecular
structures, indicated by the higher molecular weight bands on the gel. Additionally, G>A
base substitution in G4MEST1A did not prevent these structures from forming (Figure
5.3, lane 2 and 3), which indicates guanine to guanine Hoogsteen bonds may not be
involved.
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G4MEST2 displayed comparable migration rates to the mutant oligonucleotide,
G4MEST2A (Figure 5.3). However, significant variability in migration was observed
during two of the four repeat runs (see Appendix F). From this analysis it is unclear
whether G4MEST2 is adopting G4 formation in the presence of NaCl. G4MEST3 shows
migration of a distinct single band, which migrates substantially faster than the equivalent
marker, however, only ~5 nt faster than the mutant construct, G4MEST3A. The migration
rates of G4MEST2M and G4MEST3M were comparable to their non-methylated
oligonucleotide, indicating methylation is not influencing migration (Figure 5.3).

NaCl may stimulate unexplained formation of secondary structure in the mutant
constructs, which migrated faster than the appropriate size marker. Wild-type
oligonucleotides G4MEST2 and G4MEST3 migrated ~5 nt faster than the equivalent
mutant; however, wild-type G4MEST1 migrated slower than the equivalent mutant
G4MEST1A. The results from this experiment were inconclusive, but may indicate that
NaCl stimulates structural changes in oligonucleotide topology that do not involve
guanine Hoogsteen bonds.
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Figure 5.3 nPAGE of G4 forming oligonucleotides in NaCl.
nPAGE performed on single-stranded oligonucleotides for the investigation of G4 DNA structure in the
presence of NaCl. Gel and buffers contain 100 mM NaCl, and visualisation was performed using UV
shadowing. Lane 1: Oligo-dT size markers (size in nucleotides indicated to left); Lane 2: G4MEST1A
(mutant); Lane 3: G4MEST1 (wild-type); Lane 4: G4MEST2A (mutant); Lane 5: G4MEST2 (wild-type); Lane
6: G4MEST3A (mutant); Lane 7: G4MEST3 (wild-type); Lane 8: G4MEST2M (methylated); Lane 9:
G4MEST3M (methylated).

nPAGE analysis performed in 1 x PCR buffer
nPAGE performed in standard PCR buffer (1.5 mM MgCl2 and 50 mM KCl) (Figure 5.4)
demonstrated a pattern of migration consistent with that observed in NaPi containing 100
mM KCl (Figure 5.2). This indicates that PCR buffer provides suitable ionic conditions for
the formation of G4 structure in the single-stranded oligonucleotides G4MEST1-3 and
G4MEST2M-3M. In NaPi Buffer (Figure 5.2, lane 7) G4MEST3 migrated as a relatively
smeared band, compared to PCR buffer (Figure 5.4, lane 7). This suggests that G4MEST3
may adopt different structures in these buffers, with the tight band in PCR buffer
suggesting formation of a single molecular species, and the smeared band in NaPi buffer
suggesting multiple molecular species. G4MEST2M and G4MEST3M migrated as a single
band in PCR buffer, at the same relative mobility as wild-type, non-methylated
oligonucleotide sequences.
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Figure 5.4 nPAGE of G4 forming oligonucleotides in PCR buffer.
nPAGE performed on single-stranded oligonucleotides for the investigation of G4 DNA structure in the
presence of PCR buffer. Gel and buffers contain PCR buffer, visualised using UV transillumination after gel
staining with SYBR® Gold (Life Technologies, Carlsbad, CA, USA). Lane 1: Oligo-dT size markers (not
visible); Lane 2: G4MEST1A (mutant); Lane 3: G4MEST1 (wild-type); Lane 4: G4MEST2A (mutant); Lane 5:
G4MEST2 (wild-type); Lane 6: G4MEST3A (mutant); Lane 7: G4MEST3 (wild-type); Lane 8: G4MEST2M
(methylated); Lane 9: G4MEST3M (methylated).

Fluorescent gel staining for visualisation
I found that staining gels with the fluorescent intercalating dyes, SYBR® Safe and SYBR®
Gold (Life Technologies, Carlsbad, CA, USA) proved effective at revealing oligonucleotides
capable of forming structure, including potentially higher order aggregate structures
(Benimetskaya et al. 1997). Concentrated fluorescence at the G4 bands of each wild-type
oligonucleotide was observed (Figure 5.5) (KCl), presumably because the folded
structures provided a substrate into which the fluorescent dye intercalated. This
fluorescence is only observed with wild-type oligonucleotides and not the unstructured
mutant templates, reinforcing earlier observations. For the smeared band of G4MEST3
(Figure 5.5, Lane 7), staining clearly revealed the front line of migration, but was also very
strong throughout the higher molecular weight smear.
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Staining of gels run in 100 mM NaCl (Figure 5.6) revealed higher order aggregate
structures (Benimetskaya et al. 1997), which were not previously visible for G4MEST2 or
3 (lanes 5 and 7). G4MEST1 and 1A showed no significant difference in the ability to
intercalate with SYBR® Safe, reinforcing that G-A base substitution did not prevent
structure formation in these oligonucleotides (lanes 2 and 3). Mutant constructs
(G4MEST2A and G4MEST3A) migrated at the same speed as wild-type, but did not stain
with SYBR® Safe, which suggests the absence of secondary structure (lanes 4 and 6).

Figure 5.5 KCl nPAGE analysis visualised using gel staining.
nPAGE of G4 forming oligonucleotides run in the presence of 100 mM KCl, and visualised using SYBR® Safe
gel staining. Lane 1: Oligo-dT size markers (size in bases indicated to left); Lane 2: G4MEST1A (mutant);
Lane 3: G4MEST1 (wild-type); Lane 4: G4MEST2A (mutant); Lane 5: G4MEST2 (wild-type); Lane 6:
G4MEST3A (mutant); Lane 7: G4MEST3 (wild-type); Lane 8: G4MEST2M (methylated); Lane 9: G4MEST3M
(methylated).
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Figure 5.6 NaCl nPAGE analysis visualised using gel staining.
nPAGE of G4 forming oligonucleotides run in the presence of 100 mM NaCl, and visualised using SYBR®
Safe gel staining. Lane 1: Oligo-dT size markers (size in bases indicated to left); Lane 2: G4MEST1A (mutant);
Lane 3: G4MEST1 (wild-type); Lane 4: G4MEST2A (mutant); Lane 5: G4MEST2 (wild-type); Lane 6:
G4MEST3A (mutant); Lane 7: G4MEST3 (wild-type); Lane 8: G4MEST2M (methylated); Lane 9: G4MEST3M
(methylated).

nPAGE for H-DNA (triplex) analysis in NaCl
G4MEST3 overlaps a putative H-DNA forming motif (Triplex4) (Chapter 4, section 4.2.2)
which may form during polymerase extension, through triplex bonds. To test the potential
of H-DNA to form at G4MEST3, single-stranded oligonucleotides were synthesized which
represented the target motif. This analysis was performed in NaCl, as Na+ is less inhibitory
to triplex formation compared to K+ because it diverts fewer DNA strands to G4 (Xu et al.
1993). This experiment used three oligonucleotides, G4MESTFAM3L, G4MEST3LRC and
G4MESTtriplex. G4MEST3LRC was complementary to G4MESTFAM3L and was used to
generate a double-stranded electrophoretic size marker through direct annealing.

G4MESTtriplex is complementary to the 16 3’ nucleotides of G4MESTFAM3L (51 nt),
representing the nascent DNA strand generated during replication through
G4MESTFAM3L. Annealing of G4MESTtriplex and G4MESTFAM3L was performed in an
attempt to replicate potential H-DNA structure (Figure 5.7). In this structure, the
remaining 5’ single-stranded region can potentially bind back onto the double-stranded
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portion through triplex bonds, which could disrupt amplification by Taq polymerase
(Figure 5.8).

Figure 5.7 Hypothesized H-DNA structure.
structure.
Watson-Crick duplex forms between G4MESTtriplex (light grey) and complementary G4MESTFAM3L (dark
grey). The single-stranded portion can then fold and Hoogsteen bond (vertical lines). Numbers label the Gtracts (bold).

A

B

C

Figure 5.8 Schematic representation of steps involved in detecting HH-DNA.
A. dsDNA template for amplification using PCR. B. Taq polymerase (yellow) initiates extension at the
annealed oligonucleotide primer (green), and extends from this position (dotted arrow) along the template
(grey). C Hypothesized structure of H-DNA which has terminated the elongation of Taq polymerase
(yellow). Dots represent Hoogsteen bonds between differentially labelled strands (blue and green), and
crosses indicate areas where bases are not involved in Hoogsteen or Watson-Crick base pairs.
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All combinations of oligonucleotides were annealed and assessed using nPAGE (Figure
5.9). It was anticipated that a triplex formed by the annealing of G4MESTFAM3L with
G4MESTtriplex would migrate at an intermediate speed, between the single-stranded
(Figure 5.9, Lane 1) and double-stranded states of G4MESTFAM3L (Figure 5.9, Lane 3).
However, annealed G4MESTtriplex and G4MESTFAM3L migrated more slowly than the
double-stranded G4MESTFAM3L, despite being 32 nt smaller (Figure 5.9, Lane 2). This
suggests an unknown combination of strands may have annealed, dramatically increasing
molecular weight. Addition of G4MESTtriplex to the double-stranded product did not
influence the mobility of the double-stranded band, indicating it was incapable of
Hoogsteen basepairing as a third strand.

Figure 5.9 H-DNA analysis using nPAGE.
G4 and triplex forming oligonucleotides run in the presence of 100 mM NaCl. These products contained
fluorescent labels for subsequent analysis in Chapter 6. This fluorescence allowed for visualisation using
direct UV illumination of FAM labelled oligonucleotides, which requires a substantially lower
oligonucleotide quantity than for unlabelled oligos used in prior analyses. Lane 1: G4MESTFAM3L. Lane 2:
G4MESTFAM3L and G4MESTtriplex (equal concentrations). Lane 3: Double-stranded G4MESTFAM3L Lane
4: Double-stranded G4MESTFAM3L and G4MEST3aTrip at equal concentrations.

Native polyacrylamide gel electrophoresis for i-motif analysis
nPAGE was used to investigate potential i-motif formation in the C-rich sequences
complementary to G4MEST1-3. Oligonucleotides were named IMMEST1, IMMEST2 and
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IMMEST3 for non-methylated sequences and IMMEST2M and IMMEST3M for methylated
sequences, as IMMEST1 did not contain a CpG dinucleotide. For IMMEST2M and
IMMEST3M each internal 5-methylcytosine was at the complementary position to the
methylated CpG in the G-rich oligonucleotides. Because the mutant oligonucleotides
(G4MEST1A-3A) were of equivalent length, these were again used as markers for the
migration of non-structured oligonucleotides.

In the presence of 100 mM KCl, at a pH of 5.5 (optimal for i-motif formation), IMMEST1
migrated through the polyacrylamide gel at the same rate as the mutant G4MEST1A
oligonucleotide, indicating a lack of structure. IMMEST2 and IMMEST3 showed reduced
mobility compared to G4MEST2A and 3A, but migrated with similar mobility to the
appropriately sized oligo-dT marker. Methylated IMMEST3M, displayed an equivalent
migration rate to IMMEST3 (Figure 5.10). From this result it is unclear if IMMEST2,
IMMEST3 or IMMEST3M are adopting secondary structures. The difference in mobility
rates between the wild-type and mutant oligonucleotides is not likely to be a result of
differing molecular weights between the mutant and wild-type oligonucleotides, as
guanine is heavier than cytosine, which would decrease mobility (Stellwagen et al. 1997).
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Figure 5.10 nPAGE of i-motif oligonucleotides in NaPi.
PAGE analysis performed in NaPi buffer containing 100 mM KCl, at pH 5.5. Visualised using UV
transillumination after gel staining with SYBR Gold. Lane 1: Oligo-dT size markers (sizes in nucleotides
indicated); Lane 2: G4MEST1A (mutant); Lane 3: IMMEST1 (wild-type); Lane 4: G4MEST2A (mutant); Lane
5: IMMEST2 (wild-type); Lane 6: G4MEST3A (mutant); Lane 7: IMMEST3 (wild-type); Lane 8: IMMEST3M
(methylated). Due to the lack of available lanes for additional analysis, IMMEST2M was excluded from this
analysis.

To test the potential formation of i-motif structures in ionic conditions relevant to PCR,
the same analysis was repeated using PCR buffer (Figure 5.11). The wild-type
oligonucleotides (IMMEST1, 2 and 3) migrated at similar rates to mutant G4
oligonucleotides, suggesting reduced propensity to form structures in this buffer.
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Figure 5.11 nPAGE of i-motif oligonucleotides in PCR buffer.
Non-denaturing PAGE of G4 forming oligonucleotides run in NaPi containing 50 mM KCl, and visualised
using UV transillumination after gel staining with SYBR Gold. Lane 1: Oligo-dT size markers. Lane 2:
G4MEST1A (mutant). Lane 3: IMMEST1 (wild-type). Lane 4: G4MEST2A (mutant). Lane 5: IMMEST2 (wildtype). Lane 6: G4MEST3A (mutant). Lane 7: IMMEST3 (wild-type). Lane 8: IMMEST3M (methylated). Lane
9. IMMEST2M (methylated).

G4 analysis using circular dichroism spectroscopy
CD spectroscopy was used for the characterisation of G4 forming oligonucleotides in a
range of ionic conditions. It is generally accepted that different G4 orientations give rise
to unique spectral profiles, which can be used to characterise the structure by strand
orientation (Rangan et al. 2001, Burge et al. 2006, Yang and Hurley 2006, Gottarelli et al.
2008, Neidle 2009, Huppert 2010, Takahama et al. 2011b, Vorlickova et al. 2012). Parallel
stranded G4 are recognised by a characteristic positive peak at 260 nm and a smaller
negative peak and 245 nm. This is in contrast to anti-parallel G4, which generally exhibit
a strong positive peak at 295 nm, a small negative peak at 260 nm and a small positive
peak at 245 nm (Balagurumoorthy and Brahmachari 1994, Krafft et al. 2002, Gottarelli et
al. 2008, Kypr et al. 2009, Vorlickova et al. 2012). Hybrid G4 have a mixture of both antiparallel and parallel strands with a CD spectrum which appears to be a mixture of the two
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G4 types. This is characterised by a strong positive peak at 290 nm and a shoulder out to
~270 nm with a negative peak at ~245 nm (Figure 5.12).
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Figure 5.12 CD spectra and models of the possible G-quadruplexes
Telomeric oligonucleotides (left) and models of the possible G-quadruplexes indicated by the spectra
(right). Oligonucleotides (Tn-X) in 1 mM Na2PO4 were prepared without (dashed line) or with 100 mM K+
(solid line). n = the number of telomeric repeats in the oligonucleotide and X = telomeric repeat(s) in the 5′3′ direction where 5-d(TTAGAG)-3′ replaced 5′-d(TTAGGG)-3′. Molar ellipticity is in deg cm2/dmol of bases.
Model structures on the right show possible interpretations of the CD data (left) for the corresponding
oligonucleotide. Each telomeric repeat is represented by an arrow. For intermolecular structures, different
colors represent different strands. Each G-tetrad is represented by a square. Figure reprinted with
permission (licence #: 3586181183560) from Pedroso, et al. (2007).
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The G4 structural conformations of G4MEST1-3 were compared to G4MEST1A-3A using
circular dichroism (CD) spectroscopy. This was initially carried out in NaPi buffer
(containing 50 mM KCl, unless otherwise stated), and later re-examined in 1 x PCR buffer,
containing 50 mM KCl +/- 1.5 mM MgCl2. In NaPi, G4MEST1-3 displayed an elliptical
minimum at 245 nm and a maximum at 260 nm with a broad shoulder to 295 nm (Figure
5.13). G4MEST2 had a surprisingly low elliptical maximum, given the large increase in
mobility observed during PAGE analysis; here peaks at 265 nm and 295 nm were of equal
intensity (Figure 5.13B). The spectral profiles for all three oligonucleotides were
indicative of G4 structures and represent mixed or hybrid species in solution. Based on
the CD spectra, the dominant conformation for G4MEST1 and 3 was parallel G4 structure,
whereas G4MEST2 likely exists as equal quantities of parallel and antiparallel, or a hybrid
G4 (Pedroso et al. 2007, Vorlickova et al. 2012).

The specificity of CD was demonstrated by investigating the G4 potential of the mutant
oligonucleotides G4MEST1A-3A, none of which yielded spectra indicative of G4 formation.
A spectral signature was obtained from G4MEST1A, which displayed a trough at 250 nm
and a peak at 275 nm, a profile which has been attributed to canonical B-DNA (Ivanov et
al. 1973, Berova et al. 2000).
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Figure 5.13 CD spectroscopy of wildwild-type and mutant MEST G4s.
CD spectra of A. G4MEST1 B. G4MEST2 and C. G4MEST3 at 25oC in the presence of 50 mM KCl. Molar
ellipticity (x105 deg.cm2.dmol-1) is on the vertical axis and wavelength (nm) is on the horizontal axis. Solid
lines represent the CD spectra for wild-type sequences (G4MEST1-3) and dashed lines represent CD spectra
for mutant sequences (G4MEST1A-3A).

Cation dependence in G-quadruplex folding
The ability of G4MEST1-3 to form G4 in the presence of different cations was investigated
using KCl and NaCl at the same concentration (Figure 5.14). Elliptical maxima were
highest in the presence of 50mM KCl, which is consistent with the known dependence of
G4 structures on potassium ions. In NaCl, G4MEST1 had a very low elliptical maximum at
295 nm and negative peak at 265 nm, indicative of antiparallel G4 formation (Burge et al.
2006). The spectral signatures of G4MEST2 and 3 were not significantly different between
NaCl and KCl, although G4MEST3 showed a reduction in ellipticity at 265 nm, in NaCl. This
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suggests that both G4MEST1 and 3 are highly reliant on K+ for the formation of parallel
quadruplexes, whereas NaCl likely favours the weak formation of antiparallel G4.
G4MEST2 may form a hybrid structure (Vorlickova et al. 2012), as indicated by the peaks
at both 265 nm and ~295 nm, where conformational change does not appear to be
induced by cation substitution.
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Figure 5.14 Influence of ionic conditions on G4 topology
topology
CD spectra of A. G4MEST1 B. G4MEST2 C. G4MEST3. Molar ellipticity (x105 deg.cm2.dmol-1) is on the vertical
axes and wavelength (nm) on the horizontal axis. Solid lines represent the CD spectra at 25oC in the presence
of 50 mM KCl and dashed lines represent CD spectra in the presence of 50 mM NaCl.
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Effect of cytosine methylation on G-quadruplex formation
The oligonucleotides G4MEST1LM (but not G4MEST1), G4MEST2M and G4MEST3M each
contain one CpG dinucleotide which was modified by the addition of 5’ methylcytosine.
These methylated oligonucleotides were examined by CD spectroscopy to explore the
potential impacts of cytosine methylation within G4 motifs (Figure 5.15). G4MEST1LM
was the only oligonucleotide that gave a G4-specific CD signature (Figure 5.15), and this
signature was very similar to that of G4MEST1 (Figure 5.13). In contrast, G4MEST2M and
G4MEST3M in NaPi (50 mM KCl) gave a trough at 265 nm and a peak at 280 nm, which is
not characteristic of G4 structures. The CD results from G4MEST2M and G4MEST3M
suggest that in the given buffer, methylation prevents G4 formation. The CD spectra
obtained for G4MEST2M and G4MEST3M were equivalent to that of the non-G4 forming
G4MEST2A and G4MEST3A (Figure 5.13), which were similar to spectral profiles
attributed to the formation of canonical B-DNA (Ivanov et al. 1973, Berova et al. 2000).

Figure 5.15 Comparison of CD spectra for methylated G4 in NaPi (50 mM KCl).
Solid line: G4MEST1LM. Long dashes: G4MEST2M. Dots: G4MEST3. Molar ellipticity (x105 deg.cm2.dmol-1)
is on the vertical axis and wavelength (nm) on the horizontal axis.
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Effect of buffer on G4 formation
To investigate G4 potential in ionic conditions typically used for PCR, structural
conformations were compared in PCR buffer and NaPi (both containing 50 mM KCl)
(Figure 5.16). CD analysis in PCR buffer showed a peak loss at 295 nm, with strong
spectral shifts to a peak at 260 nm and a trough at 245 nm for G4MEST1L and G4MEST3,
suggesting complete parallel conformation (Figure 5.16) (Vorlickova et al. 2012). This
spectral shift could be replicated for G4MEST1L and G4MEST3 by adding 1.5 mM Mg2+ to
the NaPi buffer, to match the Mg2+ concentration of PCR buffer. Therefore, the observed
effects of PCR buffer on G4 conformation of G4MEST1 and 3 could be attributed to the
presence of magnesium ions. However, presence of Mg2+ had no apparent effect on the CD
spectrum for G4MEST2.

A

C

G4MEST1L

G4MEST3

B

D

G4MEST2

G4MEST3

Figure 5.16 Comparison of G4 conformation in different buffers.
CD spectra for A: G4MEST1L; B: G4MEST2; C: G4MEST3 in NaPi, 50 mM KCl (solid line) or PCR buffer, 50
mM KCl (dashed line); D: G4MEST3 in NaPi, 50 mM KCl (solid line) or NaPi containing 50 mM KCl and 1.5
mM Mg2+ (dashed line). Molar ellipticity (x105 deg.cm2.dmol-1) is on the vertical axes and wavelength (nm)
on the horizontal axis.
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To investigate if different ionic buffers influenced the structural topology of methylated
oligonucleotides, analysis in NaPi (50 mM KCl) and PCR buffer (50 mM KCl) was repeated
for G4MEST1LM, G4MEST2M and G4MEST3M (Figure 5.17). G4MEST1LM had a spectral
profile with a positive peak at 265 nm, a shoulder out to 295 nm and a small negative peak
at 245 nm. This profile was equivalent in both NaPi buffer and PCR buffer (Figure 5.17A)
and was also equivalent to the spectral profile of the non-methylated oligonucleotide,
G4MEST1L in NaPi (Figure 5.16A). The minor spectral shift observed for G4MEST1L
between NaPi and PCR buffers (Figure 5.16A) was not observed for G4MEST1LM.

In NaPi, G4MEST2M and G4MEST3M demonstrated a spectral profile with a trough at 265
nm and a peak at 280 nm, which was not indicative of G4 formation (Figure 5.17B and C).
CD analysis in PCR buffer indicated that both these oligonucleotides underwent
significant structural change to adopt G4 conformation. G4MEST2M showed a trough at
240 nm and two peaks, one at 260nm and one at ~290nm (Figure 5.17B), suggestive of
hybrid G4 species (Vorlickova et al. 2012). G4MEST3M showed a trough at 245nm and a
peak at 260nm, which is typical of parallel G4 conformation (Figure 5.17C). For both
G4MEST2M and G4MEST3M the structure formed in PCR buffer had the same spectral
signature as the non-methylated counterparts. These results were again replicated
through the addition of MgCl2 to NaPi, although a significant reduction in ellipticity was
observed (data not shown).
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Figure
Figure 5.17 Comparison of methylated G4 conformation in different buffers
PCR buffer (dotted line) and standard NaPi (solid line). A. G4MEST1LM. B. G4MEST2M C. G4MEST3M. Molar
ellipticity (x105 deg.cm2.dmol-1) is on the vertical axes and wavelength (nm) on the horizontal axis.
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Effect of buffer on G4 thermal stability
The temperature of PCR generally varies between 95oC and 55oC, with an initial
denaturation stage of 95oC for two minutes. To test the thermodynamic stability of G4
structures in ionic conditions relevant to PCR, each G4 oligonucleotide was assessed by
performing CD at a series of increasing temperatures. Thermal melting (Tm) was
determined as the temperature for which the molecules existed in a 50% structured and
dissociated state. The structure is considered dissociated where subsequent temperature
increments do not result in a significant decrease in ellipticity at 260 nm. For this analysis,
the spectral profiles were gathered over a large temperature range (refer Chapter 2,
Section 2.9.3), however, only the profiles which represent a significant change in structure
are presented.

In NaPi, G4MEST1 displayed the lowest thermal stability, with a Tm of 54oC, G4MEST2 had
a Tm of 57.5oC and G4MEST3 had the highest stability with a Tm of 80oC (Figure 5.18). For
G4MEST2 the structure represented by a positive maximum at 290 nm maintained a
higher Tm than at 260 nm. This observation reinforces the presence of mixed
parallel/anti-parallel species rather than a hybrid G4. Methylated G4MEST2M and
G4MEST3M did not exhibit G4 spectra in NaPi buffer and the spectral signature was
unchanged at 95oC (data not shown).

In PCR buffer G4MEST1 had a Tm of 56.5oC (Figure 5.19A), an increase of 2.5oC compared
to NaPi (Figure 5.18A). In PCR buffer both G4MEST2 and G4MEST3 were stabilised
beyond the temperature range of the CD machine (> 99oC). This would have required an
increase in Tm of greater than 40oC for G4MEST2 and greater than 20oC for G4MEST3.
Analyses at 290 nm revealed the peak indicative of antiparallel G4 structure in G4MEST2
had a Tm of 85oC (Figure 5.19B). G4MEST1L increased in stability from 60oC in NaPi to
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74oC in PCR buffer, which was the only significant difference observed between G4MEST1
and 1L (data not shown). These results showed that PCR buffer substantially stabilised
G4MEST1, 1L, 2 and 3, compared to standard NaPi.

Figure 5.18 Thermal stability of nonnon-methylated oligonucleotides in NaPi buffer
Thermal stability of non-methylated oligonucleotides in NaPi and PCR buffer. A: G4MEST1; B: G4MEST2; C:
G4MEST3. Molar ellipticity (x105 deg.cm2.dmol-1) is on the vertical axis and wavelength (nm) on the
horizontal axis.
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Figure 5.19 Thermal stability of nonnon-methylated oligonucleotides in PCR
PCR buffer
Thermal stability of non-methylated oligonucleotides in PCR buffer. A: G4MEST1; B: G4MEST2; C: G4MEST3.
Molar ellipticity (x105 deg.cm2.dmol-1) is on the vertical axes and wavelength (nm) on the horizontal axis.

The thermal stability of the methylated oligonucleotides, G4MEST1LM, G4MEST2M and
G4MEST3M was then investigated in PCR buffer. Because G4MEST2M and G4MEST3M did
not adopt G4 structure in NaPi, thermal stability in NaPi (50 mM KCl) was not
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investigated. G4 structure and stability profiles were obtained for G4MEST1LM, 2M and
3M in NaPi (50 mM KCl + 1.5 MgCl2) and these results are summarised in Table 5.1 below.

Analysis in PCR buffer demonstrated the Tm was significantly increased for the
methylated oligonucleotide, G4MEST1LM (Tm=74oC) compared with NaPi (Tm = 57oC)
(Table 5.1). The spectral profile of G4MEST1LM and the Tm were equivalent to the nonmethylated G4MEST1L. G4MEST2M had two positive peaks of ellipticity, one at 260 nm
and one at 290 nm, and the Tm of each was individually assessed. The peak at 260 nm had
a Tm of 95 oC and the peak at 290 nm had a Tm of 79oC, this indicated the structure of
G4MEST2M is less stable than G4MEST2. G4MEST3M had a Tm of 92oC in PCR buffer,
which was substantially lower than G4MEST3. These data indicate that in PCR buffer,
methylation of G4MEST1LM does not have a significant impact on structure or stability,
and for G4MEST2M and G4MEST3M methylation decreases G4 stability. Together the
combination of both PCR buffer and MgCl2 substantially increases the stability of
G4MEST1, G4MEST2, G4MEST3 and the methylated counterparts.
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Figure 5.20 Thermal
Thermal stability of methylated G4 forming oligonucleotides.
Analysis performed in PCR Buffer A: G4MEST1LM; B: G4MEST2M; C: G4MEST3M. Molar ellipticity (x105
deg.cm2.dmol-1) is on the vertical axis and wavelength (nm) on the horizontal axis.
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Table 1: Summary of G4 melting temperatures in different buffers, Tm (oC).

Oligonucleotide PCR buffer
NaPi Buffer
(50 mM KCL, (50 mM KCl)
1.5 mM MgCl2)
56.5
54.0
G4MEST1

NaPi + MgCl2
Sequence***
(50 mM KCL,
1.5 mM MgCl2)
NA*
GGGCTTGTGGGCAGCCTGTGGGGTTTGTGG

G4MEST1L

74.0

60.0

76

GGGCTTGTGGGCAGCCTGTGGGGTTTGTGGGCGGCCTGTGGAGTTTGTGGG

G4MEST1LM

74.0

57.0

74

GGGCTTGTGGGCAGCCTGTGGGGTTTGTGGGCGGCCTGTGGAGTTTGTGGG

G4MEST2

>99.0

57.5

>99

GGGAGCAGCGGGGTCTTGGGGAGGGGG

85.0**

82**

95.0
79.0**

Non-G4

99

spectrum

85**

G4MEST3

>99.0

80.0

80.0

GGGCGGGCTAGGGGCGGGGCGCGGGTGGG

G4MEST3M

93.0

Non-G4

70.0

GGGCGGGCTAGGGGCGGGGCGCGGGTGGG

G4MEST2M

GGGAGCAGCGGGGTCTTGGGGAGGGGG

spectrum
* NA – not available, lacks CpG positions; **Measurements at 290nm (all other measurements at 260nm); *** methylated cytosines are underlined.
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G4 structure formation during a typical PCR cycle
To investigate if G4 structure was maintained throughout a mock PCR cycle, CD spectra
were gathered at the relevant conditions. Pre-annealed G4 oligonucleotides were
subjected to denaturation at 95oC for two minutes followed by 55oC for fifteen seconds
and 72oC for 45 seconds, mimicking the temperatures and times of a typical PCR. CD
spectra were collected for methylated and non-methylated oligonucleotides after each
temperature step, in PCR and NaPi buffers containing 50 mM KCl and 1.5 mM MgCl.
Because these experiments were performed before the observation that MgCl promotes
G4 formation in G4MEST2M and G4MEST3M in NaPi, CD spectra of these combinations
are not available for comparison.

Spectral analysis of G4MEST1L and G4MEST1LM
For both oligonucleotides (G4MEST1L and G4MEST1LM) structure completely
dissociated at 95oC, in both NaPi and PCR buffers (Figure 5.21 and Figure 5.22). No reassociation was observed for G4MEST1L in NaPi or PCR buffers for the subsequent
temperature stages. G4MEST1LM completely regained structure at ~290 nm by the 72 oC
step, in NaPi. This was also observed in PCR buffer along with a significant increase in
ellipticity at 265 nm.
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A

G4MEST1L

25oC
95oC
55oC
72oC

B

G4MEST1LM

25oC
95oC
55oC
72oC

Figure 5.21 G4MEST1L and 1LM in NaPi buffer
Spectral profile at PCR relevant conditions for A: G4MEST1L; B: G4MEST1LM in NaPi Buffer (50 mM KCl,
1.5 mM MgCl2 . Molar ellipticity (x105 deg.cm2.dmol-1) is on the vertical axis and wavelength (nm) on the
horizontal axis.
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A

G4MEST1L

25oC
95oC
55oC
72oC

B

G4MEST1LM

25oC
95oC
55oC
72oC

Figure 5.22 Comparison between G4MEST1L and 1LM in PCR buffer.
Spectral profile at PCR relevant conditions for A: G4MEST1L; B: G4MEST1LM. Molar ellipticity (x105
deg.cm2.dmol-1) is on the vertical axis and wavelength (nm) on the horizontal axis.
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Spectral analysis of G4MEST2 and G4MEST2M
The spectral profiles of G4MEST2 and G4MEST2M were compared using CD spectroscopy
at temperatures relevant to the three key stages of PCR (Figure 5.23). Due to the low
elliptical maxima observed with G4MEST2, structural change was difficult to quantify. A
minor decrease in elliptical maximum was observed for G4MEST2 at 265 nm after heating
at 95oC, which was not observed in Figure 5.19C. All structure at 290 nm dissociated for
both G4MEST2 and G4MEST2M at 95oC. Structure represented at 290 nm was partially
regained at 55oC for G4MEST2M but not G4MEST2. Structure represented at 265 nm was
completely regained for G4MEST2M (Figure 5.23) and although G4MEST2 was capable of
regaining complete structure it took approximately one minute at 55oC to re-associate
(data not shown).

For G4MEST2 in NaPi buffer, all structure was lost at 95oC, which was not regained during
investigation at subsequent temperature stages (Appendix G). The structural profile of
G4MEST2M was not investigated in NaPi. This analysis demonstrated that that
methylated oligonucleotide, G4MEST2M was capable of rapidly re-associating in PCR
buffer, compared to the non-methylated oligonucleotide, G4MEST2.
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Figure 5.23 Comparison between G4MEST2 and G4MEST2M in PCR buffer.
buffer.
A. G4MEST2 (PCR buffer); B: G4MEST2M (PCR buffer). Molar ellipticity (x105 deg.cm2.dmol-1) is on the
vertical axis and wavelength (nm) on the horizontal axis.
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Spectral analysis of G4MEST3 and G4MEST3M in PCR buffer
The spectral profiles of G4MEST3 and G4MEST3M were compared using CD spectroscopy
at temperatures relevant to the three key stages of PCR, according to previous
experiments (section 5.2.10.1 and 5.2.10.2). Because G4MEST3 did not dissociate at the
analysed temperature range, this experiment was modified to mimic PCR over several
cycles. G4MEST3 and G4MEST3M maintained structure through the two minute
denaturation period at 95oC and for five subsequent cycle repetitions. During this
experiment, G4MEST3M began to dissociate at cycle four, but re-associated instantly as
the temperature was lowered. G4MEST3 began to dissociate at approximately cycle seven,
after which, structure was not regained (data not shown). To investigate the basis of these
observations, re-association rates were investigated in a variety of buffer combinations
(section 5.2.12).
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Figure 5.24 Comparison of G4MEST3 and G4MEST3M in PCR buffer.
Molar ellipticity (x105 deg.cm2.dmol-1) is on the vertical axis and wavelength (nm) on the horizontal axis.
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Influence of Mg2+ on G4 thermal stability and structure
To investigate the influence of the divalent cation Mg2+ in G4 formation and stability, the
above PCR cycling experiments (section 5.2.10) were repeated on G4MEST3 and
G4MEST3M with and without MgCl2. Analysis in PCR buffer containing Mg2+ (Figure
5.25A) was consistent with earlier analysis (Figure 5.24A), however, exclusion of Mg2+
(Figure 5.25B) significantly decreased structural stability at 95oC. Absence of Mg2+ was
sufficient to cause dissociation of the G4 structure during the denaturation period;
however, structure rapidly re-associated upon cooling to 55oC. This observation was
consistent with G4MEST3M where the addition of Mg2+ prevented dissociation of the
methylated oligonucleotide during analysis at the denaturation temperature (Figure
5.26). A decrease in ellipticity occurred at 290 nm when G4 structure was analysed in
Mg2+. This indicates Mg2+ possibly promotes the formation of parallel G4, as observed for
both G4MEST3 and G4MEST3M (Figure 5.25 and Figure 5.26).

Stability of G4MEST3 was further reduced in NaPi where structure completely dissociated
regardless of the presence of Mg2+ (Figure 5.27). Again, Mg2+ significantly influenced reassociation where structure was immediately regained at 55oC. In the absence of Mg2+,
G4MEST3 did not regain significant structural formation over the investigated
temperature cycles. G4MEST3 was the only oligonucleotide investigated which was
capable of re-associating in NaPi buffer. G4MEST3M did not adopt G4 conformation in
NaPi (-Mg2+), so this comparison could not be made.

Overall, the addition of Mg2+ significantly stabilised G4 formation for G4MEST3 and
G4MEST3M regardless of buffer (containing 50 mM KCl). This effect was most
pronounced in PCR buffer (Tris) which appears to act along with KCl and MgCl2 to stabilise
G4 structure. Methylation has an additive effect where the rate of re-association is
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increased further compared to non-methylated oligonucleotides. Together the
combination of magnesium and cytosine methylation significantly increases the reassociation rates of G4 structure after denaturation.

Figure 5.25 Comparison of G4MEST3 in PCR buffer +/+/- MgCl2
A. G4MEST3 (PCR buffer +MgCl). B. G4MEST3 (PCR Buffer -MgCl). Molar ellipticity (x105 deg.cm2.dmol-1) is
on the vertical axis and wavelength (nm) on the horizontal axis.
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Figure 5.26 Comparison of G4MEST3M in PCR buffer +/+/- MgCl2
A. G4MEST3M (PCR buffer +MgCl). B. G4MEST3M (PCR Buffer -MgCl). Molar ellipticity (x105 deg.cm2.dmol1) is on the vertical axis and wavelength (nm) on the horizontal axis.
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Figure 5.27 Comparison of G4MEST3 in NaPi buffer +/+/- MgCl2
A. G4MEST3 (NaPi + MgCl). B. G4MEST3 (NaPi - MgCl). Molar ellipticity (x105 deg.cm2.dmol-1) is on the
vertical axes and wavelength (nm) on the horizontal axis.
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i-motif analysis using circular dichroism spectroscopy
Cytosine rich DNA is known to potentially adopt i-motif structures with hemiprotonated
C-C+ base pairs, at an acidic pH. CD spectroscopy was used to investigate the potential for
i-motif structure to form on the complementary DNA (C-rich) strand to the G4 MEST
regions. Due to the requirement of high protonation for the formation of C:C bonds,
structure was analysed over a pH gradient from 5.5 – 8.0. This technique has been
extensively used for the investigation of i-motif formation and structure is represented by
a peak at 285-290 nm, and a trough at 250 nm. This can be discerned from linear DNA
which gives a trough at 240 nm and a peak at 275 nm (Ivanov et al. 1973, Berova et al.
2000).

CD spectra of IMMEST1 indicated the presence of a single spectroscopically active species
across the analysed pH range (Figure 5.28), and this observation was consistent for
IMMEST1L and IMMEST1LM (data not shown). The spectral profile was not indicative of
any structure, suggesting the oligomers exist in a linear, deprotonated state (Ivanov et al.
1973, Berova et al. 2000). Analysis of the remaining four oligomers, IMMEST2, 2M, 3 and
3M revealed the formation of two spectroscopically active structures. At pH greater than
7.0, CD spectra had a maxima at 275 nm and a trough at 240 nm, indicating linear DNA
oligonucleotide. At pH 5.5 the maxima shifted to a peak at 285-290 nm with a trough at
250 nm and, which is characteristic of an i-motif structure (Guéron and Leroy 2000, Dai
et al. 2010, Zhou et al. 2010, Day et al. 2014).
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Figure
Figure 5.28 CD spectra on putative i-motif oligonucleotides in NaPi (50 mM KCL)
A: IMMEST1; B: IMMEST2; C: IMMEST3; D: IMMEST2M; E: IMMEST3M. Solid line represents pH 8.0, dotted
line represent pH 7.0 and dashed line represents pH 5.5. Molar ellipticity (x105 deg.cm2.dmol-1) is on the
vertical axis and wavelength (nm) on the horizontal axis.
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Thermal stability of i-motif structures
To test the potential formation of i-motif structure at temperatures relevant to PCR,
spectral profiles were investigated across a temperature range, and the Tm for each
oligonucleotide was calculated. Thermodynamic analysis of IMMEST2 at pH 5.5 revealed
that as temperature increased, the spectral maxima decreases from 285-290 nm to 275
nm (Figure 5.29A). This indicates a transition from structured oligonucleotide to singlestranded DNA, where a complete transition to linear DNA has occurred by 60oC. For
IMMEST2M this transition occurs at approximately 70oC (Figure 5.29), which indicates
methylation is capable of stabilising C:C base pairs by up 10oC, in this oligonucleotide
sequence.

Figure 5.29 CD spectra
spectra of i-motif forming oligonucleotide IMMEST2 and IMMEST2M.
Analysis performed in NaPi buffer (pH 5.5) A: IMMEST2; B: IMMEST2M. Molar ellipticity (x105
deg.cm2.dmol-1) is on the vertical axis and wavelength (nm) on the horizontal axis.

Thermodynamic analysis of IMMEST3 at pH 5.5 revealed that as the temperature was
increased from 25 oC to 55 oC the spectral maximum decreased and shifted from 285-290
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nm to 275 nm, indicating complete structural dissociation (Figure 5.30). Due to limited
reagents, consistent results were not obtained for IMMEST3M (data not shown).

Figure 5.30 CD spectra of i-motif forming oligonucleotides IMMEST3
Analysis performed in NaPi buffer (pH 5.5) for non-methylated IMMEST3. Molar ellipticity (x105
deg.cm2.dmol-1) is on the vertical axis and wavelength (nm) on the horizontal axis.

Effect of buffer on i-motif formation
To investigate i-motif stability during PCR, structure was analysed in PCR buffer
(RocheTM) containing 1.5 mM MgCl2. CD spectra obtained from all oligonucleotides
(IMMEST1L-3) indicated the presence of a single spectroscopically active structure
between 25 oC and 95oC. This structure had a maximum at 275 nm and a minimum at 245
nm which is not indicative of i-motif formation (Figure 5.31).
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Figure 5.31 CD spectra of i-motif oligonucleotides in PCR buffer
Analysis performed in PCR at 25oC. Molar ellipticity (x105 deg.cm2.dmol-1) is on the vertical axis and
wavelength (nm) on the horizontal axis.

5.3 Discussion
Computational analysis revealed at least three regions from the maternally imprinted
human MEST gene promoter with high propensity for G4 formation (Chapter 4). CD
spectroscopy and nPAGE were used to investigate the potential formation of three types
of non B-DNA secondary structures: G4, triplex and i-motif. Experiments were conducted
at temperatures and ionic conditions relevant to PCR, increasing the applicability of
results to ADO. In vitro analysis confirmed structure formation by oligonucleotides
(G4MEST1, G4MEST2 and G4MEST3) which spanned the three major putative G4 DNA
motifs.
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Native PAGE
The structural potential of G4MEST1-3 and G4MEST1M-3M was confirmed by native
PAGE, which showed increased migration rates when compared against the equivalent
mutant oligonucleotides, which were incapable of forming G4 (Figure 5.2). Structure
formation was highly favoured by the presence of KCl in the annealing buffer, but was also
observed in the presence of NaCl, although the pattern of migration was significantly
different. These results were indicative of G4 formation by both methylated and nonmethylated oligonucleotides of G4MEST1-3. Methylated oligomers migrated faster than
the appropriate linear marker and the mutant sequences; however, they did not migrate
as fast as the homologous non-methylated sequence, which indicates a potential
reduction of structure or change in topology. This observation was later confirmed using
CD.

It was reasoned that when a single-stranded oligonucleotide adopts G4 formation, the
paired nucleotides should have sufficient similarities to double-stranded DNA, to facilitate
the absorption of intercalating fluorescent dye. This was tested using staining with SYBR®
Safe and SYBR® Gold (Life Technologies, Carlsbad, CA, USA), which proved effective at
revealing oligonucleotides capable of forming G4, and potentially higher order aggregate
structures. The oligo-dT ladder and mutant oligomers were not visible when stained,
reinforcing the specificity of the dye for structured regions. The relative levels of
fluorescence for G4MEST1, G4MEST2, G4MEST3, G4MEST2M and G4MEST3M in NaCl
were less than observed in KCl. This suggests that KCl more effectively promotes the
formation of these secondary structures, compared to NaCl.
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nPAGE investigation of H-DNA
nPAGE analysis is differentiates structures based upon size and molecular weight.
Although results were indicative of G4 formation, intramolecular triplex bonds
(Hoogsteen hairpins) could not be differentiated using this technique. In NaCl, the mutant
oligonucleotide G4MEST1A demonstrated faster migration than the wild-type G4MEST1.
This indicated guanine Hoogsteen bonds were not necessary for structural formation,
because G>A substitution did not prevent formation, as would be expected in triplex
structure. Hoogsteen hairpins may account for this observation, and explain the high
molecular weight bands seen to form with both oligonucleotides.

NaCl has been previously reported to favour the formation of triplex bonds (Lavelle and
Fresco 1995, Song et al. 2011), which is why it was selected for the investigation of
potential H-DNA structure by G4MEST3(Lavelle and Fresco 1995, Song et al. 2011). This
experiment represented the situation where polymerase amplification of the G-rich DNA
sequence (G4MESTFAM3L) was arrested at the position of internal symmetry. The short
oligonucleotide G4MESTtriplex had homology to the 19 nucleotides on the 3’ end of
G4MESTFAM3L, and represented the nascent DNA strand generated immediately prior to
polymerase arrest. The 5’ half of G4MESTFAM3L remained single-stranded, available for
potential formation of a Hoogsteen hairpin with the backbone of G4MESTtriplex (Figure
5.32). Similar structures have been shown to trap polymerase within the single-stranded
loop, preventing amplification past the central position of symmetry (Samadashwily et al.
1993).
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G4MESTtriplex
G4MESTFAM3L

Figure 5.32 Hypothesised formation of H-DNA with MEST oligonucleotides.
oligonucleotides.
Aligned blue and green faces are paired through Watson-Crick base pair at complementary nucleotides.
Dots represent Hoogsteen bonds between the single-stranded region of G4MESTFAM3L and
G4MESTtriplex. Crosses indicate the single-stranded loop which is not involved in pairing. Yellow
represents Taq polymerase, trapped within the single-stranded loop during elongation of the triplex
forming region.

I hypothesized that the structure presented in Figure 5.32 would migrate faster than the
full length double-stranded template of G4MESTFAM3L, as it contained 32 fewer
nucleotides (5’ single-stranded region). Figure 5.9 (lane 2) clearly showed G4MESTtriplex
bound to G4MESTFAM3L migrates at a slower rate than the double-stranded DNA
(G4MESTFAM3L/G4MEST3RC), indicating an overall increase in molecular weight. This
likely occurred from the interaction of three oligonucleotide strands rather than two,
where an additional strand of G4MESTFAM3L bound G4MESTtrip through Hoogsteen
bonds (Figure 5.33). This suggests that H-DNA could potentially form in this sequence;
however, optimal formation may not involve the pattern of basepairing constrained by
my tentative sequence prediction. Although inconclusive, this experiment provides clear
evidence that these regions can display high structural polymorphism and the formation
of H-DNA warrants further consideration.
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3’ G4MESTFAM3L 5’

5’ G4MESTtrip 3’
5’ G4MESTFAM3L 3’

Figure 5.33 Potential structural formation
Aligned blue and green faces are paired through Watson-Crick base pair at complementary nucleotides.
Dots represent Hoogsteen bonds between the single-stranded region of G4MESTFAM3L and G4MESTtrip.

nPAGE investigation of i-motif
C-rich DNA motifs on the complementary strand to G4 sequences have high propensity to
adopt i-motif structures through additional protonation at C:C bonds. This formation has
been shown to increase oligomer migration rates during PAGE analysis at the appropriate
pH (Zhou et al. 2010). I attempted to investigate i-motif formation of IMMEST1L,
IMMEST2 IMMEST3, IMMEST1LM, IMMEST2M and IMMEST3M using nPAGE at pH 5.5.
This showed that IMMEST1 migrated at the same rate as G4MEST1A, and IMMEST2 and
IMMEST3 migrated more slowly than equivalent mutant sequences, but at a similar speed
to the oligo-dT marker. These observations suggest that no structure is formed by
IMMEST1, but were inconclusive for IMMEST2-3. If an i-motif structure is formed by
IMMEST2-3 it could occur through intermolecular interactions rather than
intramolecular and is unlikely to form in PCR buffer. nPAGE is a useful technique for
visualising higher order aggregate structures and for isolating structures of interest,
however, minimal topological information can be gained. These results required further
investigation using CD spectroscopy for accurate characterisation.
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Circular dichroism spectroscopy
i-motif structure
Potential i-motif structure was interrogated using CD spectroscopy. At pH of 5.5 or below,
IMMEST2 and IMMEST3, and the methylated counterparts IMMEST2M and IMMEST3M,
appeared capable of forming i-motif structures, as indicated by spectral maxima at 285290 nm. Methylation substantially stabilised structure in IMMEST2M and IMMEST3M by
over 10oC, where dissociation was observed at or below 60oC. Structural formation was
not observed in PCR buffer for any of the analysed sequences, and is likely prevented by
a pH of 8.3. Because the pH of PCR buffer can differ with temperature spectral profiles
were collected between 25oC and 95oC, which demonstrated that an unstructured, linear
state was maintained.

CD analysis of IMMEST1, 2 and 3 did not provide evidence to support the formation of imotif DNA structure at conditions relevant to PCR amplification. From this it was
concluded that i-motif structure is unlikely to contribute to the observed ADO during
genotyping of the human MEST promoter and these structures were not further
investigated.

G4 structure
CD spectroscopy was extensively used for the characterisation of G4 formation in
methylated and non-methylated oligonucleotides over a range of ionic conditions and
temperatures. Although CD cannot discriminate between inter and intramolecular G4, it
can discriminate between G4 conformations based on strand polarity. Nucleic acids
differentially absorb ultraviolet light in relation to temperature and stacking (Gray et al.
1994, Gottarelli et al. 2008, Kypr et al. 2009). This makes it possible to distinguish G4
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formation from other DNA states and to differentiate between strand conformations of
certain structures (Gray et al. 1994). It is widely accepted that antiparallel G4 have a CD
spectrum with an elliptical maxima at 295 nm and minimum at 265 nm, while parallel G4
have a maxima at 265 nm and minimum at 245 nm (Đapić et al. 2003). Furthermore
thermodynamic properties can be investigated by increasing the sample temperature,
allowing analysis at temperatures relevant to PCR.

CD spectroscopy performed on oligonucleotides G4MEST1, 2 and 3 showed that all were
capable of forming G4 in the presence of K+ (Figure 5.13). CD profiles from G4MEST1 and
G4MEST3 indicated the dominant structural form to be parallel stranded G4, as
represented by a peak at 260 nm and a trough at 245 nm, however, a shoulder at 290 nm
also indicated the presence of anti-parallel strand orientation (Kypr et al. 2009).
G4MEST2 gave a spectral profile that suggested structurally mixed species of parallel and
anti-parallel, with two positive maxima (260 nm and 295 nm). CD spectroscopy further
demonstrated that in standard buffer/salt mixes used for PCR, containing Tris, MgCl2 and
KCl, both G4MEST1 and G4MEST3 shifted to a predominantly parallel form. These
conditions also resulted in significant stabilisation of all three structures, with G4MEST2
and G4MEST3 showing a Tm at 265 nm, of > 99.0oC in PCR buffer (Table 5.1).

Ionic dependence
Analysis of spectral profiles for G4MEST1, 2 and 3 indicated that G4 formation was highly
favoured by the presence of KCl in the annealing buffer, but also occurred in NaCl,
consistent with results from PAGE. The spectral profile of G4MEST1 was substantially
different in the presence of NaCl compared to KCl, with a maxima at 290 nm and troughs
at ~230 and ~ 260 nm. This profile is closely representative of antiparallel G4 formation,
however, it has also been observed with the formation of triplex DNA structure (Gray et
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al. 1994). This may explain the abnormal migration of G4MEST1 during nPAGE in NaCl
(Figure 5.9). G4MEST2 displayed weak signals with a low elliptical maximum and little
spectral difference between Na+ and K+. This is surprising, given the high migration rate
of G4MEST2 observed during nPAGE analysis. G4MEST3 was highly dependent on KCl for
formation and NaCl decreased the elliptical maximum, but did not change the spectral
profile. KCl dependence for G4 formation is a widely observed occurrence (Marathias and
Bolton 1999, Remus et al. 2004, Ambrus et al. 2006, Drolet 2006, Bugaut and
Balasubramanian 2008, Hänsel et al. 2011, Bochman et al. 2012).

Influence of methylation
The effects of cytosine methylation within G4 structure have not been extensively
investigated, however, the potential stabilisation of cytosine to cytosine basepairs has
been widely recognised in both i-motif and triplex DNA structure (Gill GE 1974, Xodo et
al. 1991, Gehring et al. 1993, Samadashwily et al. 1993, Lavelle and Fresco 1995). Hardin
et al. (1993) was the first to observe that cytosine methylation may alleviate the structural
requirement for protonation in cytosine to cytosine bonds and aid in the formation of
secondary DNA structure. These workers demonstrated that cytosine-cytosine
basepairing increased G4 stability, an effect that was greatly enhanced by cytosine
methylation (Hardin et al. 1993). This observation was later reinforced by Lin et al. (2013)
and a similar mechanism of stabilisation was also documented for i-motif and DNA
triplexes (Xodo et al. 1991, Lin et al. 2013). Based upon these observations, it was
hypothesized that methylation within G4 forming motifs of the MEST promoter region
would increase local G4 stability, influencing amplification by polymerase during PCR.

PAGE was unable to clarify the influence of methylation on structure. Methylated
oligonucleotides did not migrate with equivalent speed to non-methylated
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oligonucleotides; however, staining with SYBR Safe indicated the presence of secondary
structure. CD showed that G4MEST1LM was the sole methylated oligonucleotide to adopt
G4 conformation in both NaPi and PCR buffer. A trough at 245 nm and a peak at 260 nm,
with a shoulder to ~290 nm, indicated the presence of mixed G4 conformations. Overall,
G4MEST1LM was unique as it performed equivalently to the non-methylated G4MEST1L.
G4MEST1LM was also the only oligonucleotides where the methylated CpG was not
positioned adjacent to a guanine which was predicted to form Hoogsteen bonds. This may
have reduced the influence of methylation in G4 formation and contributed towards the
potential of this region to perform equivalently to the non-methylated counterpart. The
structural signatures of G4MEST2M and G4MEST3M in NaPi buffer were not
characteristic of G4 spectra; however, in PCR buffer these oligonucleotides showed a
spectral shift towards G4 formation. Further investigation found MgCl2 to be the catalyst
for this change, apparently influencing the structural topology of both G4MEST1,
G4MEST3 and G4MEST3M by favouring parallel conformation.

Thermal stability of G4
Investigation

of

thermodynamic

stability

indicated

that

MEST

G4

forming

oligonucleotides were unlikely to maintain structure at PCR extension temperatures, in
NaPi buffer. However, when stability was investigated in PCR buffer, significant
stabilisation was observed for all three regions. For G4MEST1L, G4MEST1LM, G4MEST2
and G4MEST2M the increase in stability observed was replicable in NaPi through the
equivalent addition of MgCl2. For G4MEST3 and G4MEST3M the unique combination of
Tris, KCl and MgCl2 appeared to be necessary for stabilisation. Yan et al, (2010) observed
a similar effect where Mg2+ and K+ together selectively and significantly stabilized G4 in
Tris-HCl buffer using 10 mM Mg 2+.
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The methylation of a single cytosine in G4MEST2M and G4MEST3M decreased the thermal
stability of these G4 structures, which was contrary to my hypothesis. Previously
published data has documented stabilisation of cytosine to cytosine bonds through
methylation, which resulted in an overall increase in G4 stability (Hardin et al. 1993, Lin
et al. 2013). This effect is likely to be sequence specific, relying on the alignment of
cytosine nucleotides for bonds to form.

These data suggest that during PCR, G4 structure is likely to persist on both methylated
and non-methylated DNA at G4MEST1, 2 and 3. I observed a significant reduction of G4
thermal stability in NaPi, and used this discovery to develop a novel PCR buffer
(25NAP10) which reduced ADO during PCR amplification of MEST alleles (Chapter 3). The
CD results also informed the design of PCR primers which amplified through the less
stable G4MEST1L, excluding G4MEST2 and 3. Combining the improved buffer and these
new primers, which generated an amplicon including only G4MEST1L, enabled the
successful biallelic amplification of MEST region genomic DNA described in Chapter 3.

To investigate if G4 structure was maintained at the temperatures used in a typical PCR,
spectral profiles were analysed at each of the three key stages (denaturation, annealing
and extension). This involved collecting CD spectra of pre-annealed G4 oligonucleotides
after “denaturation” at 95oC for two minutes, “annealing” at 55oC for fifteen seconds and
“extension” at 72oC for 45 seconds. A key finding from this analysis was that the reassociation rates for methylated G4 were significantly greater than non-methylated G4
after denaturation, an effect which was enhanced by MgCl2. This effect was further
enhanced in PCR buffer compared to NaPi. For all methylated oligonucleotides, structure
was present at the PCR extension temperature (72oC), indicating that methylated G4 may
form during PCR, and impair amplification by Taq polymerase.
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Limitations
CD and nPAGE both utilize single-stranded, synthetic DNA as the substrate for analysis.
These conditions highly favour G4 formation, but it is unknown if structure can compete
with Watson-Crick base pairs to form in double-stranded genomic DNA.

Computational analysis predicted G4MEST1-3 to have the highest propensity for G4
formation, however, multiple putative G4 sequences were predicted which were not
investigated. Therefore, this analysis may not be providing an accurate account of the full
structural potential at the MEST promoter.

Additionally, G4MEST3M was methylated at only a single CpG dinucleotide, although it
contains four CpG dinucleotides. This means that G4MEST3M does not fully reflect the
nature of this region in the maternal allele of genomic DNA, which will be methylated at
all four CpGs (Chapter 4). This approach was taken because of the high cost of
incorporating methyl cytosine during oligonucleotide synthesis.

Conclusions
In this chapter I describe the structural and thermal properties of three putative G4
forming sequences. All three regions appear to form stable G4 structures at a range of
ionic conditions. Cytosine methylation prevented G4 formation in G4MEST2M and
G4MEST3M, which was alleviated by the addition of MgCl2 to the annealing buffer,
however, the thermodynamic stability was lower than the non-methylated counterparts.
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A complex interaction of both group I cations (Na+ and K+), group II cations (Mg2+) and
cytosine methylation was observed, which influenced G4 topology and thermal stability.
PCR buffer provides an ionic environment which appeared to stimulate G4 formation in
methylated DNA and increase the Tm of both methylated and non-methylated G4
structures. The Tm of G4MEST2M and G4MEST3M remained lower than G4MEST2 and
G4MEST3, which was contrary to the initial hypotheses.

Although the precise mechanism for an interaction between cytosine methylation and G4
has not been resolved, these findings describe an interesting observation, which could
result in polymerase arrest during PCR amplification of methylated DNA. Several lines of
evidence supported the role of G4 formation in the observed allelic drop-out. G4MEST3
and G4MEST3M were the only oligonucleotides to maintain structure above 99oC, in PCR
buffer, and this region was refractory to PCR amplification. G4 formation was highly
dependent on KCl and also influenced by millimolar concentrations of magnesium. This
corresponded to observations made in Chapter 3, where KCl concentration directly
influenced genotyping outcome, and amplification only occurred within a limited
concentration range of magnesium. PCR amplification in optimised NaPi buffer yielded
correct genotyping results, which could not be obtained in PCR buffer (chapter 3). In PCR
buffer but not NaPi, G4 formation was significantly stabilised and cytosine methylation
substantially enhanced re-association of G4 structure (section 5.2.11). During analysis of
G4 at PCR cycling temperatures, structure was present in all methylated templates at the
polymerase extension temperature (72oC). Cytosine methylation appears to significantly
increase the rate of re-association by G4 structure during PCR cycling, which could cause
polymerase arrest during amplification of the maternal allele. This question is further
explored in Chapter 7.
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Chapter 6
Fluorescent footprinting analysis of G4 structure
6.1 Introduction
The investigation of G-quadruplex (G4) DNA structures has historical roots in the
disciplines of biochemistry and chemistry. Consequently many methods of G4 analysis are
carried out with radioisotopic labelling and thin layer polyacrylamide slab gels, rather
than making use of advanced technologies such as non-radioactive labels and fluorescent
automated capillary sequencers. Dimethyl sulfate (DMS) footprinting and polymerase
arrest assays are two techniques which still rely on radioisotopes and traditional
sequencing techniques, despite the development of automated fluorescent capillary
sequencers. This chapter details the development and application of non-radioactive G4
footprinting methods, and Chapter 7 details development and application of nonradioactive polymerase stop assays.

In 1977, Maxam et al. described a method for sequencing gamma-32P labelled nucleic acids
using autoradiography (Maxam and Gilbert 1977). This technique required nucleotide
specific chemical modification at available reactive sites for A, G, C and T using formic acid,
dimethyl sulfate (DMS) and hydrazine (+/- NaCl). In single and double-stranded DNA, the
N-7 atoms of guanosine are sterically available for chemical modification by treatment
with DMS (Figure 6.1) (Brookes and Lawley 1961). DMS alkylates guanosine at the N-7
position, disrupting the structure of the DNA base (Maxam and Gilbert 1980). Subsequent
reduction by hot piperidine or aniline forms new C-N bonds and results in scission of the
DNA phosphate backbone from its base (Figure 6.2). Cleaved products are mapped by
separation by denaturing PAGE and exposure to an X-ray film for autoradiography.

181 | P a g e

Modification of guanine by DMS, as used during chemical sequencing, can also be used to
visualise non B-DNA structures which form through Hoogsteen bonds (e.g. G4) (Figure
6.1). This process is referred to as DMS footprinting (Peattie and Gilbert 1980). Hoogsteen
bonds block DMS modification by occupying the N-7 atom of guanine, which prevents
subsequent cleavage by piperidine. Where guanine has been protected from cleavage due
to Hoogsteen bonds, an absence of bands is observed during PAGE visualisation (Peattie
and Gilbert 1980). This is often performed alongside a negative control where the
structure was not formed, i.e. through the exclusion of a critical cation. If the DNA
molecule is terminally labelled, an appropriate molecular weight ladder can be used to
measure the distance between the position of scission and the terminus, allowing
mapping of the scission points onto the template sequence (Peattie and Gilbert 1980). In
a similar technique, single-strand specific endonucleases can be used to interrogate a
dsDNA molecule for regions of localised structure, which is recognised as ssDNA and
cleaved (Favaloro et al. 1980, Zhou et al. 2013).
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Figure 6.1 Different combinations of guanine and cytosine nucleotides
A. Chemical composition of guanosine, with asterisk denoting the N-7 nitrogen position which is modified
through methylation by DMS. B. Cytosine residue. C. Cytosine and guanine base pair, with asterisk denoting
the available N-7 atom of guanine. D. Guanine to guanine Hoogsteen basepairing where hash denotes the
blocked N-7 atom.
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Figure 6.2 Chemical reaction of DMS and piperidine with guanosine resulting in DNA scission.
DMS methylates guanine at the N-7 position (top left) of the imidazole ring, fixing a positive charge between
the N7, C8 and N9 atoms. Under basic conditions the C8 atom breaks its bond with N9 (top right) and
piperidine then displaces the oxidised 7-methylguanine and catalyzes the cleavage (B-elimination) of both
phosphate groups, disrupting the DNA backbone. Adenine can also become methylated at the N3 position
through the same reaction as guanine; however, the reaction of adenine and piperidine does not result in
strand cleavage. Figure recreated from (Maxam and Gilbert 1980).
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Analysis of the human MEST promoter (Chapter 3-5) characterised a unique genotyping
failure, which involved allelic drop-out (ADO) of the methylated, imprinted allele during
PCR. ADO required the formation of G4 structure, cytosine methylation, and the presence
of potassium. CD spectroscopy and nPAGE of single-stranded oligonucleotides provided
basic in vitro structural characterisation (Chapter 5), which confirmed the stable
formation of G4 by at least three short regions in the MEST promoter. DNA methylation
was found to substantially increase the re-association rates of G4 structure after
denaturation (Chapter 5), suggesting a mechanism for ADO during PCR.

In our laboratory, radioisotopes are no longer used; both the laboratory infrastructure
for handling radioisotopes and the regulatory processes were significant barriers to
carrying out experiments requiring radioisotopes. The aim of this chapter was to design
fluorescent assays for the mapping of G4 structure in single and double- stranded DNA
molecules and validate the results against published, data derived with traditional
radioisotopic assays. My approach to developing these methods used the same basic
principle as traditional footprinting analysis. A related approach was also established,
which was a modification of the principle presented in Zhou et al. (2007), using enzymatic
endonuclease restriction instead of chemical cleavage (Zhou et al. 2013).

6.2 Results
Procedure overview and experimental design
Two novel fluorescent footprinting assays were designed for the characterisation of G4
formation. These assays were named fluorescent assay for DMS footprinting analysis
(FADFA), and fluorescent assays for nuclease footprint analysis (FANFA). Both FADFA
and FANFA were performed on oligonucleotides representative of sequences from the
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human MEST promoter region. These assays were validated using published data from
the PU27 G4 forming sequence of the human c-MYC promoter. The fluorescent labels used
were 5(6)-carboxyfluorescein (FAM) or 6-carboxy-2',4,4',5',7,7'-hexachlorofluorescein
succinimidyl ester (HEX) and were incorporated into the 5’ position of custom
synthesized oligonucleotides (IDT, PTE. Ltd, Singapore). In total, there were three types
of DNA templates on which FADFA and FANFA were performed (Figure 6.3).

Template 1 consisted of custom synthesized single-stranded, which contained a single
fluorescent label on the 5’ terminus (FAM) (Figure 6.3A). The results of FADFA performed
on this template were directly comparable to traditional methods of DMS footprinting,
due to the similarities in template design.

Template 2 was generated by annealing between two and four complementary
oligonucleotides. Generally, two short oligonucleotides were fluorescently labelled with
FAM or HEX (Figure 6.3B, blue and green), and these had complementary binding
sequences at the 3’ termini of the two longer, non-labelled oligonucleotides (Figure 6.3B,
grey). One of the longer oligonucleotides (Figure 6.3B, grey) contained the G4 sequence
of interest, and this strand was ligated to the FAM labelled fluorescent oligonucleotide.
The other long oligonucleotide contained the complementary C-rich sequence and was
ligated to the HEX labelled fluorescent oligonucleotide. This generated a double-stranded
template where the G-rich strand was FAM labelled and the C-rich strand was HEX
labelled (Figure 6.3B). G4 formation during oligonucleotide annealing was prevented
through cation exclusion, or substitution with LiCl (Burge et al. 2006). After ligation, the
double-stranded template was PAGE purified and subjected to G4 folding conditions. The
use of dual fluorescent labels, on opposing ends of a dsDNA molecule, allowed the
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simultaneous investigation of both strands. This template was used in both FADFA and
FANFA, however, the use of bidirectional analysis had limited application in FADFA, due
to the lack of guanines on the C-rich strand.

Template 3 was generated using standard PCR, with differentially labelled forward and
reverse fluorescent primers (HEX and FAM). By targeting primer design to amplify a G4
DNA sequence of interest, this was incorporated into a fluorescently labelled product.
After gel purification and extraction, this PCR product served as the template for both
FADFA and FANFA (Figure 6.3C). Both plasmid and genomic DNA were used in PCR to
generate templates.
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A

B

C

Figure 6.3 Representation of DNA templates used in FADFA and FANFA
Colours represent the fluorescent label used on each DNA strand, with green indicating HEX and blue
indicating FAM. A: Template 1. Single-stranded oligonucleotide containing a 5’ FAM label; B: Template 2.
Double-stranded DNA template, generated through oligonucleotide annealing and ligation; two short
oligonucleotides were fluorescently labelled with HEX (green) or FAM (blue) and were used to label longer,
non-labelled oligonucleotides (grey) through ligation. The two longer oligonucleotides contained the G4
sequence of interest and were complementary, such that annealing and ligation created a double strand
molecule, with different fluorescent markers at the 5’ termini of each strand. C: Template 3. Doublestranded DNA generated using PCR, where differentially fluorescing primers are incorporated at opposing
termini (HEX and FAM). Each of these templates was generated for the analysis of both c-MYC PU27 and
MEST G4 sequences.

Oligonucleotides were heat denatured in the appropriate buffer, purified using nPAGE,
and the structural topology interrogated using variations of the FADFA method. FADFA
analyses were performed as three technical replicates, independently repeated a
minimum of three times. Unless stated otherwise, the presented results are the average
of three technical repeats. Negative controls for each experiment were performed in the
absence of potassium and are generally not shown. After treatment with DMS and
piperidine, samples were visualised using a 3130xl Genetic Analyser (Chapter 2, Section
2.13).
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Optimisation of FADFA for G4 detection
Optimal analysis required visualising the full length template with uniform cleavage
across all guanines. This ensured 3’ guanines were not under-represented, which could
be falsely interpreted as guanine protection. Because each template differs in size and
guanine content, extensive titration of template amount, DMS concentration and
incubation time was required (data not shown). When template molecules are cleaved at
multiple positions, shorter fragments are over represented at the ~0-10 nucleotide size
range and can saturate the DNA analyser, causing an off-scale error. This has a similar
effect to over exposure on an electrophoresis gel, preventing the differentiation of similar
sized bands and resulting in an apparent “smear” of products. To prevent this, controlling
the amount of product loaded onto the Genetic Analyser was crucial.

To investigate the individual contribution of DMS and piperidine, each was individually
excluded from the assay. Exclusion of piperidine (amine) did not prevent strand cleavage,
which likely occurred at the later stage of denaturation in 100% formamide (Brewer et
al. 1990). Exclusion of DMS resulted in a random pattern of cleavage, which did not
appear to be representative of secondary DNA structure or specific to guanine
nucleotides. These pilot experiments provided useful information on optimal conditions
for the assay, and factors that contributed to background noise. A discussion on assay
optimisation is presented in Appendix O.
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Technique validation using c-MYC PU27
The PU27 G4 forming sequence has been extensively characterised using radioisotopic
DMS footprinting (Siddiqui-Jain et al. 2002). I attempted to replicate this experiment
using ssFADFA, to validate the accuracy of my experimental assay.

6.2.3.1

Bioinformatic G4 predictions of the human c-MYC gene

G4 formation at PU27 (c-MYC) was used as a validation of techniques in several
experimental procedures, presented both here and in Chapter 7. c-MYC is an important
regulator in a variety of cellular pathways including cell growth and differentiation, and
impaired function is observed in many cancers. The well-studied nuclease hypersensitive
element (NHE) III region of the c-MYC promoter (Figure 6.4) has been shown to regulate
expression through G4 formation at the PU27 gene sequence (González et al. 2009,
González, 2010 #244).
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TCAGCCGTCCAGACCCTCGCATTATAAAGGGCCGGTGGGCGGAGATTAGCGAGAGAGGATCT
TTTTTCTTTTCCCCCACGCCCTCTGCTTTGGGAACCCGGGAGGGGCGCTTATGGGGAGGGTGG
GGAGGGTGGGGAAGGTGGGGAGGAGACTCAGCCGGGCAGCCGAGCACTCTAGCTCTAGGATG
TAAACAGAGTAAGAGAGCCGCATGAATTAACTACGCGCGCCTACCATTTTCTTTTGCTCCCTC
TCAAACCCTCTCCCTTTCTCTGCTGCTCCTCCGTAGCAGTACTGTTTGACAAACCGCATCCTT
GTCCTGTGAGTATAAATCATCGCAGGCGGAACAGCTGCCCTCCACACCGAGAACGCACTGCGC
GCCCACCGCCACGCCACGCGCGTACCAGGCTGCAGGGCGCCTCGCTAAGGCTGGGGAAAGGGC
CGCGCTTTGATCAAGAGTCCCAGGGAGAGTGGAGGAAAGAAGGGTATTAATGGGCGCGCGT
Figure 6.4 Sequence of upstream NHE III CC-MYC promoter region.
region.
Light shading indicates the PU27 G4 motif and dark shading indicates an additional G-tract, also
investigated in this experiment. This figure encompasses the hg19 coordinates chr8:128,747,814128,748,313, where the transcribed strand is presented in 5’ to 3’ orientation. Underlined bases denote
potential guanine residues involved G4 formation. Nucleotide numbering and G-tract numbers of PU27 are
presented in Table 6.1.
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Table 6.1 Numbering of the PU27 G4 motif sequence
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6.2.3.2

Verification of ssFADFA performed on c-MYC template 1

Single-stranded oligonucleotide (CmycFAMG4) was suspended in the appropriate buffer
and incubated for either one hour or 48 hours at 37oC, before purification and analysis
using nPAGE (Figure 6.5). Four main bands were apparent, where bands 1 and 2 were
representative of different G4 topologies (Figure 6.6) (Siddiqui-Jain et al. 2002). Band 1
was only faintly visible on the gel. All bands were extracted and assessed for G4 formation,
however, band 4 was not likely to result from intramolecular G4 structure.

Figure 6.5 Nondenaturing PAGE analysis of annealed c-MYC oligonucleotide.
nPAGE analysis of CmycFAMG4 (38 nt) oligonucleotide pre-incubated under the conditions indicated in the
figure. The marker (M) was double-stranded template 2 (78 bp). Due to the cost of synthesis, an
appropriately sized oligo-dT ladder, containing 5’ fluorescent labels on each size marker was not available.
Therefore, to detect the formation of intermolecular G4, dsDNA markers of equivalent size were used.
Although not visible on this figure, Band 1 was faintly visible on the original gel.

193 | P a g e

Figure 6.6 PU27 G-quadruplex radioisotopic DMS footprinting analyses
analyses
To allow comparison with data generated in this thesis, this figure illustrates the key findings on the c-MYC
PU27 region from Siddiqui-Jain et al. (2002). G-quadruplexes were formed after incubation of the PU27
strand (PU27) in 100 mM KCl for 48 h at 37°C. (A) Promoter structure of the c-MYC gene; shown in Inset is
the 27-mer sequence of the purine-rich strand upstream of the P1 promoter. (B) Non-denaturing gel
analysis (15% polyacrylamide/12.5 mM KCl/NaCl, 4°C, 16 h) of PU27 pre-incubated under the conditions
specified in the figure at a strand concentration of ~25 μM. (C) DMS footprinting of band 1 in B. (Left) DMS
treatment of the denatured PU27 (lanes 1 and 2) and the isolated band (lanes 3 and 4). The PU27 base
sequence is shown to the left. (Right) Proposed structure based upon the footprinting pattern. Guanines
showing DMS-induced cleavage are labelled in both Left and Right. Base colors: red, guanine; green,
thymine; and orange, adenine. (D) As in C, but for band 2 in B. Figure reprinted with permission from
(Siddiqui-Jain et al. 2002). Copyright © 2002, The National Academy of Sciences

Bands 1-4 were extracted from the gel (Figure 6.5) and separately analysed using CD to
ensure G4 formation (Figure 6.7). Insufficient oligonucleotide concentration of band 1
prevented CD analysis, but it was possible to carry out fluorescent detection using the
Genetic Analyser (described below). Band 2 displayed an elliptical peak at 265 nm and a
trough at 245 nm which is indicative of parallel G4 formation, and is consistent with
published data (Hurley et al. 2006). Band 3 displayed a similar elliptical spectrum,
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however, the peaks were low and broad. Band 4 had an elliptical spectrum representative
of non-structured oligonucleotide (Figure 6.7). Published CD profiles representative of
bands 3 and 4 could not be found.

Figure 6.7 CD performed on singlesingle-stranded PU27 bands 22-4, from Figure 6.5
Spectral CD profiles from the interrogation of G4 structure in bands 2, 3 and 4 from Figure 6.5. Long dashed
line: Band 2; Mixed dash and dots: Band 3; Dots: Band 4. Molar ellipticity (x105 deg.cm2.dmol-1) is on the
vertical axis and wavelength (nm) on the horizontal axis.

Samples of bands 1-4 were then treated with DMS and visualised using the Genetic
Analyser. Band 1 displayed cleavage protection at G-tracts 1, 2, 4 and 5 (Table 6.1), which
is indicative of Hoogsteen bonds, and in a pattern that was representative of G4 formation
(Figure 6.8) (Siddiqui-Jain et al. 2002). Additionally, G20 and G23 from G-tract five were
also cleaved, and guanine nucleotides 11 to 14 (G-tract 3) were highly susceptible to
cleavage, indicating an absence of Hoogsteen bonds and a lack of involvement in G4
formation. The DMS footprinting of band 2 indicated G2-G5, G14, G20 and G23 were
preferentially cleaved. This indicated an exclusion of G-tract 1 from structure formation,
and that G11, G14, G20 and G23 were either interchangeable in G4 formation, or formed
a partial G-tetrad. Consistent with the CD spectrum band 3 did not present a pattern of
guanine cleavage indicative of any structure (data not shown).
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The DMS footprint produced by treatment of bands 1 and 2 was consistent with the
pattern of DMS protection presented by Siddiqui-Jain et al. (2002), however, for band 2 I
noted G16 to be preferentially cleaved over G14 (Figure 6.9). Furthermore, each band
displayed an unexpected lack of cleavage observed at G26 and G27, the origins for this
observation are unknown. Band 1 is reportedly indicative of a “basket” G4 structure and
band 2 a “chair” G4 formation (Siddiqui-Jain et al. 2002).
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Figure 6.8 ssFADFA performed on band 1, Figure 6.5.
ssFADFA performed on CmycFAMG4 FAM labelled oligonucleotide band 1 (Figure 6.5). Nucleotide sequence
is on the horizontal axis where numbering corresponds to original numbering of PU27 (Siddiqui-Jain et al.
2002). Fluorescence intensity is on the vertical axis, where peak height corresponds to the proportion of
molecules cleaved at that position. Grey shading indicates G-tracts 1-5 (from left).
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Figure 6.9 ssFADFA performed on band 2,
2, Figure 6.5
ssFADFA performed on CmycFAMG4 FAM labelled oligonucleotide band 2(Figure 6.5). Nucleotide sequence
is on the horizontal axis where numbering corresponds to original numbering of PU27 (Siddiqui-Jain et al.
2002). Fluorescence is on the vertical axis, where peak height corresponds to the proportion of molecules
cleaved at that position. Grey shading indicates G-tracts 1-5 (from left).

6.2.3.3

Verification of dsFADFA performed on c-MYC template 2

After validating the technique of FADFA against published data, I applied the technique to
the investigation of G4 in double-stranded DNA (dsFADFA). Samples were incubated at
37oC for 48 hours in the presence of 100 mM KCl as previously described (section 6.2.4.1),
to maintain consistency with the published protocol by Siddiqui-Jain et al. (2002).

Template 2 was constructed by annealing oligonucleotides CmycPF1HEX, CmycPR1FAM,
CMycFbindsR and CMycRbindsF, followed by ligation and purification using nPAGE
(Figure 6.3B). Oligonucleotide annealing was performed in LiCl, to prevent G4 formation
from interfering with Watson-Crick basepairs (Burge et al. 2006). This approach created
a double-stranded PU27 template, in which one strand was labelled with FAM, and the
other was labelled with HEX. This unique configuration was designed to allow
simultaneous interrogation of both strands. For PU27, this proved to be of limited use,
due to the lack of guanine on the FAM labelled strand, which is the substrate for cleavage.
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During nPAGE purification of the annealed template, the presence of a single tight band
indicated successful oligonucleotide annealing and the absence of G4 structure (Figure
6.10). To ensure the absence of G4 formation in the untreated sample, a portion of the
sample was treated using dsFADFA, which reinforced the absence of Hoogsteen bonds
(data not shown).
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78 bp

Figure 6.10.
10. nPAGE purification of doubledouble-stranded template 2.
nPAGE purification of double-stranded template 2 was performed in the absence of KCl, to prevent the
formation of G4. To reduce gel overloading, the sample was split into three individual aliquots. The band at
78 bp, representative of ds template 2 was excised from the gel and subjected to dsFADFA, to verify the
absence of G4 formation, prior to the subsequent experiment.

After gel extraction, linear, dsDNA templates were then subjected to G4 folding conditions
(KCl 100 mM 37oC 48 hr) in the absence of heat denaturation. dsFADFA was then
performed on the samples, which demonstrated clear protection from cleavage at G-tracts
1, 2, 4 and 5, with cleavage occurring at G-tract 3, G26 and G27 (Fig. 6.11). This pattern of
cleavage is consistent with that observed for band 1. This indicates that in the presence of
100 mM KCl, linear duplex DNA has transitioned to adopt G4 structure, without prior
strand denaturation.

No analysis was possible for template 3, due to limitations associated with generating the
fluorescent template using PCR.
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Figure 6.11 DoubleDouble-stranded FADFA performed on c-MYC template 2
dsFADFA performed on c-MYC template 2. Nucleotide sequence of PU27 is on the horizontal axis. Fluorescence is on the vertical axis, where peak height corresponds to the
proportion of molecules cleaved at that position. Due to the lack of guanine on the FAM labelled strand, cleavage data for this strand is not presented here. Grey shading
indicates G-tracts 1-5 (from left).
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6.2.3.4

Verification of the Mung Bean nuclease fluorescent footprinting assay
using PU27

G4 formation in double-stranded DNA was mapped using enzymatic digestion and the
results were compared against chemical DMS cleavage (section 6.2.4.). Enzymatic G4
detection was achieved using the single-strand specific Mung Bean endonuclease, in a
method termed fluorescent analysis of nuclease footprint assays (FANFA). This assay was
applied to the c-MYC template 2, where HEX was incorporated into the C-rich strand and
FAM into the G-rich strand (Figure 6.3).

The C-rich (HEX labelled) strand demonstrated two dominant positions of cleavage
corresponding to G2 and G27. This indicates the presence of single-stranded DNA on the
C-rich DNA strand, complementary to G-tracts 1-5 (Figure 6.12). These observations
were congruent with earlier analysis (section 6.2.4) and increases confidence in the data
generated by dsFADFA (Figure 6.12). The FAM labelled G4-forming strand was nicked at
each terminal nucleotide of PU27 and internal nicks corresponded to the linking loops
between G-tracts 1-2 and 2-3 (Figure 6.12). Visualisation was best for the C-rich strand,
which at these conditions is likely to exist as non-structured, single-stranded DNA
(Chapter 5, section 5.2.13), facilitating enzymatic cleavage. It is unclear why the relative
fluorescence of each strand is not proportional, however, this could result from
variability in key steps such as ligation of the labelled oligonucleotides, or during the
endonuclease digestion step.
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Figure 6.12 dsFANFA of c-MYC template 2
Nucleotide sequence of PU27 is on the horizontal axis for the C-rich strand in 5’ to 3’ orientation.
Fluorescence is on the vertical axis, where peak height corresponds to the proportion of molecules cleaved
at that position. Green bands correspond to peaks originating from the HEX (green) labelled C-rich strand
and blue bands correspond to peaks originating from the FAM (blue) labelled G-rich strand. Results
presented are the average of three independent reactions.

ssFADFA performed on G4MEST2 and G4MEST3
Having validated the method on PU27, ssFADFA was then applied to the investigation of
G4 formation by FAM labelled oligonucleotides representative of G4MEST2 and
G4MEST3 from the human MEST promoter region (Table 6.2). The sequence of
G4MESTFAM2 was 34 nucleotides in length and differed from G4MEST2 by 7 nt. The
nucleotide sequence of G4MESTFAM3L was 51 nucleotides in length and differed from
G4MEST3 by 22 nt.
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Table 6.2 Oligonucleotide annotation and comparison

Name

Oligonucleotide sequence (5’ to 3’)*

G4MEST2
G4MESTFAM2
Nt Number

G
**T
1

T
2

A
3

A
4

C
5

G
6

A
7

G-tract

G-tract

G
9

G

A

G

C

A

G

C

G

G

G

G

T

C

T

T

G

G

G

G

A

G

G

G

G

G

G A G C A G C G G G G T C T T G G G G A G G G G G
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

1

G4MEST3
G4MESTFAM3L
Nt number

G
8

G

2

3

4

G G G C G G G C T A G G G G C G G G G C G C G G G T G G G
#T A G G G G T T C T G C G G C G A T G G G C G G G C T A G G G G C G G G G C G C G G G T G G G C T C T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51
1

2

3

3

5

6

7

* Grey indicates G-tracts, and corresponds to G-tract numbering. #Denotes the position of the FAM label
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6.2.4.1

CD spectroscopy performed on the MEST templates used for ssFADFA

Prior to the investigation of G4 structure using ssFADFA, the structural conformation and
thermodynamic stability of G4MESTFAM2 and G4MESTFAM3L was investigated using CD
spectroscopy in PCR buffer.

At 25oC G4MESTFAM2 showed one prominent peak at 260 nm and two smaller peaks at
280 nm and 290 nm (Figure 6.13A). A decrease in ellipticity at 280-290 nm compared to
G4MEST2 (Chapter 5) was observed, indicating a predominantly parallel conformation
(Bugaut and Balasubramanian 2008). At 99oC G4MESTFAM2 showed stable, parallel
stranded G4 structure, represented by a peak at 260 nm and a trough at 240 nm. The peak
at 260 nm (representative of parallel G4) maintained a Tm above 99oC, where the
structural stability of the G4 exceeded the instrumental temperature range for analysis.
The peak at 290 nm (representing antiparallel G4 strands) dissociated with a Tm of ~
80oC, which was consistent with the results for G4MEST2 (Chapter 5) (Figure 6.13A).
Overall, structural composition changed from an equally mixed species of parallel and
antiparallel conformation in G4MEST2 (Chapter 5), to a predominantly parallel
conformation in G4MESTFAM (Figure 6.13A).

At 25oC G4MESTFAM3L displayed parallel G4 conformation in PCR buffer, represented
by a peak at 260 nm and a trough at 240nm (Figure 6.13B) (Bugaut and Balasubramanian
2008). This was consistent with the spectral signature of G4MEST3 in Chapter 5. When
analysed at 260 nm, the Tm of G4MESTFAM3L was 10oC lower than G4MEST3, which had
a Tm of 99oC (Figure 6.13B). Reduced thermal stability is commonly observed when the
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length of a G4 forming oligonucleotide is extended (Bugaut and Balasubramanian 2008,
Takahama et al. 2011b).

Figure 6.13 Circular
Circular dichroism spectroscopy of FAM labelled singlesingle-stranded MEST oligonucleotides
CD spectroscopy was performed in PCR buffer A: G4MESTFAM2; B: G4MESTFAM3L. Molar ellipticity (x105
deg.cm2.dmol-1) is on the vertical axis and wavelength (nm) on the horizontal axis.

6.2.4.2

G4MESTFAM2 analysed with ssFADFA

ssFADFA performed in the absence of KCl (MPW) showed uniform cleavage across
guanine nucleotides of G4MESTFAM2, indicating an absence of Hoogsteen bonds (Figure
6.14A). ssFADFA performed in KCl (PCR buffer) indicated a reduction in fluorescent
intensity at cleaved nucleotides in a pattern representative of G4 formation (Figure
6.14B) (Tijerina et al. 2007). Nucleotide positions G15 and G33 were preferentially
cleaved, indicating a lack of Hoogsteen bonds at these nucleotide positions. Additionally,
G17, G20 and G27 demonstrated high cleavage rates, whereas, G18, G19, G25, G26 and
G29-31 showed complete protection against cleavage. This suggests that G4 formation
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involves G-tract 1, the two internal guanines of G-tract 2 and 3 and the first three guanines
of G-tract 4.

The spectral signature of G4MESTFAM2 (Figure 6.13) was indicative of parallel G4
formation, but indicated the potential formation of multiple structures (Neidle 2009).
This observation was reinforced using ssFADFA (Figure 6.14B). The absence of cleavage
at G29-31 along with the low level of cleavage at G8-10 indicates a three nucleotide Gtetrad, imposed by the length of G-tract 1. G-tracts 2 and 3 consist of four guanines, where
either the first three or last three contribute to structure. This could result in alternative
formations between different oligonucleotide molecules. Consequently, protection is
only observed at the inner guanines for each of these G-tracts (Figure 6.14B).
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Figure 6.14 G4MESTFAM2 analysed using ssFADFA,
Blue bars represent DMS cleavage at guanine residues on FAM labelled template. Nucleotide sequence is
on the x-axis and fluorescence intensity is on the y-axis. A. Negative control in MPW. B. Positive control in
100 mM KCl. Grey bars indicate G-tracts 1-4 (from left), and nucleotide numbering is indicated below the
sequence.
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6.2.4.3

Conformation modelling of G4MESTFAM2

The six nucleotide linker connecting G-tract 1 and 2 allows for a diagonal connection of
two parallel G-tracts on the same face, which would be detected by a peak at 260 nm in
CD (Qin and Hurley 2008). The short (2 nt) linker between G-tract 3 and 4 likely restricts
orientation to antiparallel conformation via a short lateral loop, which would be detected
at ~290 nm in CD (G28-G30, Figure 6.15A). Potential exists for G-tract 2 and 3 to be
connected via a crosswise diagonal loop on opposing faces (G20-G25, Figure 6.15A) or an
external diagonal loop on the same face (G10-G17, Figure 6.15A). In both instances, the
structure will contain three parallel strands, and one antiparallel. This conformation is
supported by CD spectroscopy which indicates the majority of strands exist in parallel
conformation.

208 | P a g e

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
T T A A C G A G G G A G C A G C G G G G T C T T G G G G A G G G G G
G-Tract:
1
2
3
4

Figure 6.15 Schematics of hypothesized
hypothesized structures adopted by G4MESTFAM2.
Red and yellow squares indicate syn/anti syn orientation of nucleotide bases. Each G-tract is underlined
and numbered guanines indicated in bold are those implicated in G4 formation by ssFADFA. Stabilizing
potassium ions are indicated in blue. Grey bars indicate G-tracts 1-4 (from left)

6.2.4.4

G4MESTFAM3L analysed in NaPi Buffer with ssFADFA

G4MESTFAM3L contained seven G-tracts of three or more guanines, where G4MEST3 was
represented in the last six G-tracts. Treatment by ssFADFA revealed distinct patterns of
guanine protection which were specific to ionic conditions, and representative of G4
formation (Tijerina et al. 2007, Sun and Hurley 2010) (Figure 6.16).

Both MPW and NaPi were assessed for use as negative controls, as it was anticipated they
would not contain crucial cations for G4 formation. In MPW the pattern of guanine
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cleavage indicated the absence of G4 formation, as demonstrated by even cleavage across
all guanine nucleotides (Figure 6.16A). In this example there is a relatively large amount
of full length template, suggesting DMS incubation time was not sufficient to treat all
molecules. Experiments performed in NaPi without KCl or NaCl, were not suitable as
negative controls because a low level of G4 formation was detected, which was
presumably facilitated by Na2+ in the buffer (Figure 6.16B). This was evident by the lack
of cleavage at G-tracts 4-7, despite the presence of full length (un-cleaved) molecules at
C50 and the high proportion of cleavage below A28.

In NaPi (containing 100 mM KCl) G-tract 1 and G-tract 3 were preferentially cleaved,
indicating the absence of involvement in G4 structure. Guanine protection occurred at Gtracts 2, 4, 6 and 7 (Figure 6.16C), where G29 from G-tract 4 and G37 from G-tract 6
demonstrated a high level of cleavage. This indicates G29 and G37 likely reside within the
linker region of the G4, and do not contribute towards formation. G–tract 5 displayed a
low level of cleavage at G34 to G36, however, G37 was preferentially cleaved. It is likely
this G-tract does not contribute towards G4 formation; however, the low level of cleavage
may be representative of multiple topologies in a single solution Figure 6.16C). Repetition
of this experiment indicated formation was also prone to involve G-tracts 7, 6, 5, and 2
(Appendix I, Figure I.1), reinforcing the polymorphic nature of this region.

In 100 mM NaCl, guanine protection occurred at G-tracts 4, 5, 6 and 7, where G29 (G-tract
4) and G34 (G-tract 5) likely reside within the linkers (Figure 6.16D). Different patterns
of guanine protection were observed in NaCl and KCl (Figure 6.16C and D), which
indicates the formation of alternative topologies. These alternative topologies likely
reflect the different CD spectra observed in NaCl and KCl (Chapter 5, section 5.2.7, Figure
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5.14). The topology adopted in KCl, which has a corresponding CD spectra representative
of predominantly parallel G4 is referred to as structure A. The topology formed in NaCl,
which has a corresponding CD spectra of mixed parallel and anti-parallel G4 is referred
to as structure B. The formation of structures A and B is investigated further in section
6.2.4.7.
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Figure 6.16 ssFADFA of G4MESTFAM3L in NaPi
Blue bars represent DMS cleavage at guanine residues on FAM labelled G4MESTFAM3L oligonucleotide. Nucleotide sequence is on the X-axis and fluorescence
intensity is on the y-axis. A. Negative control in MPW. B. Negative control in NaCl. C. Guanine cleavage resulting from treatment of G4MESTFAM3L in NaPi + 100 mM
KCl. D. Guanine cleavage resulting from treatment of G4MESTFAM3L in NaPi + 100 mM NaCl. Note reduced fluorescent intensity scale for the negative control (A)
compared with the experimental data (B), this likely results from differences in strand recovery during purification and the level of guanine cleavage. For additional
replicates, see appendix I, Figure I.1.
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6.2.4.5

G4MESTFAM3L analysed in PCR buffer (50 mM KCl) with ssFADFA

CD spectroscopy indicated that PCR buffer promotes the formation of parallel stranded
G4 topology (Chapter 5). To investigate G4 topology in PCR buffer (containing MgCl2), the
above ssFADFA experiment was repeated in PCR buffer, with and without MgCl2. In the
absence of MgCl2, strand cleavage was observed at G-tracts 1, 2 and 3, and guanine
protection observed at G-tracts 4-7, however, a low level of background cleavage was
observed (Figure 6.17A).

ssFADFA performed in PCR buffer without MgCl2, displayed guanine protection at similar
positions. G-tracts 4-7 were protected from cleavage, indicating the likely involvement in
G4 formation. G29, G34 and G37 from G-tracts 4 and 5 were preferentially cleaved,
indicating they are likely to reside within the linking regions that connect the G-tetrads
(Figure 6.17B). Cleavage occurred at both G34 and G37 from G-tract 5, which may
indicate that between molecules, each terminal guanine alternatively contributes
towards formation. PCR buffer appeared to favour the formation of structure B, however,
this was not congruent with previous CD spectroscopy, which indicated that PCR buffer
favoured parallel G4 formation.
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Figure 6.17 ssFADFA of G4MESTFAM3L in PCR buffer
Blue bars represent DMS cleavage at guanine residues on FAM labelled template. Nucleotide sequence is on the X-axis and fluorescence intensity is on the y-axis. A:
DMS footprint for G3MESTFAM3L in PCR buffer with MgCl (structure B); B: DMS footprint for G3MESTFAM3L in PCR buffer without MgCl2.
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6.2.4.6

Conformation modelling of G4MESTFAM3L

DMS footprinting indicated the likely formation of two different G4 conformation by
G4MESTFAM3L. By combining the results from DMS footprinting and CD spectroscopy,
the potential topologies of G4MESTFAM3L was deduced (Figure 6.18 and Figure 6.19).
Interrogation of strand orientation by CD spectroscopy demonstrated a dominant peak
at 260 nm, representative of parallel G4 conformation and a minor peak, representative
of antiparallel G4 conformation, at 290 nm (Burge et al. 2006). The short (one nucleotide)
loop connecting G-tracts 6 and 7 indicates the strands are likely to align in an antiparallel
conformation via a propeller type loop (Burge et al. 2006). The long linking loops
between the remaining three G-tracts likely allow for several arrangements, including
parallel orientation via an external loop. Alternatively, G-tracts 4 and 6 could be
connected via a diagonal loop, in which case G-tract 6 would exist in an antiparallel
conformation and G-tracts 2, 4 and 7 in parallel (Figure 6.18).
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Figure 6.18 Schematic of hypothesized structure A for G4MESTFAM3L
Possible orientations of G4MESTFAM3L resulting from a predominantly parallel stranded G4 structure, involving G-tracts 2, 4, 6, 7 (grey). Red and yellow squares
indicate parallel/anti-parallel orientation of the DNA strand. Each G-tract from the sequence is numbered and grey shading corresponds to G-tracts which contribute
towards G4 structure. A: G-tract 4 and 5 are connected via an external propeller type loop; B: G-tract 4 and 5 are connected via a crosswise diagonal loop.
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Figure 6.19 Schematics
Schematics of hypothesized structure B for G4MESTFAM3L
Possible orientations of G4MESTFAM3L resulting from a predominantly parallel stranded G4 structure, involving G-tracts 4, 5, 6, 7 (grey). Red and yellow squares
indicate parallel/anti-parallel orientation of the DNA strand. Each G-tract from the sequence is numbered and grey shading corresponds to G-tracts which contribute
towards formation. A: G-tract 4 and 6 are connected via a short loop on the same edge; B: G-tract 5 and 6 are connected via a crosswise diagonal loop.
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6.2.4.7

Influence of
conformation

heat

denaturation

conditions

on

G-Quadruplex

Standard protocol for DMS footprinting involves heat denaturing oligonucleotides for
between five and ten minutes at 95oC, followed by controlled cooling, which allows for
G4 annealing over a long time period (often overnight) (Tijerina et al. 2007). During PCR,
the temperature is rapidly decreased from 95oC to the annealing temperature (55oC) and
this could potentially limit G4 folding. To test if annealing time influenced G4
conformation or formation slow and rapid cooling was compared. Rapid cooling from
95oC to 55oC was achieved using a thermal cycler at the standard ramp speed normally
used during PCR. All annealing reactions were performed in PCR buffer containing 1.5
mM MgCl2.

There was no significant difference in the migration speed between fast and slow
annealed treatments (Figure 6.20). G4MESTFAM3L and G4MESTFAM2 migrated faster
than the equivalent double-stranded markers, indicating formation of intramolecular
structure (Figure 6.20, Lane 3 and Lane 5). G4MESTFAM3L (Lane 3 and 4, Figure 6.20)
migrated as relatively smeared bands, consistent with the results presented in Chapter 5.
The areas indicated as Band 1 and Band 2 were excised from the gel and separately
assessed for structure using ssFADFA.
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Figure 6.20 Native PAGE analysis of different heat denature protocol
Oligonucleotides were annealed in PCR buffer. 1: dsG4MESTFAM3L; 2: dsG4MESTFAM2; 3: Fast annealed
G4MESTFAM3L; 4: Slow annealed G4MESTFAM3L; 5: Fast annealed G4MESTFAM2; 6: Slow annealed
G4MESTFAM2. * Represents a separate experiments where lane 3 and 4 were documented using a higher
resolution image. Due to the cost of synthesis, an appropriately sized oligo-dT ladder, containing 5’
fluorescent labels on each size marker was not available. Therefore, to detect the formation of
intermolecular G4, dsDNA markers of equivalent size were used (Figure 6.20, Lane 1 and 2).

To insure that all potential structures were identified the areas of band 1 and 2 were
separately assessed using ssFADFA. The pattern of DMS cleavage for bands 1 and 2 from
G4MESTFAM3L did not differ appreciably between treatments (slow and fast annealed).
This indicates structure was not influenced by annealing conditions (Figure 6.21). The
pattern of DMS cleavage for band 1 (fast migrating) was indicative of G4 formation
(structure B, Figure 6.19), where G-tracts 4 to 7 were protected from guanine cleavage.
Band 2 (slow migrating) had a high proportion of full length (un-cleaved) product,
compared to Band 1. This likely resulted from intermolecular bonds between two or
more strands where Hoogsteen protection occurred across the full length template.
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For both treatments, Band 1 displayed a high level of cleavage at G-tracts 2 and 3, with a
low level of cleavage at G1-G15. Variation in the levels of cleavage at G1-G15 were large
(see appendix H), however, cleavage was consistently observed at G-tracts 4-7. Repeated
failure to visualise the internal size standard during capillary gel electrophoresis
prevented FADFA analysis for G4MESTFAM2. In additional experimental repetitions,
failure of the internal size standard to migrate appropriately prevented correct basecalling; consequently satisfactory data was not obtained for G4MESTFAM2.
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A

TAGGGGTTCTGCGGCGATGGGCGGGCTAGGGGCGGGGCGCGGGTGGGCTC

B

TAGGGGTTCTGCGGCGATGGGCGGGCTAGGGGCGGGGCGCGGGTGGGCTC

Figure 6.21 Structural formation in G4MESTFAM3L under different annealing conditions
Bands extracted from nPAGE (Figure 6.20) for G4MEST3FAML (upper part of each graph shows the slow
migrating band 1 and lower part of each graph shows the fast migrating band 2) A. Fast annealed (lane 3,
Figure 6.20) B. Slow annealed (lane 4, Figure 6.20). G-tracts (numbered 1-7 from left) are indicated by grey
shading.
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dsFADFA on MEST templates 2 and 3

6.2.5.1

Investigation of G4 formation by G4MEST2 and 3 using dsFADFA
performed on template 2

Watson-Crick bonds between double stranded DNA do not occupy the N7 atom of
guanine, allowing FADFA to be performed on double stranded templates. To examine
how Watson-Crick basepairs interfere with G4 formation, FADFA was performed on
dsDNA templates representative of MEST. Where appropriate, this also enabled
investigation of how 5-methylcytosine influences G4 structure.

To investigate if G4 formation could compete with Watson-Crick base pairs, analysis was
performed in the presence of the complementary oligonucleotide. This was achieved
using G4MESTFAM2 and G4MESTFAM3L which were annealed to the non-fluorescent
oligonucleotides, G4MEST2RC and G4MEST3LRC, to generate double-stranded template
(template 2). For these experiments, only the G-rich (FAM labelled) strand of template 2
(annealed oligonucleotides, Figure 6.3) was analysed, and nnealing was performed in the
absence of KCl, to prevent interference by G4 formation.

It was previously demonstrated that methylation appeared to increase the re-association
rate of G4 (Chapter 5). To test if methylation influenced G4 folding in the presence of the
complementary DNA strand, two treatments (methylated and non-methylated) were
performed. The double-stranded template was treated with M. SssI methyltransferase,
which methylates cytosine in CpG dinucleotide of dsDNA substrates. Double-stranded,
methylated molecules were isolated using nPAGE (also in the absence of KCl) (data not
shown). The non-methylated template was subjected to the same conditions; however,
M. SssI was excluded from the preparation. Templates from both treatments were then
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denatured in PCR buffer, and immediately re-purified using nPAGE (Figure 6.22).
dsFADFA was then performed on the excised bands of Figure 6.22.

Methylation of G4MESTFAM2 did not influence the migration rate of oligonucleotides in
nPAGE (Figure 6.22); however, the pattern of guanine protection generated by dsFADFA
was significantly different between methylated and non-methylated treatments (Figure
6.23). The non-methylated DNA showed consistent cleavage across all guanine
nucleotides, indicating an absence G4 structure in the presence of the complementary
strand (Figure 6.23A, top). The methylated DNA showed clear protection at guanines of
all four G-tracts with preferential cleavage occurring at G6, G12, G28 and G30 and both
G17 and G20 showing low levels of cleavage (Figure 6.23A, bottom). This indicates the
formation of a three tetrad G4 structure by methylated G4MESTFAM2, with possible
formation of both parallel and antiparallel G4 structure, as previously implied by CD
spectroscopy (Chapter five).

G4MESTFAM3L demonstrated that methylation did not influence the migration rate
(Figure 6.22) or cleavage footprint (Figure 6.23). Both methylated and non-methylated
templates were protected from cleavage at G-tracts 4 to 7 (Figure 6.23). This pattern of
protection was suggestive of the previously characterised structure B (Figure 6.19);
however, guanine nucleotides from the longer G-tracts which resided within the linkers
were not cleaved during this experiment. Consistent with CD spectroscopy, these DMS
data indicate that methylation does not induce topological change to the G4 conformation
of G4MESTFAM3L in PCR buffer (containing 50 mM KCl and 1.5 mM MgCl2).
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1

2

3 4

Figure 6.22 nPAGE analysis of template 1 in PCR
PCR buffer
nPAGE analysis of double-stranded, treated oligonucleotides, performed in PCR buffer (1.5 mM MgCl2 , 50
mM KCl). An initial nPAGE was performed in the absence of KCl to separate double-stranded and singlestranded oligonucleotides (data not shown). Lane 1. Methylated dsG4MESTFAM3L. Lane 2. Nonmethylated dsG4MESTFAM3L. Lane 3. Methylated dsG4MESTFAM2. Lane 4. Non-methylated
dsG4MESTFAM2
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Figure 6.23 dsFADFA analysis of template 1 in PCR buffer
dsFADFA of non-methylated (upper part of each graph) and methylated (lower part of each graph) G4MEST
oligonucleotides, performed in PCR buffer containing 1.5 mM MgCl2 and 50 mM KCl. A. G4MESTFAM2. B.
G4MESTFAM3L
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6.2.5.2

Investigation of G4 formation by G4MEST1L and G4MEST3 using
dsFADFA performed on template 3

Template 3 (PCR generated, Figure 6.3) contained 5’ HEX on the G-rich strand and 5’ FAM
on the C-rich strand, enabling the simultaneous, bi-directional interrogation of G4
formation on both strands of long DNA templates. PCR was performed on genomic DNA
templates, using primers Pf1HEX/Pr4Fam, PF1HEX/Pr4aFAM and Pf5HEX/Pr3cFAM to
synthesize templates where differential fluorescent markers were incorporated at each
5’ end. This allowed for interrogation of ~250 bp of DNA per analysis. Appropriate
negative controls were performed in parallel with all experiments. This involved
performing standard dsFADFA in MPW (For an example see Appendix H, Figure H.2).

To further investigate G4 formation in double-stranded DNA, dsFADFA was performed
on template 3 (Figure 6.3). This enabled the investigation of multiple G4 on both DNA
strands of one relatively long double-stranded template. Two separate templates were
generated for the investigation of G4MEST1 and G4MEST 3, where HEX was used to label
the G-rich strand and FAM, the C-rich strand (Figure 6.24). The fluorescent primers
Pf1HEX and Pr4FAM were used to investigate the G4 potential of G4MEST1 in a 284 bp
double-stranded amplicon and the primers PF5HEX and Pr3CFAM were used to
investigate G4MEST3 in a 142 bp template. A 386 bp template encompassing G4MEST1
and G4MEST2 was generated using PF1HEX and PR4a; however, it was found that
accurate dsFADFA visualisation could only extend a maximum of 250 bp from each
fluorescent label (data not shown). The distance between the forward HEX-labelled
primer and G4MEST2 in this template prevented reliable results. The interrogation of
G4MEST2 using this method was therefore abandoned.

227 | P a g e

Figure 6.24 Schematic representation of MEST promoter region, demonstrating the primers used for generating
dsFADFA templates
636bp sequence corresponding to chr7:130,131,385-130,132,020 (hg19), and encompassing all three
SNPs (indicated in bold) and all three quadruplex forming regions (G4MEST1,2 and 3 are highlighted with
grey shading, and the extended G4MEST1L region is shown with darker grey shading). Underlined bases
indicate the positions of G-tracts. Green bars represent HEX labelled primers which bind the C-rich strand
and synthesize a complementary G-rich amplicon. Blue shading indicates the positions of FAM labelled
primers which bind the G-rich strand and synthesize a complementary C-rich DNA amplicon.

G4MEST1L demonstrated that G4 formation was favoured over canonical B-DNA, in PCR
buffer (50 mM KCl, 1.5 mM MgCl2). Guanine residues of G-tracts 1, 2, 3 and 5 showed
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protection against cleavage, however, it is likely that G-tract 4 and 5 are interchangeable
in different structures (Figure 6.25). G-tract 6 showed no evidence of guanine protection.
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0
GGGGC T T G T GGGC AGC C T G T GGGG T T T G T GGGCGG C C T G T GGGG T T T G T GGG

G-Tract:1

2

3

4

5

6

Figure 6.25 dsFADFA performed
performed on G4MEST1L (template 3)
DNA sequence is presented in 5’ to 3’ orientation, showing the pattern of guanine cleavage throughout the
region of G4MEST1L on the forward (G-rich), HEX labelled strand. The template DNA was heat denatured
in PCR buffer (50 mM KCl) prior to DMS treatment. Data shown is the average of three independent
replicates.

On the HEX labelled, C-rich strand, a putative G4 forming motif was identified at an
uncharacterised position, between 69 bp and 90 bp (Figure 6.27). The DNA sequence for
this region was investigated using QGRS mapper and was predicted to have a moderately
low propensity for G4 formation (Table 6.3). All G-tracts within this region were
protected from cleavage, including the most proximal guanine, 5’ from G-tract 1. This
novel putative G4 sequence was named G4MESTA.
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Figure 6.26 Schematic representation demonstrating the position of th
the
e novel G4MESTA
The novel putative G4 forming motif, which was observed on the C-rich strand and is referred to as
G4MEST1 is highlighted in yellow. G4MEST1 is highlighted with grey shading, and the extended G4MEST1L
region is shown with darker grey shading. Underlined bases indicate the positions of G-tracts. Green bars
represent HEX labelled primers which bind the C-rich strand and synthesize a complementary G-rich
amplicon. Blue shading indicates the positions of FAM labelled primers which bind the G-rich strand and
synthesize a complementary C-rich DNA amplicon.

230 | P a g e

800
700
600
500
400
300
200
100
0
GC C A CGGC CGGC A C C C C AGAGC C C T GC T GC C C C T T AG T T CGAGCGGC C A
CGG T GC CGGC CG T GGGG T C T CGGGA CGA CGGGGAA T C AAGC T CGC CGG T
Figure 6.27 dsFADFA reveals novel putative G4 structure on the CC-rich strand
DsFADFA was performed on the double-stranded amplicon, generated by PCR using primers Pf1HEX and
Pr4FAM for the investigation of G4MEST1L (refer Figure 6.24). Double-stranded DNA is illustrated on the
X-axis: the top strand is G-rich, strand which contains G4MEST1-3 and the bottom strand is C-rich, which
contains the novel putative G4 motif. The template DNA was heat denatured in PCR buffer (50 mM KCl, 1.5
mM MgCl2) prior to DMS treatment. Green bars represent cleavage on the G-rich strand and blue bars
represent cleavage on the C-rich strand. This experiment is the average of three independent trials. Circled
guanines indicated positions of DMS protection on the C-rich strand.

Table 6.3. QGRS predictions for novel putative
putative G4

Length Predicted G4 sequence*

G-Score

24

GGAGGAT
GGATGG
ATGGCCGCTCGAACTAA
GGCCGCTCGAACTAAGG
CCGCTCGAACTAAGG

9

22

GGCTCTGGG
CTCTGGGGTGCC
GGGTGCCGG
GTGCCGGCCGT
GGCCGTGG
CCGTGG

20

32

GGGGCAGCAGG
GGCAGCAGGGCTCTGG
GGGCTCTGGGG
GCTCTGGGGTGCCGGCCGT
GGTGCCGGCCGTGG
TGCCGGCCGTGG 32

22

GGCTCTGGG
CTCTGGGGTGCC
GGGTGCCGG
GTGCCGGCCGT
GGCCGTGG
CCGTGG

34

*QGRS predictions of G4 stability and formation for the sequence investigated in Figure 6.27above. The
sequence with the highest predicted G-score most closely resembled the guanine residues protected during
dsFADFA.

DMS treatment of G4MEST3 using primers Pf4HEX and Pr3cFAM, demonstrated guanine
protection at G-tracts 2 through to 7, but not G-tract 1 of the sequence for G4MESTFAM3L
(Figure 6.28). Low peak intensities resulted from insufficient template concentration and
likely prevented accurate visualisation. However, G4 formation in this region warranted
further investigation (section 6.2.6).
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GGGAGCAGGCGGTAGGGGTTCTGCGGCGATGGGCGGGCTAGGGGCGGGGCGCGGGTGGGCTCTAAAAGTCGGTG
GGGAGC AGGCGG T AGGGG T T C T GCGGCGA T GGG CGGGC T AGGGGCGGGGCGCGGG T GGGC T C T AA AAG T CGG T G
G-tract:
1
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4
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6
7
Figure 6.28 dsFADFA performed on G4MEST3
DNA sequence is presented in 5’ to 3’ orientation, showing the pattern of guanine cleavage throughout the region of G4MEST3 on the forward (G-rich), HEX labelled
strand. The template DNA was heat denatured in PCR (50 mM KCl, 1.5 mM MgCl2) buffer prior to DMS treatment. Grey shading indicates G-tracts which are numbered
1-7. This experiment was repeated three times with consistent results.
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Formation of G4MEST3 in dsDNA, without denaturation
dsFADFA was applied to investigate if canonical B-DNA can adopt G4 structure without
strand denaturation, and to explore how this may be influenced by cytosine methylation.
Templates were derived by PCR encompassing G4MEST3, using primers PF5HEX and Pr3.
This primer combination gave good yields of template allowing for more reliable G4
detection; however, the use of only one labelled primer limited visualisation to the G-rich
strand.

Previous investigation suggested that PCR buffer may facilitate G4 formation in dsDNA
over the formation of B-DNA (section 6.2.5.2). To further test this observation, the
absence of pre-existing non B-DNA structure in the template was first ensured. This was
achieved by ethanol precipitating the PCR template to removed potential cations. The
template was then resuspended in MPW, heat denatured, slowly annealed, and purified
using nPAGE. To confirm the absence of secondary structure, a sample of the template
DNA was assessed using dsFADFA, which demonstrated even cleavage across all guanine
nucleotides (data not shown). Methylation was carried out by treating half of the template
preparation with M. SssI according to Chapter 3, section 2.6.1, prior to phenol: chloroform
extraction and ethanol precipitation. This procedure generated methylated and
unmethylated double-stranded templates for the G4MEST3 region, which lacked any
secondary structure detectable by nPAGE or dsFADFA. Templates were then resuspended
in PCR buffer and incubated at 37oC for 24 hours (without heat denaturation) prior to
dsFADFA.

dsFADFA of these templates showed that localised G4 structure at G4MEST3 was
kinetically favoured over Watson-Crick basepairing. After incubation in PCR buffer, the
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DNA templates had transitioned from a canonical B-DNA state to adopt G4 formation. This
occurred without any thermodynamic denaturation of the carefully prepared templates.
The pattern of DMS cleavage showed guanine protection at G-tracts 3, 4, 6 and 7, which
had not been previously observed. This pattern is similar to structure A (Figure 6.18),
however, G-tract 3 was protected from cleavage, instead of G-tract 2. The pattern of
cleavage was consistent across both templates, demonstrating that cytosine methylation
did not influence this transition from B-DNA to G4, or the structural conformation (Figure
6.29).

800
600
400
200
0
TAGGGGTTCTGCGGCGATGGGCGGGCTAGGGGCGGGGCGCGGGTGGG
0
200
400
600
800

Figure 6.29 dsFADFA on G4MEST3, without denaturation.
denaturation.
DNA sequence is presented in 5’ to 3’ orientation, showing the pattern of guanine cleavage throughout the
region of G4MEST3 on the forward (G-rich), HEX labelled strand. The template DNA was annealed in MPW
to reduce G4 structure formation, treated with M. SssI methyltransferase, phenol: chloroform extracted and
incubated in PCR buffer without denaturation. Cleavage of methylated DNA is represented by red bars
(upper graph) and of non-methylated DNA by blue bars (lower graph).
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6.2.6.1

Potential H-DNA formation

It was anticipated that PCR amplification encompassing G4MESTFAM3L could potentially
result in H-DNA, which could also contribute to ADO during PCR of this region.
Experiments using deaza-7 dGTP demonstrated that nascent G-rich strands formed
during PCR are not involved in ADO at this locus (Chapter3), but it remains possible that
H-DNA could form during synthesis of the C-rich strand (Figure 6.30). Therefore this
possibility was modelled and investigated.

Figure 6.30 Hypothesized H-DNA structure in G4MEST3 region.
Possible H-DNA structure that could form during PCR of the MEST region, and contribute to ADO. WatsonCrick duplex (aligned dark/light grey) forms between G4MESTtriplex (light grey) and part of the
complementary G4MESTFAM3L region (dark grey). The single-stranded portion of G4MESTFAM3L can
then fold and Hoogsteen bond (indicated by vertical lines). G-tracts are numbered and bolded.

To test the proposed structural formation of the H-DNA illustrated in Figure 6.30,
G4MESTFAM3L was annealed to G4MESTtriplex and analysed using nPAGE in NaCl,
(Figure 6.30) (refer to Chapter 5, section 5.2.4). They hypothesized the H-DNA complex
would be expected to migrate slower than single-stranded G4MESTFAM3L and faster
than double-stranded G4MESTFAM3L, based upon molecular weight. The migration rate
of bands in Lane 2 compared to Lane 3 indicates an increase in molecular weight above
double-stranded G4MESTFAM3L (Figure 6.31, lane 4). The various oligonucleotide
complexes were extracted from the gel and interrogated using dsFADFA, however,
analysis was not obtained for the band from Lane 4, due to a technical failure (Figure 6.32Figure 6.33).
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The band from Lane 1 displayed a DMS pattern which was representative of G4 structure
B (Figure 6.19). This was demonstrated by guanine protection at G-tracts 4-7 (Figure
6.32). The band from Lane 3 displayed a very similar pattern of cleavage to the band from
Lane 1, with guanine protection at G-tracts 4 to 7 (Figure 6.33). The band from lane 2 did
not display clear DMS protection; however, G-tracts 1, 2 and 3 were preferentially cleaved
over G-tracts 4-7 (Figure 6.34). The pattern of cleavage for the band from Lane 2 did not
match the hypothesized pattern of cleavage for formation of H-DNA. In this scenario,
protection would likely occur at G-tracts 5 – 7, however, G-tract 5 showed a high level of
cleavage. The protected G-tracts correlate with the G-tracts which bound G4MESTtriplex,
which demonstrated that H-DNA is unlikely to form in this region. A possible
interpretation of the structure implied by the DMS data on band 2 is given in Appendix I,
Figure I.5.

Figure 6.31 nPAGE triplex forming oligonucleotides from chapter 5, Figure 5.9
G4 and triplex forming oligonucleotides run in the presence of 100 mM NaCl. These products contained
fluorescent labels for subsequent analysis in Chapter 6. This fluorescence allowed for visualisation using
direct UV illumination of FAM labelled oligonucleotides, which requires a substantially lower
oligonucleotide quantity. Lane 1: G4MESTFAM3L. Lane 2: G4MESTFAM3L and G4MESTtriplex (equal
concentrations). Lane 3: Double-stranded G4MESTFAM3L Lane 4: Double-stranded G4MESTFAM3L and
G4MEST3aTrip at equal concentrations.
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Figure 6.32 dsFADFA performed on the band from Lane 1.
Pattern of DMS cleavage resulting from FADFA analysis of band 1 (from Figure 6.30). G-tracts four to seven
are protected from cleavage. G-tracts (numbered 1-7 from left) are indicated by grey shading.
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Figure 6.33 dsFADFA performed on the band from Lane 3.
Pattern of DMS cleavage resulting from FADFA analysis of band 3 (from Figure 6.30). G-tracts four to seven
are protected from cleavage. G-tracts (numbered 1-7 from left) are indicated by grey shading.
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Figure 6.34 dsFADFA performed on the band from Lane 2.
Pattern of DMS cleavage resulting from FADFA of band 2 (from Figure 6.31). G-tracts five to seven show
reduced cleavage, which corresponds to the region bound by G4MESTtriplex. G-tracts (numbered 1-7 from
left) are indicated by grey shading.

Mung Bean dsFANFA
Results obtained using DMS footprinting represent the average pattern of cleavage and
highly polymorphic regions such as at G4MEST2 may be difficult to recognise using this
technique, due to the high level of cleavage. Therefore, as a final approach to characterise
G4 formation in dsDNA templates, an enzymatic fluorescent analysis of nuclease footprint
assays (FANFA) was performed.

This assay was performed on the same dsDNA templates previously analysed using
FADFA which covered 550 bp of the MEST promoter region, and the templates were
prepared by heat denaturation and rapid cooling (Figure 6.24). The incorporation of dual
fluorescent primers at opposing termini of each template enabled the simultaneous
investigation of G4 structure on both DNA strands. This technique utilized single strand
specific enzymatic digestion by Mung Bean endonuclease instead of chemical treatment
by piperidine as used for FADFA. Visualisation of the C-rich strand was limited to the most
5’ 200 bp, due to the reasons outlined in section 6.2.5.2.
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Five main positions of Mung Bean nuclease cleavage within the MEST promoter region
were apparent (Figure 6.35). On the G-rich HEX labelled strand, cleavage corresponded
to the novel putative G4MESTA motif, G4MEST1, and G4MEST3 (Figure 6.27). An
additional position of cleavage was observed at ~250 bp and this may have initiated at
the position of G4MEST2, however, the underlying sequence also consists of repetitive Gtracts. The position of cleavage at 500 bp originates from an unknown source and does
not appear to correlate to a G-rich motif.

On the C-rich, FAM labelled strand cleavage was observed at G4MEST1, G4MEST1L,
G4MEST2, and G4MEST3. Only one predominant position of digestion is observed for
G4MEST3 at 466 bp, which directly corresponds to G-tract 5. In repitions of this assay
(Appendix K), a smaller 5’ peak corresponding to G-tract 2 was also observed, which is
likely to represent the formation of structure A (Figure 6.18).
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G4MESTA
G4MEST1L
G4MEST1

G4MEST2

Figure 6.35 dsFA
dsFANFA performed on overlapping templates of the full MEST promoter amplicon.
amplicon.
Basepairs are represented on the horizontal axis and fluorescence on the vertical axis. Results are the
average of three repeats on three unique templates which collectively span the entire region. Peaks
represent regions of single strand digestion on the forward HEX labelled (green) strand and the FAM
labelled (blue) reverse strand. Peaks arising from full length, non-digested templates were deleted to avoid
confusion with cleavage positions.

6.3 Discussion
This chapter describes the development and application of in-depth protocols for
mapping of G4 forming DNA sequences, using fluorescent visualisation. Three assays
were developed for the analysis of G4 formation in both double and single-stranded DNA
substrates, which utilized either chemical or enzymatic cleavage. These methods have
three common steps: 1) Synthesis of a fluorescent template, spanning the structure of
interest. 2) Structural interrogation using DMS or Mung Bean mediated cleavage. 3)
Mapping the distance between the fluorescent label and the position of cleavage using an
automated fluorescent capillary sequencer.

Assay validation
I validated the techniques of dsFADFA and ssFADFA against the well characterized PU27
motif of the C-MYC NHE III gene region. The results were highly congruent with published
data, with the exception of a consistent yet unexpected protection of G26 and G27, which
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was not documented by Siddiqui-Jain et al. (2002). Given the substantial differences
between the traditional radioisotopic methods and the methods developed here, the
observation that only these two nucleotide positions differ in the pattern of guanine
cleavage indicate FADFA is behaving in a very similar fashion to traditional DMS analysis.

Predicting the arrangement of DNA strands in G4 structures requires collating data from
DMS footprinting and CD spectroscopy. The antiparallel strand alignment of the chair and
basket conformations described by Siddiqui-Jain et al. (2002) for PU27 is not consistent
with my CD profiles of the same region (Figure 6.7), which suggested parallel
conformation and were consistent with publication by Hurley et al. (2006). A CD spectral
profile for these structures is not presented by Siddiqui-Jain et al. (2002), so the source of
this discrepancy is unclear, although Hurley is also an author on the earlier paper.

Used together, FANFA and FADFA appear to provide effective enzymatic and chemical
characterisation of a DNA template. When combined, these protocols can provide crucial
information for the investigation of G4 topology and structure in dsDNA, as well as
visualising any potential interaction with the C-rich strand. These techniques also allow
for larger scale analysis of long DNA fragments, which contain multiple G4 motifs.

FADFA has several advantages over traditional methods, especially for a laboratory not
equipped to handle radioisotopes. Firstly, this novel fluorescent approach provides an
economical and rapid protocol. Secondly, exposure to hazardous substances is reduced,
including radioisotopes and acrylamide. Thirdly unlike radioisotopic labels, fluorescent
primers can retain activity for several years when stored in the absence of light. Lastly,
simultaneous detection of G4 on both DNA strands is achievable, which is a major
advantage over traditional methods.
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MEST G4 forming potential
These fluorescent techniques were successfully applied to the investigation of G4
formation in the human MEST promoter region. In the presence of potassium, guanine
protection was indicative of G4 formation. These analyses confirmed previous
investigation of G4MEST1, 2 and 3 (Chapter 3, 4 and 5) as well as documenting the
presence of several novel putative G4 positions.

ssFADFA was performed on G4MEST2 and G4MEST3 for the investigation of G4 formation
in single-stranded oligonucleotides containing a 5’ FAM fluorophore. G4MESTFAM2
appeared to contain the potential for considerable polymorphism in structure, which
caused difficulty in predicting the structural topology. G-tract 1 displayed reduced
cleavage, however, complete guanine protection did not occur. G-tract 2 and 3
demonstrated clear protection at the inner two guanines, and G-tract 4 demonstrated
guanine protection at G30-32. The total number of G-tetrad layers was limited to three by
G-tract 1, which indicates that the two outer guanines of G-tract 2 and 3 (≥ four G repeats)
(Section 6.2.4.2) are both capable of alternatively contributing to G4 structure. This likely
allows for the formation of multiple structures, which was supported by a CD profile
representative of mixed parallel and antiparallel strands (Figure 6.14) (Ambrus et al.
2005).

I reconstructed the potential structural topology of G4MESTFAM2 (Figure 6.15), but
precise modelling would require further analysis with nuclear magnetic resonance
(NMR). The CD profile of G4MESTFAM2 differed from G4MEST2, and indicated that the
majority of strands orientated in a parallel direction. The proposed structure consisted of
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three strands in parallel, which would account for the CD maxima at 265 nm, and one
strand in antiparallel conformation, accounting for the signal at 290 nm. The three parallel
strands were connected by two alternative external loops, whereas the short one
nucleotide loop between G-tract 3 and 4 likely restricts the orientation to antiparallel.

G4MESTFAM3L contained 7 G-tracts of three or more guanines, with G4MEST3
represented in the last six G-tracts. CD spectroscopy indicated that PCR buffer favoured
parallel conformation for G4MEST3 (Chapter 5), an effect which was attributed to the
presence of MgCl2. In NaPi and in PCR buffer, G4MESTFAM3L clearly demonstrated the
formation of two distinct G4 topologies, in response to different ionic conditions. This
analysis reinforces the results from CD spectroscopy and further highlights the value of
FADFA. These two G4 topologies were referred to as structure A and structure B (Figure
6.18 and Figure 6.19).

Structure A (G4MESTFAM3L), shown in Figure 6.18, existed where G-tracts 2, 4, 6 and 7
showed an absence of strand cleavage, and G29 from G-tract four resided in the
connecting loop with G-tract 2. This allowed for the formation of two possible structures
which matched the parallel CD profile (Figure 6.13). Both structures contained one strand
orientated in an antiparallel alignment to the other three strands; however, the
combination of linking nucleotides was different. The formation of a truly parallel G4
structure spanning G-tracts 6 and 7 seems unlikely due to the short 1 nt connecting loop
which likely restricts strand orientation to antiparallel. This interpretation is consistent
with the CD spectroscopy data, which demonstrate a small but persistent 290 nm
shoulder present during analysis.
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Structure B (Figure 6.19) involved guanine protection at G-tracts 4-7, a region predicted
to have the greatest propensity for G4 formation (Chapter 4). In this conformation, the 1
nt loop which connects G-tracts 4 with 5 and G-tracts 6 with 7 would restrict strand
orientations to antiparallel alignment. It is interesting to note that all structures
characterised for G4MESTFAM3L involved guanine protection at G-tracts 6 and 7.

6.3.2.1

The influence of annealing rate on G4 topology and formation

Standard radioisotopic protocols for the investigation of G4 structure involve slow
annealing of oligonucleotides over a long period (Tijerina et al. 2007, Sun and Hurley
2010). However, this has little relevance to the conditions of PCR. In order to apply the
technique of FADFA under conditions relevant for the investigation of ADO, G4
conformation was investigated under different annealing conditions. This involved
rapidly annealing G4 containing oligonucleotides in PCR buffer, in the presence of
complementary DNA, and in methylated double-stranded templates.

CD spectroscopy indicated G4 can rapidly re-associate during the PCR cooling period,
between denaturation and annealing (Chapter 5). To investigate if annealing conditions
influenced topology I compared slow and fast annealed treatments, using nPAGE and
ssFADFA. The pattern of DMS cleavage did not differ between treatments, indicating
structural formation was not influenced by annealing rate. Future research could
investigate the G4 structure at each PCR stage by DMS treatment of samples at the
relevant temperatures.

6.3.2.2

The influence of methylation on G4 topology and formation

CD spectroscopy demonstrated that the methylated template re-associated more rapidly
than non-methylated templates (Chapter 5). This observation was investigated using
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dsFADFA in differentially methylated DNA, where competition with Watson-Crick
basepairs occurs.

Both methylated and non-methylated G4MESTFAM3L templates adopted G4 (structure
B) in preference to Watson-Crick duplex, indicating that methylation did not influence G4
formation or topology. CD spectroscopy indicated that multiple PCR cycles of
denaturation and annealing were required before the motif of G4MEST3 denatured, and
the difference in re-association rates were detected (Chapter 5). dsFADFA was performed
after a single denaturation, which is likely to account for the similar results obtained for
methylated and non-methylated templates.

In the presence of the complementary DNA strand, only the methylated templates
encompassing the motif of G4MEST2 displayed protection from guanine cleavage during
dsFADFA. This reinforces previous observations using CD spectroscopy, indicating that
methylation appears to influence the association kinetics of G4 formation. For the motif
of G4MEST2 this was observed after a single cycle of denaturation and annealing, using
CD spectroscopy. In this instance it is likely that increased intramolecular re-association
rates enabled G4 structure to outcompete intermolecular duplex formation, thus
preventing Watson-Crick duplex formation.

The situation for G4MEST1L was not investigated, which could be a potential area for
future research.

6.3.2.3

G4 formation in long dsDNA using dsFADFA

The bidirectional, simultaneous interrogation of G4 formation on both DNA strands was
achieved by performing dsFADFA on templates which contained differential fluorescent
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markers at each terminus. Analysis was targeted to the regions of G4MEST1 and 3, and
did not include G4MEST2. Investigation of G4MEST2 would require synthesis of an
additional set of fluorescently labelled primers. As G4MEST2 was the only region to
previously display differential formation between methylated and non-methylated
templates (Section 6.2.5.1), interesting potential exists for further investigation of this
region.

This assay identified a novel putative G4 forming motif which displayed guanine
protection on the C-rich strand, referred to as G4MESTA. G4 formation at this region is
intriguing as the DNA sequence was predicted by QGRS mapper to consist of a two
guanine tetrad structure and have a moderately low propensity for G4 (Table 6.3).
dsFADFA indicated a unique pattern of protection where all three guanines from G-tracts
2, 3 and 4 displayed an absence of cleavage, indicating the involvement in Hoogsteen
bonds. G-tract 1 which consists of a two guanine repeat, possibly borrows a third guanine
from nearby, which was also protected (Figure 6.27). This demonstrates a limitation in
the power of bioinformatic prediction software and shows how FADFA can be a powerful
technique for analysis of multiple G4 in a long template.

Interrogation of the HEX labelled G-rich DNA strand confirmed the existence of G4
structure at G4MEST1L and 3 in double-stranded DNA. G4 formation at G4MEST1L was
favoured over B-DNA structure; however, a clear pattern of protection was not obtained.
Guanine residues from G-tract 1, 2, 3 and 5 generally showed protection against cleavage,
however, it appears likely that G-tract 4 and 5 are interchangeable in different structures
(Figure 6.25). G-tract 6 showed no evidence of guanine protection during analysis,
consistent with bioinformatic software predictions (Chapter 3).
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Investigation of the G4MEST3 motif in double-stranded DNA templates generated using
PCR, demonstrated that double-stranded, non-structured DNA could transition to adopt
G4 topology, without strand denaturation. The absence of G4 structure in the initial
template was confirmed by performing dsFADFA on a sample aliquot. Non-structured (BDNA), was then incubated for 24 hr in PCR buffer (which contains 50 mM KCl and 1.5 mM
MgCl2), at 37oC. This experiment revealed that the canonical B-DNA template
demonstrated clear protection from guanine cleavage at G-tracts 3, 4, 6, and 7, indicating
a transition to adopt localised G4 conformation without thermodynamic denaturation.
The pattern of FADFA protection at G4MEST3 indicated a G4 topology which was not
previously observed, and cytosine methylation did not influence formation or topology.
Due to the short linkers connecting G-tract 3 with G-tract 4 and G-tract 6 with G-tract 7,
this structure likely adopts an antiparallel conformation.

This novel technique allows for the rapid visualisation of G4 structures on both strands of
a PCR target amplicon and should be a useful tool for wider analysis of DNA structures
including triplex DNA (Appendix J).

Detection of G4 formation using Mung Bean Nuclease
As a final approach to characterising G4 formation in dsDNA, enzymatic digestion by
Mung Bean nuclease was used to target non B-DNA forming regions. This assay was
performed on the same DNA templates previously analysed using dsFADFA.

This technique is unique as it characterises the single-stranded portions of both DNA
strands, and the data can then be overlaid for a complete picture. It was found that G4
structure was best detected by visualisation of the C-rich strand, which suggests that G4
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formation may protect the G-rich strand to a degree from cleavage by Mung Bean
nuclease. These results complemented previous analyses, indicating G4 formation in the
same regions identified by dsFADFA.

The most significant difference between FADFA and FANFA was that G4MEST1L was not
observed using FANFA. Strand digestion was observed 20 nt 3’ of G4MEST1L, which did
not correspond to G-rich motifs. It is possible that this resulted from over-incubation with
Mung Bean endonuclease, where nucleotide excision extended into the double-stranded
template. A similar observation was made for G4MEST2, however, cleavage precisely
correlated with the 5’ G-tract. G4MEST 3 showed clear digestion, where cleavage precisely
correlated to formation of structure A, as previously observed using dsFADFA. The novel
G4 structure identified using dsFADFA showed clear cleavage with this assay, reinforcing
G4 formation. Additional cleavage sites correlated with novel putative G-rich motifs
(G4MEST 4 and 5) were demonstrated using this technique, which were not detected in
previous analyses. These regions were predicted by QGRS to have a high propensity for
G4 formation (Chapter 4).

Due to the palindromic symmetry of many G4 motifs, potential may exist for the formation
of multiple structures, including triplex and H-DNA. Combining the techniques of FADFA
and FANFA provides a powerful set of methods for the analysis of non B-DNA structure.
Together these procedures can differentiate the formation of G4 DNA from H-DNA, in a
double-stranded template (see appendix J). DMS footprinting allows for specific
visualisation of the guanine nucleotides which contribute towards structural formation,
through Hoogsteen bonds. G4 formation can be distinguished from H-DNA by assessing
the pattern of cleavage. This can be further confirmed using FANFA, where Mung Bean
nuclease only cleaves single-stranded DNA. Because H-DNA involves the contribution of
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three DNA strands, cleavage would likely be observed in the flanking regions of the G-rich
motif. My experiments showed that cleavage occurred at both the 5’ and 3’ ends of G4
forming motifs, which is not indicative of H-DNA. However, it cannot be ruled out that HDNA could occur during polymerase extension of the single-stranded template. For an
outline of experimental protocol where FADFA and FANFA are combined to test this
hypothesis, see Appendix J.1.2.
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6.4 Conclusion
I have described three novel approaches for the characterisation of non B-DNA structure
in both single and double-stranded DNA templates. These assays provide a sound
foundation for both chemical and enzymatic analysis of DNA structure, as demonstrated
by validation against published data for the c-MYC oncogene. Substantial information was
obtained through these protocols, which would not have been derived using traditional
techniques.

Chapter 5 demonstrated G4 formation by G4MEST1-3 in oligonucleotides. FADFA
confirmed the results of Chapter 5 by demonstrating G4 formation in at least three DNA
motifs of dsDNA templates from the human MEST promoter region. FADFA also enabled
precise mapping of the G-tracts which were involved in G4 structures. By combining the
results of Chapter 5 and 6, the topological conformations of G4MEST2 and 3 were
constructed. However, the structures formed by each motif were more complex than
previously anticipated; furthermore, topology was highly dynamic, where multiple
conformations formed in response to different ionic conditions, the length of the template,
and the presence of the complementary strand. Analyses of methylated templates
reinforced that methylation appears to aid G4 association in G4MEST2. G4MEST3
demonstrated that G4 structure is favoured over B-DNA, where dsDNA transitioned from
a linear state to adopt G4 structure, without strand denaturation. Methylation may
provide an interesting mechanism to aid this transition by certain G4 structures (perhaps
G4MEST2), however, confirmation of this would require further investigation.
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Chapter 7
Investigation of polymerase arrest induced by Gquadruplexes during PCR

7.1 Introduction
G4 can influence in vitro analyses including DNA sequencing, gel electrophoresis, and PCR
(Sen and Gilbert 1988, Boán et al. 2004, Wenzel et al. 2009, Saunders et al. 2010), where
structure formation is modulated by the integration of cations, such as potassium, into the
tertiary structure (Neidle 2009). Depending on the cationic radii, and where in the G4
structure the cation resides, different ions can alter strand orientations, induce
topological change and influence the structural stability (Gill et al. 2006).

G4 formation also interferes with important biological machinery, including DNA
polymerase (Woodford et al. 1994). Recent in vivo analysis indicate that G4 formation is
associated with genomic instability (Byrd and Raney 2015) and may play a central role in
DNA replication (Wickramasinghe et al. 2015). In vivo, normal replication involves the
recruitment of specialised enzymes (e.g. the human helicase Pif 1) to G4 motifs,
presumably to facilitate the unwinding of structures before DNA polymerase can proceed
(Lopes et al. 2011, Paeschke et al. 2011). This is reinforced by analysis in knock-out cells,
and C. elegans, where the absence of Pif 1 increases mutation rates at positions of G4
formation (Youds et al. 2008, Sarkies et al. 2010). This increased mutation rate likely
results from double-stranded break sites, which occur during replication when
polymerase is stalled by the formation of G4.
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The involvement of G4 structure in the arrest of DNA polymerase during strand synthesis
was first recognised by Woodford et al. (1994). A diagnostic approach for identification
and evaluation of polymerase extension was later developed by Weitzmann et al. (1996).
Specificity of this technique to G4 formation was demonstrated by removing K+ from the
buffer or by modification of the G4 sequence motif (Sun and Hurley 2010). Radioisotopic
polymerase arrest assays involve monitoring the arrest of DNA synthesis using a modified
linear amplification sequencing reaction. End-labelled y-32P radioactive primers are
annealed to the template and extended using Taq polymerase, in the presence of four
dNTPs and one dideoxynucleoside triphosphate (ddNTP). Reactions are subjected to 30
cycles of heating and cooling (30s at 95oC, 30s at 55oC, and 30s at 72oC), where primer
extension by Taq polymerase is terminated upon the incorporation of a ddNTP. Size
separation of the reaction products through a denaturing PAGE gel next to a DNA
sequence ladder allows for visualisation and mapping of termination sites. Using this
technique, the potential of G4 forming motifs to stall polymerase extension, in the
presence of potassium, was demonstrated (Howell et al. 1996). When termination occurs
at a G4 motif, it generally coincides with the most 3’ nucleotide position of the G4 forming
sequence on the template strand, but can occur at other positions within the G4 (Kumari
et al. 2014).

In previous work, ADO of the maternally methylated allele was documented during
amplification of the human MEST, promoter region (Chapter 3). Characterisation of this
ADO indicated that the combination of G-quadruplex formation and DNA methylation was
required for the allelic failure (Chapter 4). It is likely that this phenomenon occurs during
the early stages of PCR, as successfully copied strands will not contain methylation and
should amplify relatively freely. CD spectroscopy indicated that methylation increased the
rate of G4 re-annealing after heat denaturation, which could allow for maintenance of the
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G4 throughout PCR (Chapter 5). Chemical and enzymatic footprinting analysis also
indicated that localised G4 structure can form in at least three distinct motifs, in
preference to double-stranded B-DNA (Chapter 6). However, it is unknown whether G4
structure is maintained over repeated cycles of PCR, and how methylated G4 could
influence the ability of polymerase to amplify the template DNA.

Based upon the results of Chapter 5 and 6, I hypothesized that during PCR, cytosine
methylation caused G4 structure to be more robustly maintained on the maternal allele,
compared to the paternal allele. If G4 structure were to create a consistent barrier to DNA
synthesis on the maternal allele during PCR amplification, this could result in biased
amplification of the non-methylated genomic template. Exponential dilution of the nonamplifying maternal DNA would then cause genotyping error by ADO.

The aim of the work described in this chapter was to precisely map where polymerase
arrest occurs during PCR amplification of the MEST promoter, and determine whether the
pattern of arrest differs between methylated and non-methylated DNA templates. My
approach to investigating polymerase arrest attempted to modify the basic methods of
Weitzmann et al. (1996) and Fekete et al. (2003). Due to the limitations associated with
the use of radio isotopic DNA labelling (see Chapter 6), I modified these techniques to
utilize fluorescent DNA visualisation on a Genetic Analyser, using capillary gel
electrophoresis. This technique was named fluorescent oligonucleotide primer extension
(FOPE).
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7.2 Results
7.2.1 Overview of the snFOPE procedure
The FOPE assay aimed to assess G4-induced polymerase arrest using linear extension of
a fluorescently labelled primer. The DNA substrate used in this experiment was either
single-stranded oligonucleotide, double-stranded gBlockTM DNA, or genomic DNA. The
fluorescent labels consisted of FAM or HEX, where FAM was generally used to assess
extension of the G-rich template.

During PCR, DNA replication is initiated at the 3’ OH end of an annealed primer and
proceeds along the template, creating a double-stranded molecule (Figure 7.11). When
the primer is fluorescently labelled, the length of the nascent strand generated can be
assessed using capillary gel electrophoresis. After extension, fluorescently labelled
products are concentrated, re-suspended directly in highly deionized formamide (HiDi)
and nascent strands are visualised using a Genetic Analyser. If the full length template is
not copied, the position of premature termination (Figure 7.11, 4) can be mapped to the
template sequence using the internal size standard (GS500LIZ).

I applied this assay to the investigation of G4 structure in the human MEST promoter. The
accuracy of this technique was first validated by analysis of the promoter region of the
human Kirsten rat sarcoma (KRAS) gene (Paramasivam et al. 2009) and the PU27 G4
forming sequence from the human c-MYC oncogene (Siddiqui-Jain et al. 2002, Hurley et
al. 2006), and comparison with published radioisotopic polymerase stop assay data
derived from these regions.

Each assay was carried out in triplicate, and repeated three times (a total of nine assays
per experiment). Negative controls for each assay consisted of template and primer
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mixture, cycled in the absence of polymerase, which were not generally shown. Due to the
consistency of the results between triplicates, the results from only a single experiment
are generally presented. If variation in results was observed this was documented, and
where this occurred full results are presented in the specified appendix.

7.2.2 Semi-nested fluorescent oligonucleotide primer extension (snFOPE)
Proof of principle pilot investigations were performed using a single fluorescent primer
(Apt1FAM) and a synthetic target template, generated by PCR. Fluorescent visualisation
of the untreated, full-length template was crucial as it ensured peaks were generated
during snFOPE. This was achieved by incorporating a binding site for the fluorescent
primer into the synthetic template, using 5’ tagged primers (Appendix A) and PCR. This
technique was referred to as semi-nested fluorescent oligonucleotide primer extension
(snFOPE) because the same fluorescent primer was used to generate the template (Figure
7.1, 1-4) and to investigate polymerase arrest (Figure 7.1, 5A).

For all figures, the template sequence is presented in 5’ to 3’ orientation, regardless of the
primer from which extension was initiated. Investigating polymerase arrest on the G-rich
strand required extension to initiate from the reverse primer. Visualising the fluorescent
products aligned with the template sequence, in a 5’ to 3’ orientation required peak size
to be subtracted from total amplicon size (refer Chapter 2, section 2.12). The length of the
APT1 binding site was accounted for in all calculations.
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FAM binding site

Fluorescent G4 containing templates

Figure 7.1 Schematic representation describing
describing the snFOPE Procedure
Steps involved in the synthesis of fluorescent templates used during snFOPE. 1: Tagged primer (brown)
binds the G-rich genomic region of interest (black) and Taq polymerase (yellow) generates complementary
DNA strands; 2: Overhanging ends are filled in by polymerase extension; 3: The FAM labelled fluorescent
primer (green) binds the G-rich strand (black) and is extended by polymerase (yellow) during PCR; 4:
dsDNA template is generated which contains a fluorescent label for visualisation. This template is gel
extracted and purified for analysis by snFOPE; 5A: The G-rich template (black) from 4 is used to assess
polymerase arrest, where the fluorescent FAM labelled primer (green) is extended by polymerase (yellow).
If premature polymerase arrest occurs before the full length template is extended (double lines), this can
be mapped to G4 motifs; 5B: The fluorescent template used in 5A is also visualised to ensure that
termination peaks originate during polymerase extension. All templates are presented in 5’ to 3’ orientation.

7.2.3 Using KRAS as a proof of principle control
Before application on MEST, snFOPE was validated against published polymerase arrest
assays which were derived by radioisotopic interrogation of the human KRAS gene (Cogoi
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and Xodo 2006, Paramasivam et al. 2009). The promoter of the human KRAS protooncogene contains a nuclease hypersensitive element (NHE) which forms a parallel G4 on
the purine rich strand (32Rh), previously characterised by Cogoi et al. (2006) and
Paramasivam et al. (2009) (Table 7.1). The QGRS predicted G-score for this element is
similar to the scores predicted for G4MEST1, 2 and 3 (Table 4.2, Chapter 4).

Table 7.1 Description
Description of the G4 forming motif (32Rh) from the KRAS gene

Length

G4 forming motif*

G-Score

28

GGGCGGTGTGGGAAGAGGGAAGAGGGGG

70

* Putative G4 motif within the promoter for the KRAS NHE, 32Rh G4 region. Underlined bases indicate
guanine residues available for potential Hoogsteen bonding in G4 formation and G-Score indicates the
predicted propensity for formation, as assessed by QGRS mapper.

Primers KrasPf1tag and KrasPR1 (Appendix A), were used to synthesize a 110 bp region
where the fluorescent primer bound and copied the G-rich template (Figure 7.11). Two
significant positions of polymerase arrest occurred at 64 bp and 73 bp (Figure 7.2). These
arrest sites corresponded to the adenines preceding the two 3’ G-tracts, where G-tract 3
appeared to contribute most significantly towards polymerase arrest. Comparison with
the non-amplified negative control confirmed that these peaks originated during
polymerase extension (Figure 7.2).

The positions of polymerase arrest were consistent with those reported by Cogoi et al.
(2006) (Figure 7.3), who presented assays performed on the mouse equivalent of 32Rh
(32Rm), but reported that polymerase arrest occurred in similar positions when
performed on 32Rh (Cogoi and Xodo 2006). Paramasivam (2009) also performed
polymerase arrest assays on 32Rh and reported that significant polymerase arrest
occurred at the first G-tract encountered during extension (Figure 7.4). This result
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supported evidence provided by Cogoi et al. (2006), however, the positions of arrest were
not identical (Figure 7.3).
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Figure 7.2 snFOPE performed on the human KRAS nuclease hypersensitive element
snFOPE of the KRAS 32Rh element in a 110 bp template. A: snFOPE performed on the KRAS 110 bp template;
B: Non-amplified, negative control for (A). Extension (FAM) was initiated from the forward primer, and
copied the G-rich template. Due to the orientation of 32Rh, polymerase first encounters G-tract 4 during
amplification. The vertical blue lines denote positions of Taq arrest, which correspond to the G4 motif
sequence below the figure presented in 5’ to 3’ orientation. The guanine repeats which were anticipated to
contribute towards G4 formation are underlined. The x-axis represent amplicon size in nt, y-axis represents
fluorescence, which is relative to DNA concentration. FAM was incorporated into the forward strand prior
to extension. The blue arrow represents the bound fluorescent primer and indicated the direction of
extension.
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Figure 7.3 Polymerase stop assay reprinted from Cogoi et al. (2006) showing primer elongation by Klenow fragment.
The single-stranded templates containing either 28Rm or 28Rmut are shown. These DNA substrates were
incubated overnight in buffers containing NaCl, KCl or KCl and TMPyP4 (A G4 stabilising ligand). A primer
elongation reaction was performed for 30 min at 37°C. Elongation products were separated in a 15%
polyacrylamide, 8 M urea, denaturing gel. Sequencing reactions by the Sanger dideoxy method, using the
same primer of the polymerase stop assay, were carried out. Klenow fragment elongation pauses at points
corresponding to the adenines preceding the first and second runs of guanines at the 3′ end of NHPPE,
(positions are indicated by lines). Figure reprinted with permission from: Cogoi, G-quadruplex formation
within the promoter of the KRAS proto-oncogene and its effect on transcription, 2006, Nucleic Acids
Research. 34:9, 2536-2549. License Number: 3603321165082. (Cogoi and Xodo 2006).
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Figure 7.4 Traditional primer extension assay on KRAS reprinted from Paramasivam et al. (2009)
Polymerase arrest, which occurred during extension of the human KRAS promoter. G-rich template is
presented in 5’ to 3’ orientation, where arrows denote the positions of major polymerase arrest. Reprinted
from Paramasivam, Protein hnRNP A1 and its derivative Up1 unfold quadruplex DNA in the human KRAS
promoter: implications for transcription, 2009. Nucleic acids research. 37:9, 0305-1048 by permission of
Oxford University Press. License Number: 3571040900669. (Paramasivam et al. 2009).

These experiments demonstrated that the FOPE method generated data equivalent to
published data derived from radioisotopic polymerase stop assays. This method was then
used to explore the impact of MEST G4 on polymerase activity.

7.2.4 snFOPE performed on templates containing G4MEST1 and 2
Two custom gBlocksTM (IDT, Singapore) of 636bp in length that spanned the MEST
promoter region were used (Chapter 4, section 4.2.5). One of these represented the
normal ATA haplotype (referred to as “wild-type”), and the second was an equivalent
sequence, but with 38 G > T substitutions to remove all anticipated non B-DNA structures
(referred to as “mutant”) (Chapter 4, Figure 4.4). These gBlocksTM, were supplied as
cloned inserts in plasmids, which were linearized prior to use.
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To examine polymerase arrest during amplification of MEST, three templates were
derived from amplification of the wild-type gBlockTM, and designed to individually assess
G4MEST1-3 motifs. However, G4MEST3 could not be interrogated, as multiple primer
combinations proved unsuccessful for PCR synthesis of the required G4MEST3 template
DNA. Results are therefore only provided for analysis of the motifs G4MEST1L and
G4MEST2.

Extension of the G-rich template encompassing G4MEST1L demonstrated that
termination occurred between G-tract 2 and 3 in G4MEST1L (Table 7.2) (Figure 7.5). Nonspecific, minor arrest occurred very close to the primer (at approximately 230 bp), but
this did not correspond to G4 (Figure 7.5). Extension of the G-rich template encompassing
the region of G4MEST2 demonstrated termination largely occurred between G-tracts 1
and 2 (Table 7.2) (Figure 7.6). This indicates that polymerase traversed G-tracts 3 - 6 of
G4MEST1L before termination occurred.

262 | P a g e

Table 7.2 Annotated GG-tracts for MEST G4 motifs

Motif Name

Motif Sequence 5’ to 3’

G4MEST1L

GGGGCTTGTGGGCAGCCTGTGGGGTTTGTGGGCGGCCTGTGGGGTTTGTGGG
1

G-tract*

2

4

5

6

TTAACGAGGGAGCAGCGGGGTCTTGGGGAGGGGG

G4MEST2

1

G-tract
G4MEST3L
G-tract

3

2

3

4

TAGGGGTTCTGCGGCGATGGGCGGGCTAGGGGCGGGGCGCGGGTGGGCTCT
1

2

3

4

5

6

7

*G-tracts anticipated to contribute towards the formation of G4 structure are underlined. The 3’ end of each
motif is first encountered by polymerase during extension.
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Figure 7.5 snFOPE performed on G4MEST1
The 247 bp template was synthesized using primers Pf1/PR1tag. Extension was initiated at the reverse
primer and extended along the G-rich template strand, where the blue arrow represents the direction of
primer extension. Bold A is SNP rs75098511. The sequence for G4MEST1 is represented below the figure
in 5’ to 3’ orientation, highlighted with grey shading, and the extended G4MEST1L region is shown with
darker grey shading. The guanine repeats which were anticipated to contribute towards G4 formation are
underlined. The vertical blue lines denote positions of Taq arrest. The x-axis represent amplicon size in nt,
y-axis represents fluorescence, which is relative to DNA concentration.
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5’GGGGAGCAGCGGGGTCTTGGGGAGGGGGCTCGA 3’
G-tracts:
1
2
3
4
Figure 7.6 snFOPE performed on G4MEST2
The 186 bp template was synthesized using primers PF2/PR2tag. Extension was initiated at the reverse
primer and extended along the G-rich template strand. Bold C is the nucleotide which corresponds to the
position of Taq polymerase termination. The vertical blue lines denote positions of Taq arrest, which
correspond to the G4 motif sequence below the figure presented in 5’ to 3’ orientation. The guanine repeats
which were anticipated to contribute towards G4 formation are underlined. The blue arrow represents
direction of primer extension. The x-axis represent amplicon size in nt, y-axis represents fluorescence,
which is relative to DNA concentration.

7.2.4.1

snFOPE performed on differentially methylated G4MEST1 and 2
templates

Polymerase arrest was then examined on templates which contained multiple G4
(G4MEST1 and 2) and 5-methylcytosine. In vitro methylation was achieved using M. SssI,
as described previously (Chapter 2, section 2.6.1). Termination mainly occurred between
G-tracts 2 and 3 of G4MEST2, which was the first G4 encountered during primer extension
(Figure 7.7). Cytosine methylation did not influence the position of polymerase arrest;
however, it appeared to reduce the production of full length strands as judged by the
fluorescence intensity of the full length peak. The design of this assay prevented
quantification of this change, a limitation which is considered in subsequent sections. The
production of fewer full length products corresponds to the production of more early
terminated products from the methylated template (Figure 7.7A and B).
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5’ GGGAGCAGCGGGGTCTTGGGGAGGGGGCTCGA 3’

5’ GGGAGCAGCGGGGTCTTGGGGAGGGGGCTCGA 3’
Figure 7.7 Polymerase arrest in a 400 bp MEST template
A 400 bp template, encompassing G4MEST1 and 2 was synthesized using primers Pf1/PR2tag. A:
Methylated template; B: Non-methylated template. Extension was initiated from the FAM-labelled reverse
primer, copying the G-rich (G4 containing) template. Extension occurred at an annealing temperature of
63oC for 2 cycles. The vertical blue lines denote positions of Taq arrest, which correspond to the G4 motif
sequence below the figure presented in 5’ to 3’ orientation. The guanine repeats which were anticipated to
contribute towards G4 formation are underlined. The blue arrow represents direction of primer extension.
The x-axis represent amplicon size in nt, y-axis represents fluorescence, which is relative to DNA
concentration.
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7.2.5 snFOPE performed on the full length MEST promoter
Experimental analysis was extended to investigate extension of the full length MEST
template (500 bp), encompassing G4MEST1, 2 and 3. This approach attempted to identify
any potentially novel positions of polymerase arrest, which could contribute towards ADO
during PCR.

The majority of synthesis was arrested at the first G4 motif encountered (G4MEST3)
(Figure 7.8). Within this motif, two positions of arrest were observed, which may be
indicative of the formation of multiple G4 topologies. Major peaks of polymerase arrest
occurred at 427 bp and 463 bp, positions which corresponded to G-tract 7 and the loop
between G-tract 4 and 5 of G4MEST3 (Figure 7.8). An additional, large peak of termination
was observed at the previously observed position of 427 bp, which suggested significant
polymerase arrest had occurred. This position corresponded to the position of the
putative G4 motif, G4MEST5 (Chapter 4, table 4.4). This structure was predicted to have
high propensity for G4 formation on the G-rich strand, but was not observed to form in
double-stranded DNA using FANFA or FADFA (Chapter 6, sections 6.2.5 and 6.2.6).

Sufficient polymerase extension did not appear to progress past these positions to enable
accurate downstream analysis, however, a small peak at 296 bp was observed. This
position corresponded to polymerase termination between G-tracts 2 and 3, of G4MEST2,
which was consistent with prior observations (section 7.2.4.1). Replication of this assay
demonstrated high consistency in the positions of polymerase arrest (Appendix L, Figure
L.1).
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5’ GGGAGGGGCTCTGCGGCGAGCAAGGGAGCAGGCGG 3’
Uncharacterised G4 (427 bp)

5’ GGGCGGGCTAGGGGCGGGGCGCGGGTGGG 3’
G4MEST3

Figure 7.8 snFOPE performed on the fullfull-length MEST template
A 500 bp template, encompassing all three MEST G4 motifs was synthesized using primer Pf1/PR3tag. Extension was initiated from the FAM-labelled reverse primer, copying
the G-rich (G4 containing) template. Extension occurred at an annealing temperature of 63oC for 2 PCR cycles. The vertical blue lines denote positions of Taq arrest, which
correspond to the G4 motif sequence below the figure presented in 5’ to 3’ orientation. The guanine repeats which were anticipated to contribute towards G4 formation are
underlined. The blue arrow represents direction of primer extension. The x-axis represent amplicon size in nt, y-axis represents fluorescence, which is relative to DNA
concentration.
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7.2.6 snFOPE performed on templates containing 7-deaza dGTP
To test the contribution of Hoogsteen bonds (required for G4 formation) towards
polymerase arrest, a 571 bp template was synthesized which contained 7-deaza dGTP
(at an approximate ratio 1:3 with dGTP) (Figure 7.9). Polymerase extension on the Crich, dGTP containing template demonstrated a significant arrest at 91 bp (Figure
7.9A). This position corresponded to a novel region on the C-rich strand which
demonstrated guanine protection during dsFADFA (G4MESTA) (Chapter 6, Figure
6.26). A small proportion of extension proceeded through this barrier to synthesize full
length amplicons, which are represented by minor peaks at ~530 bp (Figure 7.9A).

Extension on the G-rich template demonstrated two major positions of polymerase
arrest at 461 bp and 334 bp (Figure 7.9B). The peak at 461 bp was consistent with
results for G4MEST3 from Figure 7.8 above, however, the peak at 330 bp is 3’ of
G4MEST2 by 15 nt, and termination at this position was not previously observed. A low
level of sporadic polymerase arrest occurred immediately after extension from both
primers, which appeared to correspond to positions of putative G4 motifs.

The incorporation of 7-deaza dGTP into the template strand alleviated termination at
91 bp on the C-rich strand and resulted in a substantial increase in full length amplicons
(Figure 7.9C). Extension on the G-rich template demonstrated reduced polymerase
arrest and an increase in full length amplicons, compared to the non-modified dGTP
containing templates (Figure 7.9D). Polymerase arrest was completely alleviated for
G4MEST2 but not G4MEST3, where the position of termination was similar to dGTP
containing templates (Figure 7.9B and D).
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Figure 7.9 Comparison between polymerase arrest
arrest on 77-deaza dGTP and dGTP containing templates, using
snFOPE
The 571bp templates which encompass all G4 motifs were synthesized using combinations of the four
primers: Pf1tag/Pf1 and Pr3ctag/Pr3c. A: Standard dGTP incorporated into the template, extension was
initiated from the forward primer; B: Standard dGTP was incorporated into the template; extension was
initiated from the reverse primer; C: 7-deaza dGTP was incorporated into the DNA template, extension
was initiated from the forward primer; D: 7-deaza dGTP was incorporated into the DNA template,
extension was initiated from the reverse primer. Extension occurred at an annealing temperature of
63oC for two cycles. Basepairs 1-571 are presented on the X-axis in 5’ to 3’ orientation, and fluorescence
on the Y-axis. The blue arrow represents direction of primer extension.

7.2.7 snFOPE for the investigation of triplex DNA structure
Cytosine methylation has been proposed to alleviate the requirement for acidic pH and
facilitate triplex formation (Koshlap et al. 1997, Leitner et al. 2000, Raghavan et al.
2004a). It was proposed that cytosine methylation in the DNA template may facilitate
the formation of H-DNA through stabilisation of triplex bonds during polymerase
extension of the C-rich strand. Prior investigation (Chapter 3, Section 3.2.4) indicated
that using 7-deaza dGTP in the PCR buffer did not alleviate ADO. This suggested that
nascent G-rich strands do not contribute towards ADO by forming Hoogsteen bonds, as
would be expected in the formation of H-DNA. To independently test this hypothesis,
snFOPE was performed on differentially methylated, C-rich MEST templates of 162 bp
in length.

This experiment demonstrated that DNA polymerase is not arrested during PCR when
the C-rich template strand serves as the template (Figure 7.10). No significant
difference in polymerase arrest was observed between methylated and nonmethylated templates and a substantial amount of full length product was amplified.
Peaks observed at ~70 bp did not align to the region of G4MEST3 and were also present
in the negative control, which indicates they were not generated by polymerase arrest
during snFOPE (data not shown).
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Figure 7.10 snFOPE
snFOPE performed on CC-rich template encompassing G4MEST3
The template was a 142 bp region generated using PCR amplification of genomic DNA with primers
PF5tag and PR3 primers. Extension was initiated from the FAM-labelled forward primer, copying the Crich template. Extension occurred at an annealing temperature of 63oC for two PCR cycles. Templates
were either un-methylated (A) or methylated (B). The vertical blue lines denote positions of Taq arrest.
The x-axis represents amplicon size in nt, y-axis represents fluorescence, which is relative to DNA
concentration. The blue arrow represents direction of primer extension.
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7.2.8 Fluorescent oligonucleotide primer extension
The technique of snFOPE was advanced to directly analyse genomic and template DNA
(termed FOPE) (Figure 7.11). This removed the initial PCR stage, which was required
to incorporate the Apt1FAM fluorescent primer binding site into the template region.
Additionally, through the use of two fluorescently labelled primers, FOPE enabled the
simultaneous investigation of polymerase arrest on both DNA strands in a single
experiment. For this technique, each set of fluorescent primers were specific for the
investigation of the target region, and different assays required the synthesis of new
primers. HEX labelled primers were generally used to interrogate amplification of the
C-rich strand, and FAM labelled primers the G-rich strand. Polymerase arrest was
initially assessed using gBlock plasmid (MEST) DNA templates, and later performed on
genomic DNA. However, analysis of MEST genomic DNA did enable the differentially
investigation of template methylation.
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A

B

C

D

Figure 7.11 Schematic of FOPE method for fluorescent mapping of G4 induced polymerase stops.
A. Fluorescently labelled oligonucleotide (green) complementary to G4 flanking region is mixed with
template of interest (blue). B. Template and primer hybridize. C. Taq polymerase (yellow) binds to the
template DNA at the 3’ end of the fluorescent primer. D. Extension occurs along the template until the
polymerase is arrested by G4 structure (blue structure arranged around red cation). By denaturing the
nascent strand from the template the molecule length can be sized using fragment analysis on a capillary
sequencer. Use of an internal size standard allows precise mapping of regions of polymerase arrest.
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7.2.8.1

FOPE validation

Validation of the FOPE assay was performed by comparison against published data for
the well characterized PU27 G4 motif of the c-MYC gene region (Table 7.3, Figure 7.12).
FOPE was performed on oligonucleotide (CMYCBindsF), using a HEX labelled primer
(CmycPf1HEX) and thermally stable Taq polymerase which did not require heat
activation; in accordance with the published protocol by Siddiqui-Jain et al. (2002) and
Yang et al. (2006) (Chapter 2, section 2.12). The CMYCBindsF template was 59
nucleotides in length, and contained the PU27 G4 forming motif flanked by 5 nt adenine
repeats. The complementary binding sequence for the HEX labelled primer was
positioned 3’ of PU27 and encountered G27 as the first nucleotide. The arrangement of
PU27 was consistent with genomic DNA and the template used by Siddiqui-Jain et al.
(2002); however, the flanking region and primer binding sites were modified to
accommodate the use of a fluorescent primer.

FOPE demonstrated two dominant positions of polymerase arrest, which
corresponded to G23 and G20 of G tract 1. Minor termination was also observed two
bases prior, at A25 (Table 7.3, Figure 7.12). The remaining 5’ peaks represent full
length product, and are unlikely to have resulted from G4 induced polymerase arrest.
These results are consistent with the findings published by Yang et al. (2006), who
reported the primary position of arrest occurred at the four 3’ guanine runs (Figure
7.12B). Yang et al. (2006) observed a termination pattern of three bands, which
corresponded to the start of the G4 forming region. No significant arrest corresponding
to G7 of PU27 was observed, as reported by Siddiqui-Jain et al. (2002). Arrest at this
position would indicate the polymerase traversed the G4 structure before terminating.
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Table 7.3 Numbering of the PU27 G4 motif sequence*
T G G G G A G G G T G G G G A
1 2 3 4 5 6 7 8 9 10

11

12

13

14

15

G

G

G

T

G

G

G

G

A

A

G

G

16

17

18

19

20

21

22

23

24

25

26

27

*Sequence of PU27 is presented in the top row in 5’ to 3’ orientation where each G-tract is shaded (represented as G-tract 1-5 from left). Nucleotide numbering is presented
in the bottom row, which corresponds to the nucleotides above.
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3' AAAAAAGGAAGGGGTGGGAGGGGTGGGAGGGGTAAAAA 5'
Figure 7.12 Comparison of singlesingle-stranded FOPE and radioisotopic arrest assays, performed on PU27
A: Single-stranded FOPE, performed on oligonucleotide representing PU27 (CMYCBindsF). This experiment was performed using non-Hot-start Taq polymerase, in
accordance with Siddiqui-Jain et al. (2002). Base sequence is presented on the X–axis 3’ to 5’ orientation, as encountered by the polymerase during extension, and
corresponds to the positions of polymerase arrest (green bars). The green arrow represents direction of primer extension. Fluorescence is illustrated on the Y-axis and is
proportional to the amount of primer incorporated into the extension product at each peak. B: Radioisotopic polymerase arrest assay performed on oligonucleotide
representing PU27, (Yang and Hurley 2006). Arrow denotes polymerase arrest at the four 3′ runs of guanines. Size marker was not used in analysis. Part B of this figure
modified and reprinted with permission from Yang, Danzhou. Structure of the biologically relevant G-quadruplex in the c-MYC promoter. 2006, Nucleosides, Nucleotides, and
Nucleic Acids. 25:8. 1525-7770
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During PCR amplification of MEST, ADO was observed using Hot-start Taq polymerase,
after an extended denaturation period (Chapter 3). The FOPE analysis described above
was not performed using Hot-start Taq polymerase (in accordance with the protocols
of Siddiqui-Jain et al. (2002) and Yang et al. (2006). To investigate G4 induced
polymerase arrest by Hot-start polymerase, which requires denaturation, experiments
were repeated using Hot-start DNA polymerase (FisherTM). This protocol also involved
a reduced extension period and a single PCR cycle, identical to the PCR procedure in
which ADO occurs (Chapter 3). Results demonstrated that denaturation at 95oC for 2
minutes was not sufficient to prevent polymerase arrest, which occurred at the 3’ Gtract (Figure 7.13), and was consistent with earlier observations.

35000
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20000
15000
10000
5000
0
3' AAAAAGGAAGGGGTGGGAGGGGTGGGAGGGGTAAAAA 5'

Figure 7.13 FOPE performed using HotHot-start DNA polymerase.
Single-stranded FOPE, performed on oligonucleotide representing PU27 (CMYCBindsF). Base sequence
is presented on the X–axis 3’ to 5’ orientation, as encountered by the polymerase during extension, and
corresponds to the positions of polymerase arrest (green bars). Fluorescence is illustrated on the Y-axis
and is proportional to the amount of primer incorporated into the extension product at each peak. The
green arrow represents direction of primer extension
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7.2.9 FOPE performed on the PU27 motif in genomic DNA templates.
FOPE was performed on genomic DNA, where extension was initiated 22 bp 5’ of the
PU27 motif. Due to the limiting amount of template DNA, fluorescent signal detection
was significantly reduced compared with prior analyses on oligonucleotides or PCR
products. The dominant area of polymerase arrest occurred 3’ of the PU27 sequence,
however, polymerase arrest within the motif of PU27 was consistent with previous
observations (Figure 7.14). The flanking sequences of PU27 contain G-tracts which
could potentially contribute towards G4 formation, including a significant G-tract
immediately prior to G27. Extensive polymerase arrest in this region indicates that
structural formation in and around PU27 may be more polymorphic than previously
expected. The negative control for this experiment did not contain Taq polymerase and
no peaks above the primer size were observed (data not shown).

140
120
100
80
60
40
20
0
GGAGGGG T GGA AGGGG T GGGAGGGG T GGGAGGGG T
Figure 7.14 FOPE performed on PU27 in genomic DNA
Base sequence is presented on the X–axis in 3’ to 5’ orientation, as encountered by the polymerase during
extension, and corresponds to the positions of polymerase arrest (green bars). Fluorescence is
illustrated on the Y-axis and is proportional to the amount of primer incorporated into the extension
product at each peak. The green arrow represents direction of primer extension. An equivalent
polymerase minus negative control was performed in parallel and this showed no peaks across this
region (data not shown).

Having validated FOPE on various PU27 templates, including genomic DNA, these
assays were applied to the interrogation of MEST G4 structures
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7.2.10 FOPE performed on
containing G4MEST3.

single-stranded

oligonucleotide

template

To investigate polymerase arrest by G4MEST3, FOPE assays were first applied to
single-stranded oligonucleotide. The template sequence was representative of the
sequence for G4MEST3 (MEST3FbindsPr3c). This demonstrated a unique pattern of
polymerase arrest, where multiple bands of termination were observed (Figure 7.15).
The dominant positions of polymerase arrest occurred at the first two G-tracts
encountered during primer extension (Figure 7.15). The peaks at the 5’ G-tract likely
correspond to the end of the template.
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Figure 7.15 FOPE performed on singlesingle-stranded synthetic oligonucleotide
The template for FOPE was a 64 nt oligonucleotide (MEST3FbindsPr3c), spanning G4MEST3. The blue arrow denotes the direction of extension. Peaks smaller or equivalent
to the fluorescent primer (Pr3cFAM) have been removed. The template sequence is presented 5’ to 3’ where numbers correspond to the numbering of the genomic MEST
region. Black boxes indicate G-tracts, numbered 1-6 from left to right. Basepairs (numbers) are represented on the x-axis and correspond to amplicon size. Fluorescence is
illustrated on the Y-axis and is proportional to the amount of primer incorporated into the extension product at each peak.
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7.2.11 FOPE performed on double-stranded MEST templates
Bidirectional interrogation of polymerase arrest during amplification of the human
MEST promoter was investigated using gBlock templates in linearized plasmids. Unless
specified, this assay was not performed on genomic DNA, due to the differential
methylation status of each parental gene copy. As for earlier investigations, FOPE was
first performed on each G4MEST motif in isolation.

FOPE performed on the C-rich template, using the HEX labelled forward primer,
demonstrated one significant position of arrest at 85 bp, which corresponded to
G4MESTA (Chapter 6, Figure 6.26), and a minor peak of arrest at 162 bp which
corresponded to G4MEST1L (Figure 7.16). Extension from the reverse primer along
the G-rich template resulted in two major positions of polymerase arrest at 124 bp and
189 bp. The peak at 124 bp corresponds to G-tract 1 of G4MEST1 (Figure 7.16),
indicating arrest occurred 6 bp later than with snFOPE (Figure 7.5). The peak at 189
bp corresponds to an uncharacterised, putative G4 sequence, which was previously
observed to stall polymerase (Figure 7.5). After two cycles of PCR, the forward and
reverse primers successfully amplified full length products at roughly equal
proportions. These are visible as very minor peaks at 1 bp and 285 bp.
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5’GGGGCTTGTGGGCAGCCTGTGGGGTTTGTGGGCGGCCTGTGGGGTTTGTGAGTGGTCTAAGGAAAGAGTTGGGG 3’
Figure 7.16 Bidirectional FOPE assay performed on
on wildwild-type MEST gBlockTM
Pf1HEX and PR4FAM were used to interrogate a 285 bp region of the human MEST promoter region, including G4MEST1L. Blue bars represent extension products originating
from the reverse (FAM labelled) primer and green bars represent extension products originating from the forward (HEX labelled) primer. The sequence of G4MEST1L,
located on the G-rich forward strand (grey shading) is presented in 5’ to 3’ orientation. This sequence serves as the template for amplification from the reverse primer.
Basepairs (numbers) are represented on the x-axis and correspond to amplicon size. Fluorescence is illustrated on the Y-axis and is proportional to the amount of primer
incorporated into the extension product at each peak. FOPE assay was performed on the MEST gBlockTM. The arrows represent the direction of primer extension.
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7.2.12 Comparison between snFOPE and FOPE for G4MEST1
Results from snFOPE and FOPE for the region of G4MEST1L were compared to assess
the consistency of the two different approaches towards characterising polymerase
arrest. This was achieved by overlaying the two prior analyses presented in Figure 7.5
and Figure 7.16 (Figure 7.17). Positions of polymerase arrest on the C-rich template
strand, generated by the two approaches, were directly comparable, and confirmed
that G4MESTA was the only position of significant termination (data not shown). FOPE
performed on the G-rich strand demonstrated that polymerase arrest occurred in
conserved, but not identical positions (Figure 7.17). Both methods demonstrated a
dominant position of polymerase arrest, which corresponded with G-tract 2 of
G4MEST1L. Using FOPE, this occurred at 124 bp, and using snFOPE this occurred at
130 bp. At 191 bp, FOPE demonstrated an additional position of arrest 3’ of G4MEST1L,
which was not observed using snFOPE. Both techniques produce relatively low levels
of background termination, with no observable correlation to G4 structure.
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5’GGGGCTTGTGGGCAGCCTGTGGGGTTTGTGGGCGGCCTGTGGAGTTTGTGGGTGGTCTAAGGAAAGAGTTGGGG 3’

Figure 7.17 Direct comparison between polymerase arrest protocols
snFOPE (light blue) and FOPE (dark blue). Results are Figure 7.5 and Figure 7.16 overlaid on a single graph representing amplification of the G-rich templates. The sequence
of G4MEST1L, located on the G-rich forward strand, is represented in 5’ to 3’ orientation. This sequence serves as the template for amplification from the reverse primer.
Nucleotides (numbers) are represented on the x-axis and correspond to amplicon size. The arrows represent the direction of primer extension.
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7.2.12.1 FOPE performed on templates encompassing G4MEST2 and
G4MEST1
FOPE performed on gBlockTM templates was extended to simultaneously investigate
polymerase arrest by the motifs of both G4MEST1 and G4MEST2 in a single
experiment. This was achieved using the fluorescent primers Pr4aFAM and PF1HEX
(Appendix A). Significant termination was observed within the first ~40 bp of
amplification and at 292 bp, which corresponds to the loop between G-tract 1 and Gtract 2 of G4MEST2 (Figure 7.18). Polymerase did not appear to extend past this
position to encompass G4MEST1.

G4MEST2

G4MEST1L

Figure 7.18 FOPE performed across G4MEST1 and G4MEST2
Pf1HEX and PR4aFAM were used to interrogate a 387 bp region of the human MEST promoter region,
including G4MEST1 and 2. Blue bars represent extension products originating from the reverse (FAM
labelled) primer and green bars represent extension products originating from the forward (HEX
labelled) primer. Basepairs (numbers) are represented on the x-axis and correspond to amplicon size.
Fluorescence is illustrated on the Y-axis and is proportional to the amount of primer incorporated into
the extension product at each peak. FOPE assay was performed on the MEST gBlockTM. The arrows
represent the direction of primer extension.
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7.2.13 Investigating the influence of methylation on polymerase arrest using
genomic DNA
To investigate if methylation influences the position of polymerase arrest, FOPE was
performed on 100% methylated genomic DNA (M. SssI treated) (Figure 7.19). FOPE
demonstrated a single, dominant position of polymerase arrest at 465 bp,
corresponding to G4MEST3 (Figure 7.19). Polymerase arrest at this position was
consistent with prior analysis on methylated template (Figure 7.9A). A second, minor
position of termination occurred at 380 bp (unknown origin), which was previously
observed using snFOPE (Figure 7.9D). The majority of termination occurs within the
first 30 basepairs from the primer, which does not appear to correspond to G4
formation. Amplification past this point is terminated at G4MEST3 or at 380 bp, with
little or no extension occurring through to the region of G4MEST2 (Figure 7.19).
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5' GGCCATGGCGGTGGTAGAGCGGCTGGGAGGGGCTCT 3'
(Arrest from unknown origin)

5'GGGCGGGCTAGGGGCGGGGCGCGGGTGGG 3'
(G4MEST3)

Figure 7.19 FOPE performed on artificially
artificially methylated genomic DNA, presented for the GG-rich strand
Primers Pf1HEX and Pr3cFAM were used to interrogate a 551 bp region, encompassing all MEST G4 forming motifs. The approximated positions of G4MEST1 and 2 are
indicated above the graph, sequences corresponding to polymerase arrest are illustrated below the graph. Arrest on the C-rich strand was in concordance with Figure 7.18,
and is not presented. Blue bars represent extension products originating from the reverse (FAM labelled) primer. Basepairs (numbers) are represented on the x-axis and
correspond to amplicon size. Fluorescence is illustrated on the Y-axis and is proportional to the amount of primer incorporated into the extension product at each peak.
FOPE assay was performed on the MEST gBlockTM. The blue arrow represents the direction of primer extension.
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7.2.14 FOPE performed on wild-type and mutant gBlockTM templates
The specificity of FOPE for G4 formation was evaluated using custom gBlockTM (IDT,
Singapore) plasmids, previously designed to evaluate the respective impact of guanine
Hoogsteen bonds and methylation on ADO (Chapter 3). The mutant template contained
specific substitution of guanine for thymine, to remove the G4 potential of G4MEST1,
G4MEST2 and G4MEST3. FOPE was performed across a 387 bp region encompassing
the motifs of G4MEST1 and G4MEST2, using primers Pf1HEX and Pr4aFAM (Figure
7.20).

On the wild-type template, one significant position of arrest was observed, which
occurred at 299 bp and corresponded to G-tract 2 of G4MEST2 (Figure 7.20). Three
minor positions of polymerase arrest occurred at 361 bp, 312 bp and 240 bp (Figure
7.20). Polymerase arrest on the mutant template indicated minor arrest at equivalent
positions (240 bp, 312 bp, and 361 bp) (Figure 7.20), however, arrest at the motif of
G4MEST 2 (299 bp) was not observed (Figure 7.20). This was the only significant
difference between the patterns of arrest for these two templates, and corresponded
to the mutated region of G4MEST2. Polymerase arrest was not observed at the motif of
GMEST1L in either template. The peak at 240 bp corresponds to G4MEST4. G4MEST4
was previously characterised in Chapter 6 using FANFA (Chapter 6, section 6.3.1) and
was predicted to have relatively high propensity for G4 formation by bioinformatic
prediction algorithms (Chapter 4, Table 3).
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Figure 7.20 FOPE performed on wildwild-type and mutant gBlocksTM templates
FOPE of wild-type and mutant gBlockTM inserts. Primers Pf1HEX and PR4aFAM were used to
interrogate a 387 bp region of the wild-type gBlock, encompassing G4MEST1, 2 and 4. Top. FOPE
performed on the MEST wild-type gBlockTM. Bottom. FOPE performed on the MEST mutant gBlockTM.
Arrest on the C-rich strand was in accord with Figure 7.18, and is not presented. Blue bars represent
extension products originating from the reverse (FAM labelled) primer. Basepairs (numbers) are
represented on the x-axis and correspond to amplicon size. Fluorescence is illustrated on the Y-axis and
is proportional to the amount of primer incorporated into the extension product at each peak. The
arrows represent the direction of primer extension.
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7.2.15 FOPE performed on the full length wild-type MEST gBlockTM
FOPE was performed across all three G4 motifs of the wild-type MEST gBlockTM, using
primer Pf1HEX and Pr3cFAM (Figure 7.23). Extension of both strands resulted in
polymerase termination at similar positions when applied to genomic DNA, which was
performed using the same primer combination (Figure 7.20). Extension from the
forward primer along the C-rich template strand showed consistent results with earlier
experiments, with arrest occurring at 87 bp and 165 bp. Extension of the reverse
primer along the G-rich template strand showed polymerase termination at two
positions within G4MEST3 (453 bp and 461 bp) and at 389 bp (unknown origin)
(Figure 7.23). Polymerase arrest at 389 bp results from an unknown origin, however,
arrest was observed at a similar position during analysis of genomic DNA (Figure 7.19).
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5’ GGTGCCGGCCGTGGGGTCTCGGGACGACGGG 3’
G4MESTA

5’ GGGGTCTTGGGGAGGGGGCGGGGG 3’
G4MEST2

5’GGGCGGGCTAGGGGCGGGGCGCGGGTGGG 3’
G4MEST3

5’ GGCCATGGCGGTGGTAGAGCGGCTGGGAGGGGCTCT 3’
Figure 7.21 FOPE performed
performed on the MEST wildwild-type gBlockTM
origin,
G4motif
Primers Pf1HEX and Pr3cFAM were used to interrogate a 551 bp region, encompassing all G4Unknown
forming motifs.
Blueputative
bars represent
extension products originating from the
reverse (FAM labelled) primer and green bars represent extension products originating from the forward (HEX labelled) primer. The template sequence corresponding to
each peak of termination is described in 5’ to 3’ orientation. The nucleotide associated with each major position of termination is indicated in bold, with black lines indicating
the corresponding termination peak. G-tracts are indicated in grey shading, Basepairs (numbers) are represented on the x-axis and correspond to amplicon size. Fluorescence
is illustrated on the Y-axis and is proportional to the amount of primer incorporated into the extension product at each peak. The arrows represent the direction of primer
extension.
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7.2.16 Modelling allelic failure using FOPE
To investigate the cause of methylation specific ADO, the FOPE assay was modified to
detect bidirectional polymerase arrest during exponential PCR (Figure 7.22). FOPE
allows direct quantification of the amount and length of DNA synthesized by
polymerase, from each template strand. After each cycle of PCR, the accumulation of
full length amplicons and extension products can be monitored. This assay was
performed on methylated and non-methylated templates, to investigate how G4
structure and cytosine methylation impair strand synthesis throughout PCR, and cause
ADO. The template used was 551bp of the wild-type MEST gBlockTM, which was
amplified using primers Pf1HEX and Pr3cFAM. This amplified region was investigated
as it spans G4MEST1-3, and is known to be strongly affected by consistent ADO
(Chapter 3).

Polymerase arrest was observed to occur at consistent positions, regardless of
methylation status or cycle number. As the number of cycles increased from 2 to 35,
the peaks resulting from polymerase arrest decreased in height, and the peaks
representing amplification of full length products increased in height. This suggests
that nascent strands terminating early in the PCR were subsequently extended;
however, this did not occur at an even rate between methylated and non-methylated
treatments (Figure 7.22).

Polymerase arrest on the C-rich strand (green bars), occurred at 85 bp and 161 bp
(Figure 7.22A), regardless of methylation. Arrest at these positions was consistent with
previous findings (Figure 7.16). For the non-methylated template, polymerase arrest
was evident at these two sites until cycle 12, after which, no significant arrest was
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detectable for the C-rich strand (Figure 7.22E). For the methylated template,
polymerase arrest was detectable at these two sites from cycle 2 until cycle 35 (Figure
7.22). Between cycle 12 and 35 there was a slight increase in fluorescent intensity for
these peaks, which indicates an increase in the nascent strands terminated at these
positions (Figure 7.22).

Polymerase arrest on the G-rich templates (blue bars) occurred at approximately 524
bp, 461 bp, and 395 bp regardless of methylation (Figure 7.22A). The peak at 461 bp,
corresponds to polymerase arrest at G4MEST3 and is consistent with prior
investigation (Figure 7.21). The peak at 395 bp occurs at a similar position to
polymerase arrest observed in Figure 7.19 and Figure 7.21, and results from an
unknown origin. A major polymerase arrest peak at 524 bp indicates that primer
extension progressed only 7 nt along the template DNA before termination occurred.
This site did not appear to correspond to a G-rich motif.

At cycle 35, the only significant position of termination occurred at 524 bp, on the nonmethylated template, however, this was substantially reduced compared to cycle 2. At
cycle 35, only minor arrest was detectable at 461 bp, which corresponded to G4MEST3
(Figure 7.22F). The methylated template did not demonstrate a decrease in
polymerase arrest across the 35 cycles analysed. This indicates that during PCR,
amplification of methylated DNA is consistently arrested at the regions of 524 bp, 461
bp, and 395 bp for this template (Figure 7.22A-F).

Fluorescence is illustrated on the y-axis and is proportional to the amount of primer
incorporated into the extension product at each peak. This allows for quantification of
the amount of product accumulated at each position. Because only full length PCR
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templates can contribute towards exponential amplification, the accumulation of full
length fluorescent products (551 bp) was monitored. Between cycles 6 and 8, the nonmethylated treatment demonstrated an approximately 10,000-fold increase in
fluorescence. This reflected the accumulation of full length product synthesized from
the reverse primer (FAM). Fluorescence reflecting full length product synthesized from
the forward primer (HEX) demonstrated an approximately 12,000-fold increase
(Figure 7.22 C and D). This likely indicates the onset of exponential PCR amplification.

No significant full length product from the methylated template was apparent until
cycle 12, where the forward primer synthesized double the amount of the reverse
primer (Figure 7.22E). By cycle 35, the amount of full length product synthesized from
the methylated template was equivalent to that synthesized by the non-methylated
template at cycle 8 (Figure 7.22D and F). This indicates the PCR on methylated
template was operating at well below the efficiency of PCR on the non-methylated
template. Amplification of the methylated template in this experiment resulted in an
amplification lag equivalent to 27 cycles.
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Figure 7.22 Fluorescent cycle analysis of differentially methylated DNA templates.
Modified FOPE for the investigation of ADO. Termination peaks were derived by extension of either Pf1HEX
(green bars) or Pr3cFAM (blue bars), which amplify 551 bp of the wild-type MEST containing gBlockTM. For
each plot, results for the non-methylated template are demonstrated above the results for the methylated
template. Y-axis represents fluorescence and corresponds to the amount of DNA per peak. X-axis is basepair
numbering represented 5’ to 3’ for the transcribed strand. A: Cycle 2; B: Cycle 4; C: Cycle 6; D: Cycle 8 E;
Cycle 12 F: Cycle 35. Data from replicates of this experiment are provided in Appendix N. The arrows
represent the direction of primer extension.

7.2.16.1 Modelling MEST ADO during PCR
Data presented in the previous section suggested that ADO was caused by delayed
amplification of methylated MEST promoter DNA during PCR. To investigate the relevance
of this observation to PCR and ADO, delayed amplification of one allele was mimicked
using non-methylated MEST templates of different haplotypes. The aim of this
investigation was to model how delayed amplification could result in complete ADO. This
was achieved by including a synthetic template of one MEST haplotype (ATA) in the PCR
master mix, and adding an equivalent amount of template for the other MEST haplotype
(GCG) at the end of cycles 0-10. PCR products were then examined by Sanger sequencing
for the allelic distribution at one of the MEST SNPs, rs73724326.

Templates mixed prior to PCR (cycle 0) returned a T/G genotype for SNP rs73724326,
where each peak was of equivalent height (Figure 7.23A). Addition of the GCG haplotype
after cycle one caused a ~ 50% decrease in detection of the “C” haplotype (Figure 7.23B),
and addition after cycle two caused a ~75% decrease (Figure 7.23C). When addition of
the GCG template was delayed by three cycles, the “C” allele (characterising that template)
is barely visible in the sequenced amplicon products, and without prior knowledge would
be unlikely to be called as a SNP (Figure 7.23D). A four cycle delay caused complete dropout of the GCG haplotype (Figure 7.23E).
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Figure 7.23 Sanger
Sanger sequencing of “Mock PCR dropdrop-outs”
Genotyping results at SNP rs73724326 (black box) on PCR products from artificially delayed amplification
of one allele during PCR. The MEST GCG haplotype template was added to a PCR (containing the ATA
haplotype) at A: prior to cycle 1; B: after cycle 1; C: after cycle 2; D: after cycle 3; E: after cycle 4.
Amplification was achieved using primers Pf1 and Pr3 on artificial PCR product (Pf1/Pr3c).
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Assuming a basic scenario where there is no competition for PCR reagents, delaying
amplification of one DNA copy by four cycles will mean that after each subsequent cycle
the amount produced from that template will be 6.25% that of the other template (Figure
7.24).

8E+10
7E+10
6E+10
5E+10
4E+10
3E+10
2E+10
1E+10
0
0

2

4

6

8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

Figure 7.24 Hypothetical DNA copies after each PCR cycle
Hypothetical comparison between PCR amplicons produced during a normal PCR, and during delayed PCR.
Red bars represent a normal PCR reaction starting with a single DNA copy. Blue bars represent a PCR
starting with a single DNA copy, which has been delayed by four cycles. The number of nascent strands
generated during PCR cycle is demonstrated for each cycle on the y-axis. PCR cycle is presented on the xaxis
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7.3 Discussion
This chapter described the development of a novel, bidirectional fluorescent polymerase
arrest assay, which was successfully applied to the investigation of G4 DNA structure in
oligonucleotides, genomic DNA, and gBlockTM plasmid templates. The hypothesis to be
tested using the methods developed here, was that G4 structure on the maternal,
methylated allele was a significant barrier to polymerase extension, which impaired
amplification during PCR. Due to the exponential nature of PCR, it was anticipated that
the preferential amplification of one allele would result in ADO. In order to test this
hypothesis, it was necessary to establish if G4 structure could interfere with copying of
DNA strands, and whether this differed between methylated and non-methylated DNA
templates.

7.3.1 Application of the snFOPE assay to investigation of G4 induced
polymerase arrest
To assess the potential application of fluorescence for detecting polymerase arrest,
snFOPE was used as a proof of principle technique. This technique relied on PCR
amplification to generate the snFOPE template, which contained a binding site for the
FAM labelled apt1 primer. This molecule then served as the template for subsequent
polymerase extension using the same fluorescent primer. Use of this fluorescent template
molecule allowed careful monitoring for any potential short, artifactual products that
would interfere with the snFOPE assay. snFOPE produced reproducible and reliable data
which was successfully used to visualise the synthesis of de novo fluorescent strands
produced by polymerase amplification.
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7.3.1.1

Validation of snFOPE by comparison against published data

Application of snFOPE to KRAS G4 regions which had previously been studied by
traditional radioisotopic polymerase stop assays, gave consistent results. The positions of
polymerase arrest were reasonably concordant with published data, despite several
significant differences in the two techniques. For example, Cogoi et al. (2006) and
Paramasivam et al. (2009) performed analysis on short oligonucleotide DNA, which
favours the formation of G4 structure, and extension occurred at 30oC for thirty minutes
after a slow annealing period (Cogoi and Xodo 2006)(Cogoi and Xodo 2006)(Cogoi and
Xodo 2006)(Cogoi and Xodo 2006).

Paramasivam et al. (2009) presented a polymerase arrest assay performed on
oligonucleotide substrate representing the human 32Rh G4 motif, however, this appeared
to have only one position of polymerase arrest which corresponded to the 3’ G-tract
(Paramasivam et al. 2009). Although snFOPE demonstrated arrest at this position, it was
not the dominant site of arrest, an observation which was in concordance with
experimental data derived from Corgoi et al. (2006). This demonstrates that irregularities
occur in published data between analyses performed using traditional radioisotopic
assays.

7.3.1.2

snFOPE applied to the investigation of MEST G4

Although snFOPE was initially developed as a proof of principle, it was extensively applied
to study G4 regions of the MEST promoter, where it showed polymerase arrest at all three
known G4 forming motifs in this region. Polymerase arrest was also observed at two
additional novel G4 motifs (G4MEST 5 and G4MEST A), which were first described in
Chapter 4 and 6.
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G4MEST1 and 2 were separately interrogated by snFOPE, and both appeared to present
significant barriers to polymerase amplification. G4MEST1 terminated strand synthesis
at one dominant position, which corresponded to the loop region between G-tract 2 and
3. This indicated that polymerase traversed the first two G-tracts before arrest occurred.
Although this observation was initially surprising, similar findings were reported for
other G4 (Cogoi and Xodo 2006). The motif of G4MEST1L appears to display high
structural polymorphism, with the major G4 motif occurring at G4MEST1. This region
arrested polymerase, but minor arrest sites corresponding to the 3’ regions of this
sequence were also observed. Minor arrest at these positions was not consistently
observed, however, did correspond to G4 structure in the template DNA, as demonstrated
using FADFA and FANFA, (Chapter 6, section 6.2.8). The conditions which facilitate
polymerase arrest at these positions were not resolved, but likely relate to template
length and the Tm of prior G4 motifs. Although G4MEST1 presents a significant barrier
polymerase extension, it is likely that the cumulative influence of minor arrest sites in the
3’ region also contribute towards ADO during genotyping.

G4MEST2 arrested polymerase amplification at one major position, corresponding to the
loop between G-tract 1 and 2, or the loop between G-tract 2 and 3. This demonstrates that
G-tracts 3 and 4 were consistently traversed by polymerase before termination occurred,
a similar result to G4MEST1L. The position of arrest does not correspond to a position of
internal symmetry, indicating arrest results from G4 formation, rather than H-DNA
(Figure 7.10). dsFADFA of this region (Chapter 6) indicated the guanine adjacent to the
site of arrest does not contribute to G4 structure, allowing for a seven nucleotide loop
between G-tract 1 and 2. These G-tracts are expected to exist in parallel orientation,
connected by an external diagonal loop. This requires sharp internal bond angles, which
may have hindered the ability of polymerase to traverse the G4 structure. A template for
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the isolated investigation of G4MEST3 could not be synthesized due to PCR failure and
this was not pursued further using snFOPE.

When the template for snFOPE was extended to include both G4MEST1 and 2, it was found
that extension was predominantly terminated at G4MEST2, which was the first G4
encountered by the polymerase. Repetition of this assay demonstrated that between
analyses, the position of polymerase arrest within G4MEST2 was variable, but always
coincided with a loop between G-tracts. Often two positions of termination were observed
to correspond to G4MEST2, which may suggest the formation of two different structures.
Methylation of the template DNA did not seem to influence the position of termination,
however, it appeared that methylation decreases the amount of full length product
synthesized (Figure 7.7). This indicated that methylation was potentially preventing the
synthesis of full length templates, although accurate quantitation was not possible as fulllength peaks represented the combined fluorescence of labelled template DNA and the
nascent strands generated during extension of the fluorescent primer. This limitation was
a significant driving force for adapting the technique to allow direct analysis on genomic
DNA (FOPE).

7.3.1.3

snFOPE applied to templates containing all G4 MEST motifs

Interrogation of all three G4 regions (G4MEST1-3) in a single template, demonstrated that
the first G4 encountered by polymerase during amplification contributed most
significantly to polymerase arrest. In the instance of G4MEST3, which is a structurally
polymorphic G4 region (Chapter 6), two positions of termination were consistently
observed. These corresponded to the 3’ end of G-tract 6 and the one base pair loop
between G-tract 3 and 4. This may correspond to the formation of the two previously
characterised G4 structures A and B (Chapter 6, section 6.2.6.6). If structure A caused
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polymerase arrest this would coincide with the start of the G4 structure. If structure B
caused arrest, this would coincide with the start of G-tract 3. This indicated that
polymerase was arrested after traversing a difficult diagonal loop between two parallel
strands.

It is difficult to distinguish G4 induced termination from H-DNA induced termination,
however, H-DNA would be expected to cause polymerase arrest between G-tracts 4-5 as
this is the central point of symmetry (Chapter 6, section 6.3.6).

7.3.1.4

Involvement of Hoogsteen bonds in polymerase arrest

G4 formation relies on Hoogsteen bonds formed between the N7 atoms of guanines, in a
planar tetrad. To ensure that polymerase arrest occurred as a direct result of Hoogsteen
bonds, dGTP was substituted with the analogue, 7-deaza dGTP in the template DNA.
Incorporation of 7-deaza dGTP into the template DNA alleviated polymerase arrest at all
G4 positions, except for G4MEST3 where termination occurred, but was somewhat
reduced. 7-deaza dGTP was used at a 3:1 ratio with dGTP in the PCR mix, and is
incorporated into the amplicon at random during amplification. Consequently there will
be few amplicons where all or most of the guanine exists as dGTP and not 7-deaza dGTP.
In the G-rich motif of G4MEST3 this is likely to have a significant influence, where even an
optimal substitution rate of 3:1 may not have completely prevented G4 formation. This is
likely to account for the residual termination observed at the motif of G4MEST3.

7.3.1.5

Limitations of snFOPE

There were two significant limitations to the technique of snFOPE which reduced the
potential for successful application. First, snFOPE could not be performed on genomic
DNA, because the incorporation of a suitable binding site for the universal (apt1FAM)
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primer into the template DNA was necessary for extension to occur. This prevented
visualisation of G4 structure in a genomic context, and limited analysis to regions where
a template could be successfully generated by PCR. Second, two PCR procedures were
required to generate the template for extension. Performing multiple PCR on the same
template DNA potentially introduces errors into the DNA sequence and may decrease the
quality of the template for subsequent analysis. The additional stages of gel extraction and
precipitation of the template are likely to further decrease the DNA quality.

Additional limitations arose from the low template concentration after purification which
severely limited the assay sensitivity. This meant at least three PCR cycles were required
before nascent strand synthesis was detectable. The use of tagged primers in PCR
amplification resulted in a low template yield and sporadic failure was frequent. Where a
successful template was generated, the yield was further reduced after gel extraction and
purification. Lastly, like traditional radioactive stop assays, snFOPE only allowed the
visualisation of extension products from one primer per reaction, which greatly reduced
its efficiency and applicability.

7.3.2 Fluorescent oligonucleotide primer extension
To overcome the limitations associated with snFOPE, a method was developed for the
direct interrogation of either genomic or plasmid DNA without prior PCR amplification.
The incorporation of the fluorescent labels HEX and FAM into forward and reverse
primers respectively, allowed for the visualisation of each strand independently, within
the same reaction. The use of multiple pairs of fluorescent primers allowed in-depth
coverage of the entire MEST promoter as a single product, as well as the independent
assessment of each G4 forming region. This technique was the final refinement of
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fluorescent stop assays, and is referred to as fluorescent oligonucleotide primer extension
(FOPE).

The FOPE assay differs significantly from similar fluorescent analysis and traditional
arrest assays (Howell et al. 1996, Yindeeyoungyeon and Schell 2000, Fekete et al. 2003),
through the potential for bidirectional investigation of G4 induced arrest. The use of dual
fluorescent primers for bidirectional interrogation enables simultaneous visualisation of
polymerase arrest on both the C-rich and the G-rich DNA templates. This format
effectively provides an internal negative control in the same reaction, and at the same
conditions as the positive treatment, because the lack of polymerase arrest during
extension of the C-rich strand can be used to indicate the specificity of arrest for G4
structure (Kumari et al. 2014).

The FOPE assay proved to be both robust and adaptable, and was easily performed on
synthetic single-stranded oligonucleotides, plasmid DNA or genomic DNA, with minimal
modification of methods. The development of a fluorescence polymerase stop assay,
specific for the investigation of G4 induced arrest, has several other advantages over
traditional radio-isotopic assays. Fluorescent primers do not require any specific
certification or special facilities for use. This means the FOPE procedure reduces
preparation time by eliminating lengthy incubations of radioactively labelled primers,
and negating the requirement for pouring hazardous polyacrylamide gels. During sample
visualisation by automated capillary electrophoresis, the size marker is incorporated into
the sample, and analysed in conjunction with the fluorescent DNA fragments, which
eliminates the requirement for establishing a separate radio-labelled size ladder and
avoids the problem of uneven migration of samples often observed in PAGE.
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The major limitations of the FOPE assay result from fluorescence saturation of the Genetic
Analyser, which can cause off scale errors and (false) peaks in the wrong dye channel.
Crucial to the success of this technique was the ability to concentrate the PCR sample prior
to visualisation using a centrifugal evaporator. Concentrating DNA through ethanol or
isopropanol extraction resulted in inconsistent results with a high loss rate, especially of
smaller sized amplicons (data not shown). The use of a centrifugal evaporator minimised
sample loss and enabled accurate quantification of the total DNA produced by polymerase
action. This greatly increased sensitivity, allowing detection of nascent strands after a
single PCR cycle.

7.3.2.1

FOPE validation using PU27

FOPE was performed on single-stranded oligonucleotide, and the results validated against
published data for the c-MYC PU27, G4 forming motif of the NHEIII. Using radioisotopic
methods for polymerase extension on the PU27-mer sequence, arrest sites have been
mapped to the four 3’ guanines (G23-25) (Yang and Hurley 2006). FOPE performed on the
same DNA sequence showed two dominant positions of polymerase arrest (section
7.2.8.1), which corresponded to the start and the end of the 3’ G tract (G23 and G20) with
minor termination occurring two bases prior (G25). These results were consistent with
the findings published by Yang and Hurley (2006), and showed that the FOPE assay
detected expected arrest sites on a well-studied G4 structure.

To further validate the method, FOPE was applied to the PU27 region in human genomic
DNA. When FOPE was performed on genomic DNA templates, the positions of polymerase
arrest did not align with data obtained using the single-stranded oligonucleotide. It is
likely that different DNA substrates can influence the outcome of analysis, which most
likely results from interactions with flanking DNA sequences or the formation of multiple
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G4. In a genomic context, the sequence of PU27 resides within a G-rich region, where
additional G-tracts occur in both the 3’ and 5’ flanking regions, which may account for the
observed differences in outcomes with the two templates.

FOPE performed on genomic DNA template demonstrated the majority of polymerase
termination occurred significantly before the PU27 motif, indicating this gene region
likely displays polymorphic structural formation. This raises the question of whether
investigation of G4 structure in oligonucleotide templates constrains G4 formation to an
extent that may limit the accuracy of any biological inferences. The length and sequence
of flanking DNA, along with Watson-Crick basepairs likely play a substantial role in
determining G4 stability during PCR. From this, it seems reasonable to consider that
traditional polymerase stop assays which only assess polymerase arrest using synthetic
oligonucleotides, likely represent an oversimplified scenario with less biological
relevance than analysis of G4 in a wider genomic context.

7.3.2.2

Comparing data from snFOPE and FOPE for G4MEST1L

The techniques of FOPE and snFOPE differed significantly in design, template size and
template material. snFOPE was performed on a synthetic template, which had been
amplified from genomic DNA, whereas, FOPE was applied directly to plasmid DNA. A
comparison of data obtained by performing snFOPE and FOPE on the same G4 motifs
demonstrated consistent results for the C-rich strand. The dominant position of arrest
corresponded to the novel G4 motif (G4MESTA) and a small peak of termination
corresponded to C-tract 5 of G4MEST1L. Polymerase arrest during extension of the G-rich
strand through G4MEST1L occurred at similar, but not identical positions. snFOPE
demonstrated one significant position of arrest, which corresponded to G-tract 2 and
FOPE demonstrated two significant positions of arrest, which corresponded to G-tract 1
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and a 3’ G-tract. The 3’ G-tract was not previously characterised to have G4 propensity
and was not predicted to contribute to G4 formation by bioinformatic prediction software
(Chapter 4). The differences in data suggest that template size and content of G-tracts may
allow for formation of diverse G4 structures in the region of G4MEST1L.

7.3.3 Application of FOPE to investigate G4-induced polymerase arrest in MEST
DNA templates
FOPE was performed on genomic and plasmid DNA, to investigate polymerase extension
through G4MEST1, 2 and 3, targeting either individual G4 elements or the entire MEST
amplicon. When G4MEST1, 2 and 3 were individually interrogated using plasmid DNA, it
was apparent that each G4 was capable of causing significant polymerase arrest. This
observation probably explains why reducing the size of the PCR amplicon (Chapter 3) did
not alleviate ADO. G4MEST1 appeared to terminate synthesis when the C-rich strand
served as the template, and to a lesser extent when the G-rich strand served as the
template. The reason synthesis was terminated in both directions was unknown and
appeared unique to this G4 motif. The use of 7-deaza dGTP did not alleviate ADO through
this region (Chapter 3), indicating that arrest was not likely to be caused by H-DNA
formation with the nascent G-rich strand.

Assessing multiple G4 (G4MEST1-3) in a single template demonstrated that the first G4
encountered by the polymerase acts as the dominant barrier to amplification. Once this
G4 has either denatured, or been extended through, subsequent G4 did not appear to
arrest amplification to the equivalent extent. This could be a property of the relative Tm
differences between each G4 investigated. The relative stability of each G4motif
(G4MEST3>G4MEST2>G4MEST1) decreases towards the 5’ end of the MEST promoter
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region, meaning the more stable G4 are the first to be encountered during extension on
the G-rich template.

7.3.4 FOPE performed using different DNA templates
Comparison of FOPE performed on genomic dsDNA and single-stranded synthetic
template for G4MEST3 yielded different positions of polymerase arrest. This observation
is consistent with results from FOPE performed using the PU27 motif in oligonucleotide
and genomic DNA (section 7.3.3.1). Comparison of FOPE performed on genomic DNA
(section 7.2.13) and plasmid DNA (section 7.2.14), revealed highly consistent positions of
polymerase arrest. This indicates that although fluorescent signal is reduced when
experiments are performed on genomic DNA, this does not prevent accurate detection,
provided sufficient genomic template is used.

7.3.5 FOPE performed on differentially methylated templates
FOPE was used to investigate the contribution of DNA methylation towards polymerase
arrest, using differentially methylated gBlockTM templates and M. SssI treated genomic
DNA. The position of polymerase arrest on M. SssI treated genomic DNA was consistent
with the positions of arrest on non-methylated and methylated gBlock templates. This
indicated that methylation did not significantly influence the position of polymerase
arrest. Due to maternal methylation at the MEST locus, this experiment could not be
performed on non-methylated genomic DNA. Both methylated and non-methylated
plasmid templates significantly contributed towards polymerase arrest, under the
analysed settings which involved ≤ 2 cycles of PCR amplification. This observation
reinforced Tm studies from CD spectroscopy which indicated that both methylated and
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non-methylated G4 were likely to persist during the first ~ seven cycles of PCR (Chapter
5, Section 5.2.11.3).

7.3.5.1

FOPE applied to the investigation of ADO during PCR

Concentrating samples by using a centrifugal evaporator prior to capillary
electrophoresis enabled the direct quantification of all extension products generated
during FOPE. This enabled visualisation of full length (551 bp) fragments and polymerase
arrest products generated from both primers. In this instance, the forward primer
contained a HEX fluorophore, and amplified the C-rich template strand, and the reverse
(FAM labelled) primer amplified the G-rich template strand.

By increasing the PCR cycles (from 1- 35) prior to visualisation, the accumulation of
fragments was monitored over the course of a PCR. Applying FOPE to differentially
methylated templates allowed assessment of how methylation and G4, together, act to
prevent the synthesis of full length PCR amplicons and cause ADO during PCR.

After cycles two and four, full length amplicons were not detectable, regardless of
template methylation status. Polymerase arrest occurred at the same positions for both
templates and fragments were of approximately equal fluorescent intensity. This
indicates that polymerase arrest was equivalent for both templates. Positions of
termination corresponded to G4MESTA and G4MEST1 on the C-rich template and
G4MEST3 and 392 bp for the G-rich template. The majority of extension was terminated
within 20 bp of both primers, and did not correspond to G4 formation. Between cycles
four and six a substantial increase in the amount of full length product synthesized from
the non-methylated template was observed. This indicated the exponential stage of PCR
was entered earlier for the non-methylated template, then the methylated template.
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As the PCR cycles were increased, extension products appeared to re-anneal and extend.
This was evident as fluorescent intensity of polymerase arrest peaks decreased for the
non-methylated template, over the course of the experiment. By cycle 35 polymerase
arrest was no longer detectable on the non-methylated template. For the methylated
template, polymerase arrest was persistent across all 35 cycle analysed. This
demonstrated that G4 on the methylated DNA template persist as a significant barrier to
polymerase throughout PCR.

For the methylated template, the production of full length, FAM labelled amplicons
consistently lagged behind synthesis of HEX labelled amplicons. This was especially
evident at cycle twelve, where the amount of full length HEX labelled amplicon was double
that of FAM labelled amplicon. G4 arrest on the G-rich strand appeared to account for the
remaining difference in FAM fluorescence. This observation may indicate that production
of FAM labelled amplicons relies on copying the HEX labelled DNA, and does not generate
amplicons from the initial (methylated) DNA. This is likely to occur as the C-rich strand
contains fewer G4 and is easier to amplify.

At cycle 35, the amount of full length product synthesized from the methylated template
was equivalent to the amount from non-methylated template at cycle eight. This indicates
that the methylated template lagged in synthesis behind the non-methylated template by
27 cycles. Repetition of this assay demonstrated that the data presented in this chapter is
likely to be a conservative estimate of the true effect (Appendix N).
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7.3.5.2

Delayed amplification for the investigation of ADO during PCR

FOPE indicated that amplification of the methylated template lagged behind the nonmethylated template by 27 cycles (section 7.2.13). During PCR, both templates compete
for the same primers and reagents for amplification to proceed (Rahman et al. 2013).
Delayed amplification of one template can cause ADO (Findlay et al. 1995), however, the
number of cycle delays at which this occurs during ADO of MEST was unknown. To
investigate ADO by delayed amplification, (non-methylated) templates of opposing
haplotypes were amplified using PCR, where the amplification of one haplotype was
artificially delayed. This experiment demonstrated that delayed amplification by as few
as four cycles was sufficient for complete ADO to occur. This indicates that polymerase
arrest at positions of G4 formation, on methylated DNA were sufficient to cause ADO
during PCR and Sanger sequencing of the human MEST promoter.

7.3.6 Conclusion
This chapter has documented polymerase arrest using a novel bidirectional assay for the
simultaneous detection of synthesis from both DNA strands. The results from this work
aligned to findings described in previous chapters and demonstrated that G4MESTA,
G4MEST2, G4MEST3, and one novel unanticipated position (392 bp), significantly
contribute towards polymerase arrest. DNA methylation on templates did not appear to
alter the positions of arrest. However, polymerase arrest appears to be alleviated on the
non-methylated template after several cycles of denaturation, but not on the methylated
template. This resulted in a final amplification delay from the methylated template
equivalent to 27 cycles. At cycle 35, an equal amount of full length product was
synthesized by the methylated template as at cycle eight for the non-methylated template,
which is insufficient for visualisation by Sanger sequencing.
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These findings align with analysis using CD spectroscopy in short, single-stranded
oligonucleotides (Chapter 5). CD spectroscopy indicated that G4MEST2 and 3 had a Tm
greater than 95oC, regardless of methylation status. This explains why both methylated
and non-methylated templates proved to be significant barriers to amplification, after the
initial denaturation period. CD spectroscopy also indicated that methylated G4 are
capable of re-associating at a more rapid rate compared to non-methylated G4 (Chapter
5). Together these data support the view that methylation enables G4 structure to be
maintained on the maternal allele during PCR. The formation of G4 causes a significant
barrier to polymerase extension, which leads to ADO by the failed or delayed
amplification through positions of methylated G4. . (Yang and Hurley 2006)
, citations: (make white(Cogoi and Xodo 2006))

(Woodford et al. 1994), (Woodford et al. 1994)

314 | P a g e

Chapter 8
General Discussion

8.1 MEST and methylation specific ADO
This thesis focussed on understanding an unusual pattern of ADO observed during PCR of
a small region within the imprinted MEST gene. Three SNPs are located immediately 5’ of
the imprinted isoform 1 and display total linkage disequilibrium such that only two
haplotypes (ATA or GCG) exist (Stuffrein-Roberts 2008, Stevens et al. 2014b). PCR of this
region met with substantial difficulty, and often resulted in failure. When amplification
was successful, only one allele from every subject analysed could be detected. This
observation was consistent across all genomic samples analysed, and was not alleviated
through primer re-design or PCR optimisation. The shortest PCR amplicon, from which
genotypes could be obtained consisted of a 213 bp region that included a single G4
sequence and six methylated cytosines. This approach failed to yield correct genotypes,
demonstrating the robust nature of the ADO, however, this was an early indication that
ADO may result from the interaction of multiple factors.

It was hypothesised that the methylated, maternal allele was prone to ADO, however,
without the ability to obtain accurate genotypes, this could not be tested. To understand
the mechanisms which contributed to the observed allelic failure, the influence of
methylation was examined using artificial templates of differing haplotypes. The two
templates were generated using PCR and differentially methylated to mimic genomic
DNA. These templates were mixed, amplified using PCR and the products genotyped by
Sanger sequencing, which clearly demonstrated that the methylated template was prone
to ADO. This assay was repeated, but with 7-deaza dGTP either incorporated into the PCR
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templates, or added to the PCR reaction. Incorporation of 7-deaza dGTP prevented
formation of Hoogsteen bonds in the templates or amplified products respectively. These
experiments revealed that guanine Hoogsteen bonds in the template DNA, along with
cytosine methylation, were both determining factors in ADO. This suggested an
involvement of G4 in the template DNA, rather than triplex H-DNA, which would involve
both the DNA template and nascent PCR amplicons.

8.2 Obtaining correct genotypes at the MEST locus
Three novel PCR based approaches were developed which allowed for correct genotyping
of genomic DNA at the MEST locus. KCl is known to promote the formation of G4
structures (Blume et al. 1997), and this was demonstrated for all three MEST G4 in
Chapter 5. CD spectroscopy also indicated that in PCR buffer, but not NaPi, G4 formation
was significantly stabilised and cytosine methylation substantially aided re-association of
G4 structure (Chapter 5 section 5.2.11). Additionally, G4 formation was highly influenced
by millimolar concentrations of magnesium, which corresponded to observations made
during PCR optimisation (Chapter 3). The first assay for correctly genotyping genomic
MEST samples utilized the combination of data provided from both PCR and CD
spectroscopy to develop a novel PCR buffer that contained NaPi. KCl concentrations in
this buffer significantly influenced genotyping outcome, and were kept to a minimum. PCR
amplification in optimised NaPi buffer yielded diploid genotyping results, which could not
be obtained in PCR buffer (Chapter 3).

The second approach used methylation-specific PCR, performed upon bisulfite treated
genomic DNA samples. This technique was a modification of that presented by Herman et
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al. (1996), which distinguished the maternal (methylated) and paternal (unmethylated)
MEST alleles in separate PCRs using allele specific primers (Herman et al. 1996). Sanger
sequencing was performed on each PCR product, and this also allowed generation of
correct (diploid) genotypes for each parental gene.

The final assay depended on targeting the differential methylation of MEST in genomic
DNA prior to PCR, with alternative restriction endonucleases. Genomic DNA samples were
separately treated by two enzymes, one of which digests methylated DNA (McrBc), one of
which digests non-methylated DNA (HpaII). This resulted in the digestion of one parental
DNA copy per treatment. After each enzymatic treatment, the genomic DNA was amplified
by PCR, and then Sanger sequenced to identify the remaining allele. This assay returned
results that were congruent with prior analysis. These methods were used to screen a
cohort of parent-offspring trios, identifying three families that were informative and
enabled parent-of-origin analysis of the ADO. By comparing the genotypes obtained using
standard PCR for these three trios, it was clear that the maternal, methylated allele failed
to amplify in standard PCR. Collectively, these methods conclusively demonstrated that
the methylated, maternal allele was always the one that was lost through ADO (Stevens et
al. 2014b).

8.3 Bioinformatic prediction of G4
The work in Chapter 3 established the contribution of three key factors in the ADO:
cytosine methylation, KCl, and guanine Hoogsteen bonds. Cytosine methylation in
isolation did not appear sufficient to explain the ADO, as this was not reported for other
methylated DNA regions. The requirement for Hoogsteen bonds and KCl were
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characteristic of G4 formation and warranted further investigation. To investigate the
propensity of MEST to adopt G4 or DNA triplex structure, several different bioinformatic
prediction algorithms were utilized, (Oleg Kikin 2006, Scaria et al. 2006, Cer et al. 2012).
Three key regions (G4MEST1, 2 and 3) which had a high predicted propensity to form G4
on the G-rich DNA strand were identified, and although G4 structure was predicted to
form on the C-rich strand, the corresponding G-scores were low. In addition to triplex and
G4 formation, i-motif DNA structure also appeared likely to form on the complementary
C-rich strand.

To evaluate the respective impact of G4 structures and cytosine methylation, two
plasmids containing custom synthesized gBlockTM inserts were synthesized. The strategic
substitution of specific guanine residues with thymine significantly reduced the potential
for structural formation of the 550 bp MEST insert in one of these plasmids (mutant).
Template mixing experiments on in vitro methylated wild-type and mutant gBlockTM DNA
demonstrated that the wild-type MEST template was more difficult to amplify then the
mutated template, regardless of methylation status, presumably due to formation of G4
structures. Furthermore, when methylated and non-methylated mutant gBlockTM
templates were mixed, both alleles were consistently detected, which indicated that
structures dependent on Hoogsteen bonds were required for ADO. The use of 7-deaza
dGTP and mutated synthetic DNA templates further reinforced that both G4 formation
and CpG methylation were important for the observed ADO during PCR of the MEST
promoter. However, the formal possibility remained that structures other than G4 may
have contributed to the ADO, as these templates were designed to minimise formation of
G4, triplex and i-motif DNA structures. This possibility was explored further in Chapter 5.
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8.4 In vitro characterisation of G4 structure
nPAGE was applied to single-stranded oligonucleotides (representative of the predicted
MEST G4), for the preliminary characterisation of G4 under diverse ionic conditions.
Analysis by nPAGE confirmed the structural potential of G4MEST1, 2 and 3 and
G4MEST1LM, 2M and 3M (which each contained one methylated CpG group). Analysis in
differing ionic conditions indicated that structural formation was highly favoured by the
presence of KCl, but was also apparent in the presence of NaCl. This observation provided
a potential link between the formation of G4 and the KCl dependence of ADO during PCR.
However, nPAGE proved inconclusive for the investigation of methylated oligomers,
which migrated faster than the mutant sequences, but slower than the equivalent
homologous non-methylated sequence.

CD spectroscopy was used to extend the nPAGE analysis. G4 formation by G4MEST1-3
was confirmed; where formation was favoured in KCl. NaCl induced a topological change
in G4MEST1 and G4MEST3, where a reduction in elliptical profiles was suggestive of a
decrease in structure formation. Analysis of G4 in buffer/salt mixes containing Tris, MgCl2
and KCl, (PCR buffer), demonstrated that both G4MEST1 and G4MEST3 shifted to a
predominantly parallel structure. These conditions also caused significant stabilisation of
all three structures, with G4MEST2 and G4MEST3 showing an extraordinary Tm of >
99.0oC in PCR buffer.

It is clear from this work that group I cations (Na+ and K+), group II cations (Mg2+), and
cytosine methylation all influenced MEST G4 topology and thermodynamic stability. From
this investigation it can be concluded that PCR buffer provides an ionic environment
which stimulates G4 formation in methylated DNA, and increases the Tm of both
methylated and non-methylated G4 structures.
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Role of divalent cations
Divalent cations can bind and stabilise G4 structure, where the Ka values are
approximately 100-folder larger than those for monovalent cations (K+ and Na+) (Hardin
et al. 2000). Studies using Mg2+ indicate a complex binding situation where the cation can
interact with the phosphodiester backbone to stabilize G4 (Lee 1990, Xu et al. 1993). This
may limit the rotational mobility of the DNA backbone and explain the selection for
formation of parallel topology by G4MEST1 and G4MEST3. Maximum stability is observed
around 5 mM MgCl2, above which, G4 dissociate (Hardin et al. 2000). Dissociation of
intermolecular structure by MgCl2 was demonstrated using the combination of nPAGE and
FADFA (Appendix I), where analysis at 10 mM MgCl2 selected against intramolecular G4
formation and appeared to favour intermolecular G4.

Stabilisation of triplex structure by MgCl2 has also been reported, however, this was offset
by the presence of KCl, which favours G4 formation over triplex (Blume et al. 1997). It can
be concluded that Mg2+ interacts with DNA structures in a diverse and complex manner,
playing a central role in directing non B-DNA formation and stability during ADO. This
may correspond to observations made in Chapter 3, where PCR amplification only
occurred within an unusually limited concentration range of magnesium.

Cytosine methylation in non B-DNA structure
CD spectroscopy was used to evaluate the potential for both i-motif and G4 DNA structure
to contribute towards ADO during PCR. This was achieved by assessing the structural
propensity using methylated oligonucleotides, at conditions relevant to PCR. CD
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spectroscopy eliminated i-motif formation as a likely contributor to ADO during PCR of
MEST. Oligonucleotides complementary to the three G4 forming regions (and therefore
likely to form i-motifs) demonstrated a lack of structural formation in PCR buffer,
regardless of the methylation status. When i-motif formation was observed in NaPi, at pH
5.5, thermodynamic stability was increased by 5’ methylcytosine; however, this was not
sufficient for maintenance of structure at temperatures relevant to PCR.

The Tm of G4 was investigated with the methylated oligonucleotides G4MEST1LM,
G4MEST2M and G4MEST3M. The Tm of G4MEST2M and G4MEST3M was lower than the
corresponding non-methylated oligonucleotides, and G4MEST1LM was equivalent. These
observations were contradictory to the initial hypotheses that methylation may stabilise
the G4. G4MEST2M and G4MEST3M did, however, display spectral profiles representative
of G4 in the presence of both KCl and MgCl2, as present in PCR buffer. This indicated the
possibility of a kinetic interaction between methylation and G4 formation, which was
specific to the conditions of PCR and which could potentially influence ADO.

G4MEST1LM was the only oligonucleotide where the methylated cytosine was not
adjacent to a G-tetrad forming guanine, and was also the only methylated oligonucleotide
capable of forming G4 in the absence of MgCl2. This may hint at a kinetic interaction
between methylation and G4 structure where the position of 5’methylcytosine within the
G4 structure influences stability and formation. To further this investigation, G4MEST3M
could be resynthesized with additional methylation positions, then reanalysed in future
experiments.
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G4 stability throughout PCR cycles
In order to explore in more detail the behaviour of G4 during a typical PCR cycle, CD was
used to examine G4 in PCR buffer at a range of temperatures. This involved collecting CD
spectra of pre-annealed G4 oligonucleotides after “denaturation” at 95oC for two minutes,
“annealing” at 55oC for fifteen seconds and “extension” at 72oC for 45 seconds. For
G4MEST3 this experiment was modified to mimic PCR over several cycles. G4MEST3 and
G4MEST3M maintained structure through the two minute denaturation period at 95oC
and for five subsequent cycle repetitions. During this experiment, G4MEST3M began to
dissociate at cycle four, but re-associated instantly as the temperature was lowered.
G4MEST3 began to dissociate at approximately cycle 7, after which, structure was not
regained. This experiment demonstrated that cytosine methylation significantly
increased the re-association rates of G4 after denaturation, an effect which was enhanced
by MgCl2. This effect was more pronounced in PCR buffer compared to NaPi, which
indicates that Tris-HCl may provide a favoured environment for G4 re-association. For all
methylated oligonucleotides, G4 structure was present at the PCR extension temperature
(72oC), indicating that methylated G4 form during PCR, and could impair amplification by
Taq polymerase.

The structural and chemical dynamics of cytosine methylation within G4 structure have
not been extensively investigated. Hardin (1993) was the first to observe that cytosine
methylation may alleviate the structural requirement for protonation in cytosine to
cytosine bonds, and aid in the formation of secondary DNA structure (Hardin et al. 1993).
When cytosine was substituted with 5-methylcytosine, a dramatic increase in the rate of
G4 assembly was observed (Hardin et al. 1993). Here it was also demonstrated that C:C
basepairing increased G4 stability, an effect that was greatly enhanced by cytosine
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methylation (Hardin et al. 1993). This observation was later reinforced by Lin et al. (2013)
and a similar mechanism of stabilisation was also documented for i-motif and DNA
triplexes (Gill GE 1974, Xodo et al. 1991, Gehring et al. 1993, Samadashwily et al. 1993,
Lavelle and Fresco 1995). These data are consistent with the observation that methylated
G4MEST oligonucleotides demonstrated increased re-association rates compared to nonmethylated oligonucleotides, however, methylation did not appear to increase the
thermal stability.

8.5 Analysis using fluorescent DMS footprinting
To investigate the precise nucleotide positions contributing towards the formation of
DNA structures at the MEST promoter locus, I developed two novel fluorescent assays for
visualising DNA (FADFA and FANFA). These assays used two different approaches where
FADFA relied on chemical cleavage and FANFA relied on enzymatic cleavage.

The FADFA technique was a modification of traditional DMS footprinting techniques that
employed fluorescence rather than radioisotopic labels, combined with fragment sizing
by capillary electrophoresis. FANFA was applied to the same DNA template as FADFA and
utilised a different pathway to investigate the same DNA structures. These assays were
validated on a well-studied c-MYC G4 region (PU27), and were successfully applied to
identify regions of G4 formation in both single and dsDNA templates representative of the
MEST promoter region. By careful analysis of the results, differentiating between G4 and
triplex DNA structures was also possible.

FADFA demonstrated that MEST had a novel G4 motif on the C-rich DNA template
(G4MESTA) and it confirmed the formation of both G4MEST1L and G4MEST3. The
formation of G4MEST2 was confirmed in ssDNA, however, for technical reasons G4MEST2
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could not be studied in dsDNA. Non-structured (linear) dsDNA transitioned to adopt G4
formation without strand denaturation at the region of G4MEST3, and the G4 structure
consisted of a unique combination of G-tracts. This analysis provides supporting evidence
for the preferential formation of G4MEST3 in genomic DNA. Overall, G4MEST3 displayed
high variability in structure, with the formation of at least three G4 topologies
demonstrated (Chapter 6).

For FANFA, the assay design was modified to utilize enzymatic digestion by Mung Bean
nuclease, in place of chemical cleavage by piperidine. This provided a broader, more
general over-view of G4 formation in dsDNA templates, and proved particularly
successful at cleaving DNA on the strand complementary to G4 structures. The entire
MEST PCR amplicon was mapped for G4 formation using this technique, and G4 specific
cleavage was observed towards the 5’ and 3’ termini, and in the linking regions of G4 on
the G-rich strand. On the C-rich strand, cleavage was only observed at the 5’ and 3’ termini
of sequences which corresponded to G4 formation on the complementary strand. Two
additional G4 were documented (G4MEST4 and G4MEST5), which prior computational
analysis had identified as areas of relatively weak G4 propensity. This propensity was less
than that of G4MEST1-3, and consequently G4MEST4 and G4MEST5 were not investigated
alongside G4MEST1-3. In total, six G4 motifs were found to form within the 550 bp
template of the human MEST promoter region, five of which resided on a single (G-rich)
strand.

These structural footprinting assays provide a sound foundation for both chemical and
enzymatic analysis of DNA structure, as demonstrated by validation against published
data for the G4 region known to regulate the c-MYC oncogene (Siddiqui-Jain et al. 2002,
Hurley et al. 2006). Substantial information, including bidirectional analysis, was
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provided through the use of these new fluorescent protocols, which cannot be obtained
using traditional techniques. Furthermore, there were no restrictions associated with the
handling of radioisotopes, and exposure to hazardous acrylamide is reduced.

Evaluation of triplex formation
During nPAGE performed in NaCl, higher order structure was observed for G4MEST1,
which was not alleviated through the G>A substitution in mutant oligonucleotides. This
indicated the potential formation of triplex structure through Hoogsteen bonds which do
not involve guanine. Predicted triplex formations involved a minimum of two mismatches,
within each of the four identified structures, however, further investigation was still
warranted.

ADO analysis using 7-deaza dGTP (Chapter 4) indicated that guanine in the template DNA
is required for ADO during PCR. Addition of 7-deaza dGTP to the PCR buffer did not
alleviate ADO. This eliminated the possibility that ADO occurs during amplification of the
C-rich strand through formation of H-DNA, an observation which was reinforced using
polymerase extension in Chapter 7. Structural potential was assessed in double-stranded
DNA molecules using FADFA and FANFA and the observed pattern of cleavage was
consistent with G4 formation (Appendix J, Chapter 6). This indicated that G4 and not HDNA structure is pre-formed in the DNA template, however, the possibility still remained
that H-DNA could form during PCR amplification of the G-rich template. Because H-DNA
formation involves Hoogsteen bonds between both guanine and adenine, the contribution
of H-DNA to ADO could be resolved through analysis with 3-deaza-adenosine. This
analysis was not performed due to the difficulties and cost associated with transporting
3-deazaadenosine to New Zealand.
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Based upon the results of nPAGE, CD and DMS footprinting, I concluded the most likely
structures to form in both single and dsDNA of the MEST promoter region were G4. This
research has repeatedly demonstrated that G4 structure is present, and this is the likely
structure which prevents polymerase extension, leading to ADO. It is possible that during
amplification through a G4 structure, H-DNA forms when polymerase stalls (Figure 8.1).
This would indicate a transformation of G4 and triplex structure and would explain the
observations (Chapter 7) that polymerase arrest occurs internally to a G4 motif. Multistep models for the formation of triplex structure have been proposed and in this instance,
G4 may provide a suitable intermediate structure for the formation of H-DNA.

326 | P a g e

1

2

3

4

5

Figure 8.1 Schematic representation of hypothesized HH-DNA folding
Steps involved in the proposed model for H-DNA formation during polymerase arrest at G4. 1: primer
annealing initiates polymerase extension of the G4 containing template; 2: Polymerase stalls at positions of
G4; 3: G4 topology is disrupted by partial polymerase extension; 4: Remaining single-stranded DNA begins
to align to the short duplex region; 5: H-DNA structure is formed, trapping polymerase within the hairpin
loop.
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8.6 The mechanism of polymerase and G4 interaction
G4 formation is well known to result in polymerase arrest during amplification
(Woodford et al. 1994, Howell et al. 1996). In the case of MEST, cytosine methylation
appears to significantly increase the rate of re-association by G4 structure during PCR
(Chapter 5). I hypothesized that G4 structure on the maternal, methylated allele posed a
significant barrier to polymerase extension, which could delay or impair amplification of
that allele during PCR. Due to the exponential nature of PCR, it was anticipated this would
result in the biased amplification of the paternal allele, resulting in ADO of the maternal
allele. In order to test this hypothesis it was necessary to establish if G4 structure could
interfere with strand amplification, and how this differed between methylated and nonmethylated DNA. This required the development of a novel fluorescent polymerase stop
assay (FOPE), which modified traditional radioisotopic methods to utilize fluorescent
capillary electrophoresis.

Development of fluorescent stop assays
FOPE was performed on single and dsDNA templates, and successfully enabled the
simultaneous, bidirectional analysis of polymerase amplification on both DNA strands.
Validation of this technique was performed using the PU27 region from the human c-MYC
gene, with results equivalent to published data with radioisotopic techniques. When
analysed in isolation, G4MEST1, 2 and 3 were significant barriers to polymerase
amplification. When the template encompassed multiple G4, the first G4 encountered
provided the most significant barrier to polymerase extension, after which subsequent G4
appeared to be easily traversed. This may reflect the relative Tm of each G4, where the
dissociation of structure must occur before extension can proceed. Incorporation of 7328 | P a g e

deaza dGTP into the template DNA alleviated polymerase arrest, which demonstrated the
specificity of the assay for G4 structure. Methylation of the template DNA did not appear
to influence the position of polymerase arrest, indicating that ADO likely arose through a
different mechanism.

Previous FADFA assays had indicated that the 3’ G-tract of the motif for G4MEST3 was
highly prone to contribute towards G4 structure, regardless of the topology formed
(Chapter 6). It is interesting to note that during FOPE, amplification through G4MEST3
generally progressed through this 3’ G-tract, to terminate between G-tract 4 and 5. This
could indicate that the length of the linker and the internal bond angles of G4 strands may
relate to the ability of a G4 structure to impair polymerase extension.

A remarkable advantage of the fluorescent assays was the ability to progressively
examine the accumulation of extension products on both strands of a double-stranded
molecule, during PCR. This was exploited to better understand the MEST ADO
phenomenon. The length and amount of fluorescent product generated from each forward
and reverse primer at specific PCR cycles was quantified using a modification of the FOPE
technique. This was performed on differentially methylated templates in parallel
experiments to elucidate the mechanism of methylation specific ADO (Chapter 7).

Across the 35 cycles of PCR, polymerase arrest occurred at equivalent positions on both
methylated and non-methylated gBlockTM templates, with arrest sites primarily
corresponding to G4MESTA, G4MEST3 and 392 bp (within the 550 bp PCR amplicon).
However, the majority of extension was terminated within 20 bp of the primer for both
strands, at positions which did not correspond to G4 formation. As the PCR progresses,
the prematurely arrested templates appear to re-anneal and are extended, creating full
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length template. G4 structures on the methylated template presented a barrier to
polymerase extension for the duration of the PCR, whereas G4 on the non-methylated
template did not appear to block polymerase, and allowed the visible production of full
length products by cycle four of the PCR.

By cycle twelve, for the methylated template there was approximately double the amount
of full length DNA strands synthesized from the forward primer than from the reverse.
This corresponds to G4 obstruction on the G-rich template strand, and may indicate that
full length copies of the G-rich template are only synthesized from nascent C-rich DNA
strands previously generated during PCR, rather than from the original templates. The
amount of full length products generated from the methylated template by cycle 35 was
approximately equivalent to the amount from the non-methylated template by cycle eight.
This large difference occurred because PCR on methylated DNA did not appear to enter
into the exponential stage of amplification until approximately 12 cycles after nonmethylated DNA (Chapter 7).

To investigate if this delay in amplification was sufficient to prevent visualisation of one
allele during Sanger sequencing, which was used as the read-out for most ADO
experiments in this thesis, the effect of cycle lag was replicated using standard PCR on
mixed haplotypes. The minimum number of cycles a haplotype could be “delayed” during
PCR amplification, and still be visible during sequencing, was four. This clearly
demonstrates that the amplification lag of the methylated template observed with the
FOPE assay was more than sufficient to result in complete ADO.

Both G4MEST3 and G4MEST3M are stable barriers to polymerase amplification and
G4MEST3 has a higher Tm than G4MEST3M (assessed using CD). A model to fully explain
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ADO of the maternal, methylated MEST allele builds on the observation that cytosine
methylation significantly increases the association of G4 structure during PCR (Figure
8.2). In this model, G4MEST3 eventually dissociates and enables full length products to be
amplified, whereas G4MEST3M rapidly re-associates after denaturation, and presents a
stable barrier throughout PCR. Amplification likely relies on copies generated from the Crich strand, causing a large amplification lag, which results in ADO.
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Figure 8.2 Proposed model for ADO during PCR amplification
Schematic representation of the significant steps which contribute towards ADO during PCR, by G4 induced
polymerase arrest. 1: Genomic template contains G4 on both strands (blue and green) of paternal (top) and
maternal (bottom) DNA copies; 2: Polymerase (yellow circles) extends each template and is arrested at G4
structures; 3: Methylation enables G4 on the maternal DNA copy to re-associate after denaturation, meaning
full length amplicons are generated first from the paternal DNA copy. In subsequent cycles, the paternal
DNA enters exponential amplification and saturates the PCR.

8.7 Conclusions
The research presented in this thesis characterises a novel form of ADO, where one allele
from each subject fails to genotype, as determined by the parent-of-origin. Several novel
methods for the detection of non B-DNA structure were developed, which allowed for the
accurate and consistent investigation of G4 stability, topology and robustness. A range of
methods from bioinformatics, chemistry and human genetics were applied to investigate
G4 structure using PCR, CD spectroscopy, PAGE, DMS footprinting, nuclease footprinting,
bacterial cloning and polymerase arrest assays. The outcomes of these assays were reapplied to PCR and Sanger sequencing to enable the development of several novel assays
for the accurate genotyping of the MEST promoter region.

The main conclusion from this research is that ADO of the maternally methylated allele of
the MEST promoter region is likely to result from the rapid re-association of methylated
G4 structures on the maternal genomic DNA. During PCR, G4 structures block the
production of full length amplicons by Taq polymerase on both DNA copies for several
cycles. Full length products are only produced when the non-methylated G4 structure
dissociates, however, re-association of methylated G4 continues to block amplification.
Due to the exponential nature of PCR, this prevents accurate genotyping through the
exponential dilution of the maternal DNA copy.
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8.8 Implication of results and future work
This research addresses a consistent and difficult to detect failure of PCR, a procedure
universally employed for diagnosis and analysis of many genetic conditions, and for
widespread studies on virtually all aspects of biology. The observation of a consistent
drop-out of different alleles from different samples was both novel and intriguing.
However, the factors that interact to cause this ADO could be of broader importance to
our perception of human genome structure and function.

Further analysis is required to characterise the extent of the observations presented in
this thesis. The interaction of G4 with 5-methylcytosine to cause ADO may be limited to
the human MEST promoter region, or it may be of more widespread occurrence
throughout the genome. Preliminary investigation into the prevalence of G4 sequence in
imprinted, human genes revealed that from the 92 genes investigated, there were 831
predicted G4 motifs across 77 genes (84%). Of these, 79% contained potential for cytosine
methylation at one or more CpG dinucleotides, which equates to 61 genes (66%) of all
genes investigated (Appendix D).

To determine the extent of the parent-of-origin ADO reported in this thesis, investigation
of additional imprinted and methylated genes which contain G4 should be performed. The
assays described in Chapter 6 and 7 would be useful in this regard. Discovery of additional
imprinted loci at which this type of parent-of-origin ADO occurs could have serious
implications for several areas of genetic diagnosis, including carrier screening, mutation
detection and pre-implantation genetic diagnosis (Handyside et al. 1990). Preimplantation genetic diagnosis uses enzymatic amplification (whole genome
amplification), of whole genomes, to amplify DNA from a single cell (Spits et al. 2006).
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Additional investigation should test if amplification by enzymes like genomiphiTM , are
prone to ADO at MEST and similar loci, as this could have further implications in genetic
diagnostics.

Finally, the formation of G4 DNA is locally favoured over the formation of the WatsonCrick double helix at the region of G4MEST3 (Chapter 6). This raises the question of
whether there is a more complex interaction between cytosine methylation and DNA
structure, which might be relevant, in vivo. To investigate the ability of G4 motifs to form
within the genome of living cells FADFA could be modified for in vivo application. Initial
attempts for this procedure are presented in Appendix M, however, this technique
requires further optimisation. The interaction of G4 and 5-methylcytosine could provide
a novel mechanism for important biological functions, such as the regulation of gene
expression, or the control of imprinting, and this would be a worthwhile focus for future
research.

335 | P a g e

References
1) Abd-Elsalam, K. A. 2003. Bioinformatic tools and guideline for PCR primer design.
african Journal of biotechnology 2:91-95.
2) Ambrus, A., D. Chen, J. Dai, T. Bialis, R. A. Jones, and D. Yang. 2006. Human telomeric
sequence forms a hybrid-type intramolecular G-quadruplex structure with mixed
parallel/antiparallel strands in potassium solution. Nucleic Acids Research 34:2723-2735.
3) Ambrus, A., D. Chen, J. Dai, R. A. Jones, and D. Yang. 2005. Solution structure of the
biologically relevant G-quadruplex element in the human c-MYC promoter. Implications
for G-quadruplex stabilization. Biochemistry 44:2048-2058.
4) Arola, A., and R. Vilar. 2008. Stabilisation of G-quadruplex DNA by small molecules.
Current topics in medicinal chemistry 8:1405-1415.
5) Arslan, A. A., L. I. Gold, K. Mittal, T. C. Suen, I. Belitskaya-Levy, M. S. Tang, and P.
Toniolo. 2005. Gene expression studies provide clues to the pathogenesis of uterine
leiomyoma: New evidence and a systematic review. Human Reproduction 20:852-863.
6) Arthanari, H., and P. H. Bolton. 2001. Functional and dysfunctional roles of quadruplex
DNA in cells. Chemistry & biology 8:221-230.
7) Asensio, J. L., H. S. Dosanjh, T. C. Jenkins, and A. N. Lane. 1998. Thermodynamic,
kinetic, and conformational properties of a parallel intermolecular DNA triplex containing
5'and 3'junctions. Biochemistry 37:15188-15198.
8) Bacolla, A., and R. D. Wells. 2004. Non-B DNA conformations, genomic rearrangements,
and human disease. Journal of Biological Chemistry 279:47411-47414.
9) Balagurumoorthy, P., and S. K. Brahmachari. 1994. Structure and stability of human
telomeric sequence. Journal of Biological Chemistry 269:21858-21869.
10) Bang, I. 1910. Untersuchungen über die Guanylsäure. Biochemische Zeitschrift 26:293311.
11) Barnes, W. M. 1994. PCR amplification of up to 35-kb DNA with high fidelity and high
yield from lambda bacteriophage templates. Proceedings of the National Academy of
Sciences 91:2216-2220.
12) Bartlett, J. M., and D. Stirling. 2003. A short history of the polymerase chain reaction.
Pages 3-6 PCR protocols. Springer.
13) Bashkirov, V. I., H. Scherthan, J. A. Solinger, J.-M. Buerstedde, and W.-D. Heyer. 1997.
A mouse cytoplasmic exoribonuclease (mXRN1p) with preference for G4 tetraplex
substrates. The Journal of cell biology 136:761-773.
14) Baskaran, N., R. P. Kandpal, A. K. Bhargava, M. W. Glynn, A. Bale, and S. M.
Weissman. 1996. Uniform amplification of a mixture of deoxyribonucleic acids with
varying GC content. Genome Research 6:633-638.
336 | P a g e

15) Bates, P. J., H. S. Dosanjh, S. Kumar, T. C. Jenkins, C. A. Laughton, and S. Neidle. 1995.
Detection and kinetic studies of triplex formation by oligodeoxynucleotides using realtime biomolecular interaction analysis (BIA). Nucleic Acids Research 23:3627-3632.
16) Benimetskaya, L., M. Berton+, A. Kolbanovsky, S. Benimetsky, and C. Stein. 1997.
Formation of a G-tetrad and higher order structures correlates with biological activity of
the RelA (NF-κB p65)‘antisense’oligodeoxynucleotide. Nucleic Acids Research 25:26482656.
17) Berger, S. L. 2007. The complex language of chromatin regulation during transcription.
Nature 447:407-412.
18) Berova, N., K. Nakanishi, and R. Woody. 2000. Circular dichroism: principles and
applications. John Wiley & Sons.
19) Besnard, E., A. Babled, L. Lapasset, O. Milhavet, H. Parrinello, C. Dantec, J.-M. Marin,
and J.-M. Lemaitre. 2012. Unraveling cell type–specific and reprogrammable human
replication origin signatures associated with G-quadruplex consensus motifs. Nature
Structural & Molecular Biology 19:837-844.
20) Bhavsar-Jog, Y. P., E. Van Dornshuld, T. A. Brooks, G. S. Tschumper, and R. M.
Wadkins. 2014. Epigenetic modification, dehydration, and molecular crowding effects on
the thermodynamics of i-motif structure formation from C-rich DNA. Biochemistry
53:1586-1594.
21) Biffi, G., M. Di Antonio, D. Tannahill, and S. Balasubramanian. 2014. Visualization and
selective chemical targeting of RNA G-quadruplex structures in the cytoplasm of human
cells. Nat Chem 6:75-80.
22) Biffi, G., D. Tannahill, and S. Balasubramanian. 2012. An intramolecular G-quadruplex
structure is required for binding of telomeric repeat-containing RNA to the telomeric
protein TRF2. Journal of the American Chemical Society 134:11974.
23) Biffi, G., D. Tannahill, J. McCafferty, and S. Balasubramanian. 2013. Quantitative
visualization of DNA G-quadruplex structures in human cells. Nature Chemistry.
24) Bird, L. M. 2014. Angelman syndrome: Review of clinical and molecular aspects.
Application of Clinical Genetics 7:93-104.
25) Blume, S. W., V. Guarcello, W. Zacharias, and D. M. Miller. 1997. Divalent transition
metal cations counteract potassium-induced quadruplex assembly of oligo (dG)
sequences. Nucleic Acids Research 25:617-625.
26) Boán, F., M. G. Blanco, P. Barros, A. I. González, and J. Gómez-Márquez. 2004.
Inhibition of DNA synthesis by K +-stabilised G-quadruplex promotes allelic preferential
amplification. FEBS Letters 571:112-118.
27) Bochman, M. L., K. Paeschke, and V. A. Zakian. 2012. DNA secondary structures:
stability and function of G-quadruplex structures. Nature Reviews Genetics 13:770-780.

337 | P a g e

28) Brewer, A. C., P. J. Marsh, and R. K. Patient. 1990. A simplified method for in vivo
footprinting using DMS. Nucleic Acids Research 18:5574.
29) Brookes, P., and P. Lawley. 1961. The reaction of mono-and di-functional alkylating
agents with nucleic acids. Biochemical Journal 80:496.
30) Brunner, B., F. Grutzner, M. L. Yaspo, H. H. Ropers, T. Haaf, and V. M. Kalscheuer.
2000. Molecular cloning and characterization of the Fugu rubripes MEST/COPG2
imprinting cluster and chromosomal localization in Fugu and Tetraodon nigroviridis.
Chromosome Research 8:465-476.
31) Bryan, T. M., and P. Baumann. 2010. G-quadruplexes: from guanine gels to
chemotherapeutics. Pages 1-16 G-Quadruplex DNA. Springer.
32) Bugaut, A., and S. Balasubramanian. 2008. A sequence-independent study of the
influence of short loop lengths on the stability and topology of intramolecular DNA Gquadruplexes. Biochemistry 47:689-697.
33) Bunyan, D. J., H. M. Bullman, M. Lever, S. D. Saminathan, W. T. Keng, R. Araffin, and
D. O. Robinson. 2011. Different denaturation rates between methylated and nonmethylated genomic DNA can result in allele-specific PCR amplification. Open Journal of
Genetics 1:13-14.
34) Burge, S., G. N. Parkinson, P. Hazel, A. K. Todd, and S. Neidle. 2006. Quadruplex DNA:
sequence, topology and structure. Nucleic Acids Research 34:5402-5415.
35) Burpo, F. J. 2001. A critical review of PCR primer design algorithms and
crosshybridization case study. Biochemistry 218:1-12.
36) Buske, F. A., D. C. Bauer, J. S. Mattick, and T. L. Bailey. 2012. Triplexator: detecting
nucleic acid triple helices in genomic and transcriptomic data. Genome Research 22:13721381.
37) Byrd, A. K., and K. D. Raney. 2015. A Parallel Quadruplex DNA Is Bound Tightly But
Unfolded Slowly By Pif1 Helicase. Journal of Biological Chemistry:jbc. M114. 630749.
38) Cahoon, L. A., and H. S. Seifert. 2009. An alternative DNA structure is necessary for pilin
antigenic variation in Neisseria gonorrhoeae. Science 325:764-767.
39) Capra, J. A., K. Paeschke, M. Singh, and V. A. Zakian. 2010. G-quadruplex DNA
sequences are evolutionarily conserved and associated with distinct genomic features in
Saccharomyces cerevisiae. PLoS computational biology 6:e1000861.
40) Cassidy, S. A., L. Strekowski, W. D. Wilson, and K. R. Fox. 1994. Effect of a triplexbinding ligand on parallel and antiparallel DNA triple helixes using short unmodified and
acridine-linked oligonucleotides. Biochemistry 33:15338-15347.
41) Cer, R. Z., D. E. Donohue, U. S. Mudunuri, N. A. Temiz, M. A. Loss, N. J. Starner, G. N.
Halusa, N. Volfovsky, M. Yi, and B. T. Luke. 2012. Non-B DB v2. 0: a database of
predicted non-B DNA-forming motifs and its associated tools. Nucleic Acids
Research:gks955.
338 | P a g e

42) Chakrabarti, R., and C. E. Schutt. 2001. The enhancement of PCR amplification by low
molecular-weight sulfones. Gene 274:293-298.
43) Chantot, J.-F., and W. Guschlbauer. 1969. Physicochemical properties of nucleosides 3.
Gel formation by 8-bromoguanosine. FEBS Letters 4:173-176.
44) Cheng, A. J., J. C. Wang, and M. W. Van Dyke. 1998. Self-association of G-rich
oligodeoxyribonucleotides under conditions promoting purine-motif triplex formation.
Antisense and Nucleic Acid Drug Development 8:215-225.
45) Chin, T.-M., C.-M. Chang, H.-W. Huang, and L.-L. Lo. 2004. Bimolecular Triplex
Formation between 5′-d-(AG) nT4 (CT) n and 5′-d-(TC) nas Functions of Helix Length
and Buffer. Journal of Biomolecular Structure and Dynamics 22:35-43.
46) Christiansen, J., M. Kofod, and F. C. Nielsen. 1994. A guanosine quadruplex and two
stable hairpins flank a major cleavage site in insulin-like growth factor II mRNA. Nucleic
Acids Research 22:5709-5716.
47) Christman, J. K. 2002. 5-Azacytidine and 5-aza-2'-deoxycytidine as inhibitors of DNA
methylation: mechanistic studies and their implications for cancer therapy. Oncogene
21:5483-5495.
48) Ciulla, T. A., R. M. Sklar, and S. L. Hauser. 1988. A simple method for DNA purification
from peripheral blood. Analytical Biochemistry 174:485-488.
49) Cogoi, S., and L. E. Xodo. 2006. G-quadruplex formation within the promoter of the
KRAS proto-oncogene and its effect on transcription. Nucleic Acids Research 34:25362549.
50) Consortium, G. P. 2012. An integrated map of genetic variation from 1,092 human
genomes. Nature 491:56-65.
51) Criss, A. K., K. A. Kline, and H. S. Seifert. 2005. The frequency and rate of pilin
antigenic variation in Neisseria gonorrhoeae. Molecular Microbiology 58:510-519.
52) Cross, S. H., R. C. Allshire, S. J. McKay, N. I. McGill, and H. J. Cooke. 1989. Cloning of
human telomeres by complementation in yeast. Nature 338:771-774.
53) Dai, J., E. Hatzakis, L. H. Hurley, and D. Yang. 2010. I-motif structures formed in the
human c-MYC promoter are highly dynamic-insights into sequence redundancy and Imotif stability. PLoS ONE 5.
54) Đapić, V., V. Abdomerović, R. Marrington, J. Peberdy, A. Rodger, J. O. Trent, and P. J.
Bates. 2003. Biophysical and biological properties of quadruplex
oligodeoxyribonucleotides. Nucleic Acids Research 31:2097-2107.
55) Davis, C. D., and E. O. Uthus. 2004. DNA methylation, cancer susceptibility, and nutrient
interactions. Experimental biology and medicine 229:988-995.
56) Davis, J. T. 2004. G-Quartets 40 Years Later: From 5′-GMP to Molecular Biology and
Supramolecular Chemistry. Angewandte Chemie - International Edition 43:668-698.

339 | P a g e

57) Day, H. A., P. Pavlou, and Z. A. Waller. 2014. i-Motif DNA: Structure, Stability and
Targeting with Ligands. Bioorganic & Medicinal Chemistry.
58) Dayn, A., G. M. Samadashwily, and S. M. Mirkin. 1992. Intramolecular DNA triplexes:
unusual sequence requirements and influence on DNA polymerization. Proceedings of the
National Academy of Sciences 89:11406-11410.
59) De Lange, T., L. Shiue, R. Myers, D. Cox, S. Naylor, A. Killery, and H. Varmus. 1990.
Structure and variability of human chromosome ends. Molecular and cellular biology
10:518-527.
60) De, S., and F. Michor. 2011. DNA secondary structures and epigenetic determinants of
cancer genome evolution. Nature Structural and Molecular Biology 18:950-955.
61) Delaney, S., and J. K. Barton. 2003. Charge Transport in DNA Duplex/Quadruplex
Conjugates. Biochemistry 42:14159-14165.
62) Desforges, J. F., and B. I. Eisenstein. 1990. The polymerase chain reaction: a new method
of using molecular genetics for medical diagnosis. New England Journal of Medicine
322:178-183.
63) Dierick, H., M. Stul, W. De Kelver, P. Marynen, and J.-J. Cassiman. 1993. Incorporation
of dITP or 7-deaza dGTP during PCR improves sequencing of the product. Nucleic Acids
Research 21:4427.
64) Dolník, V. 1994. Capillary gel electrophoresis. Journal of Microcolumn Separations
6:315-330.
65) Dorak, M. T. 2007. Real-time PCR. Taylor & Francis.
66) Drolet, M. 2006. Growth inhibition mediated by excess negative supercoiling: The
interplay between transcription elongation, R-loop formation and DNA topology.
Molecular Microbiology 59:723-730.
67) Duquette, M. L., P. Handa, J. A. Vincent, A. F. Taylor, and N. Maizels. 2004. Intracellular
transcription of G-rich DNAs induces formation of G-loops, novel structures containing
G4 DNA. Genes & development 18:1618-1629.
68) Eddy, J., and N. Maizels. 2006. Gene function correlates with potential for G4 DNA
formation in the human genome. Nucleic Acids Research 34:3887-3896.
69) Eddy, J., and N. Maizels. 2008. Conserved elements with potential to form polymorphic
G-quadruplex structures in the first intron of human genes. Nucleic Acids Research
36:1321-1333.
70) Edwards, M. C., and R. A. Gibbs. 1994. Multiplex PCR: advantages, development, and
applications. Genome Research 3:S65-S75.
71) Ehrlich, M. 2002. DNA methylation in cancer: too much, but also too little. Oncogene
21:5400-5413.
72) Erlich, H. A. 1989. Polymerase chain reaction. Journal of clinical immunology 9:437-447.
340 | P a g e

73) Esteller, M., P. G. Corn, S. B. Baylin, and J. G. Herman. 2001. A gene hypermethylation
profile of human cancer. Cancer Research 61:3225-3229.
74) Favaloro, J., R. Treisman, and R. Kamen. 1980. [68] Transcription maps of polyoma
virus-specific RNA: Analysis by two-dimensional nuclease S1 gel mapping. Pages 718749 Methods in enzymology.
75) Feil, R., and S. Khosla. 1999. Genomic imprinting in mammals: An interplay between
chromatin and DNA methylation? Trends in Genetics 15:431-435.
76) Fekete, R. A., M. J. Miller, and D. K. Chattoraj. 2003. Fluorescently labeled
oligonucleotide extension: a rapid and quantitative protocol for primer extension.
Biotechniques 35:90-99.
77) Felsenfeld, G., D. R. Davies, and A. Rich. 1957. Formation of a three-stranded
polynucleotide molecule. Journal of the American Chemical Society 79:2023-2024.
78) Findlay, I., P. Ray, P. Quirke, A. Rutherford, and R. Lilford. 1995. Allelic drop-out and
preferential amplification in single cells and human blastomeres: Implications for
preimplantation diagnosis of sex and cystic fibrosis. Human Reproduction 10:1609-1618.
79) Frank-Kamenetskii, M. D., and S. M. Mirkin. 1995. Triplex DNA structures. Annual
review of biochemistry 64:65-95.
80) Fundele, R. H., and M. A. Surani. 2005. Experimental embryological analysis of genetic
imprinting in mouse development. Developmental genetics 15:515-522.
81) Gaddis, S. S., Q. Wu, H. D. Thames, J. Digiovanni, E. F. Walborg, M. C. MacLeod, and
K. M. Vasquez. 2006. A web-based search engine for triplex-forming oligonucleotide
target sequences. Oligonucleotides 16:196-201.
82) Garibyan, L., and N. Avashia. 2013. Polymerase chain reaction. Journal of Investigative
Dermatology 133:e6.
83) Gehring, K., J.-L. Leroy, and M. Guéron. 1993. A tetrameric DNA structure with
protonated cytosine-cytosine base pairs.
84) Gellert, M., M. N. Lipsett, and D. R. Davies. 1962. Helix formation by guanylic acid.
Proceedings of the National Academy of Sciences of the United States of America
48:2013.
85) Gill GE, M. J., C.C. B. 1974. Physical studies on synthetic DNAs containing 5methylcytosine. . Biochim Biophys Acta 335: :330-348.
86) Gill, M. L., S. A. Strobel, and J. P. Loria. 2005. 205TI NMR methods for the
characterization of monovalent cation binding to nucleic acids. Journal of the American
Chemical Society 127:16723-16732.
87) Gill, M. L., S. A. Strobel, and J. P. Loria. 2006. Crystallization and characterization of the
thallium form of the Oxytricha nova G-quadruplex. Nucleic Acids Research 34:45064514.

341 | P a g e

88) Gill, P., L. Gusmão, H. Haned, W. R. Mayr, N. Morling, W. Parson, L. Prieto, M. Prinz,
H. Schneider, P. M. Schneider, and B. S. Weir. 2012. DNA commission of the
International Society of Forensic Genetics: Recommendations on the evaluation of STR
typing results that may include drop-out and/or drop-in using probabilistic methods.
Forensic Science International: Genetics 6:679-688.
89) Gill, P., A. Kirkham, and J. Curran. 2007. LoComatioN: A software tool for the analysis
of low copy number DNA profiles. Forensic Science International 166:128-138.
90) Gladych, M., A. Wojtyla, and B. Rubis. 2011. Human telomerase expression regulation.
Biochemistry and Cell Biology 89:359-376.
91) Goldberg, A. D., C. D. Allis, and E. Bernstein. 2007. Epigenetics: a landscape takes
shape. Cell 128:635-638.
92) González, V., K. Guo, L. Hurley, and D. Sun. 2009. Identification and characterization of
nucleolin as a c-myc G-quadruplex-binding protein. Journal of Biological Chemistry
284:23622-23635.
93) González, V., and L. H. Hurley. 2010. The c-MYC NHE III1: function and regulation.
Annual review of pharmacology and toxicology 50:111-129.
94) Gottarelli, G., S. Lena, S. Masiero, S. Pieraccini, and G. P. Spada. 2008. The use of
circular dichroism spectroscopy for studying the chiral molecular self assembly: An
overview. Chirality 20:471-485.
95) Gray, D. M., S.-H. Hung, and K. H. Johnson. 1994. Absorption and circular dichroism
spectroscopy of nucleic acid duplexes and triplexes. Methods in enzymology 246:19-34.
96) Greider, C. W., and E. H. Blackburn. 1985. Identification of a specific telomere terminal
transferase activity in Tetrahymena extracts. Cell 43:405-413.
97) Greider, C. W., and E. H. Blackburn. 1989. A telomeric sequence in the RNA of
Tetrahymena telomerase required for telomere repeat synthesis. Nature 337:331-337.
98) Guédin, A., J. Gros, P. Alberti, and J.-L. Mergny. 2010. How long is too long? Effects of
loop size on G-quadruplex stability. Nucleic Acids Research 38:7858-7868.
99) Guéron, M., and J.-L. Leroy. 2000. The i-motif in nucleic acids. Current opinion in
structural biology 10:326-331.
100) Haber, J. E. 1998. Mating-type gene switching in Saccharomyces cerevisiae. Annual
review of genetics 32:561-599.
101) Halder, R., K. Halder, P. Sharma, G. Garg, S. Sengupta, and S. Chowdhury. 2010.
Guanine quadruplex DNA structure restricts methylation of CpG dinucleotides genomewide. Molecular BioSystems 6:2439-2447.
102) Handyside, A. H., E. H. Kontogianni, K. Hardy, and R. Winston. 1990. Pregnancies
from biopsied human preimplantation embryos sexed by Y-specific DNA amplification.
Nature 344:768-770.
342 | P a g e

103) Hänsel, R., F. Löhr, S. Foldynová-Trantírková, E. Bamberg, L. Trantírek, and V.
Dötsch. 2011. The parallel G-quadruplex structure of vertebrate telomeric repeat
sequences is not the preferred folding topology under physiological conditions. Nucleic
Acids Research 39:5768-5775.
104) Hardin, C. C., M. Corregan, B. A. Brown Ii, and L. N. Frederick. 1993. Cytosinecytosine+ base pairing stabilizes DNA quadruplexes and cytosine methylation greatly
enhances the effect. Biochemistry 32:5870-5880.
105) Hardin, C. C., A. G. Perry, and K. White. 2000. Thermodynamic and kinetic
characterization of the dissociation and assembly of quadruplex nucleic acids.
Biopolymers 56:147-194.
106) Hardin, C. C., T. Watson, M. Corregan, and C. Bailey. 1992. Cation-dependent
transition between the quadruplex and Watson-Crick hairpin forms of d(CGCG3GCG).
Biochemistry 31:833-841.
107) Harley, C. B., H. Vaziri, C. M. Counter, and R. C. Allsopp. 1992. The telomere
hypothesis of cellular aging. Experimental gerontology 27:375-382.
108) Heid, C. A., J. Stevens, K. J. Livak, and P. M. Williams. 1996. Real time quantitative
PCR. Genome Research 6:986-994.
109) Henderson, E., C. C. Hardin, S. K. Walk, I. Tinoco, and E. H. Blackburn. 1987.
Telomeric DNA oligonucleotides form novel intramolecular structures containing
guanine-guanine base pairs. Cell 51:899-908.
110) Herman, J. G., J. R. Graff, S. Myöhänen, B. D. Nelkin, and S. B. Baylin. 1996.
Methylation-specific PCR: a novel PCR assay for methylation status of CpG islands.
Proceedings of the National Academy of Sciences 93:9821-9826.
111) Higuchi, R., C. Fockler, G. Dollinger, and R. Watson. 1993. Kinetic PCR analysis:
real-time monitoring of DNA amplification reactions. Bio/Technolgy:1026-1030.
112) Horsburgh, B. C., H. Kollmus, H. Hauser, and D. M. Coen. 1996. Translational
recoding induced by G-rich mRNA sequences that form unusual structures. Cell 86:949959.
113) Howell, R., K. Woodford, M. Weitzmann, and K. Usdin. 1996. The Chicken-Globin
Gene Promoter Forms a Novel Cinched Tetrahelical Structure. Journal of Biological
Chemistry 271:5208-5214.
114) Huberman, J. A., and A. D. Riggs. 1968. On the mechanism of DNA replication in
mammalian chromosomes. Journal of Molecular Biology 32:327-334,IN315-IN322,335341.
115) Huntriss, J. D., K. E. Hemmings, M. Hinkins, A. J. Rutherford, R. G. Sturmey, K.
Elder, and H. M. Picton. 2013. Variable imprinting of the MEST gene in human
preimplantation embryos. European Journal of Human Genetics 21:40-47.
116)

Huppert, J. 2008a. Hunting G-quadruplexes. Biochimie 90:1140-1148.
343 | P a g e

117) Huppert, J. L. 2008b. Four-stranded nucleic acids: structure, function and targeting of
G-quadruplexes. Chemical Society Reviews 37:1375-1384.
118) Huppert, J. L. 2010. Structure, location and interactions of G-quadruplexes. FEBS J
277:3452-3458.
119) Huppert, J. L., and S. Balasubramanian. 2005. Prevalence of quadruplexes in the
human genome. Nucleic Acids Research 33:2908-2916.
120) Huppert, J. L., and S. Balasubramanian. 2007. G-quadruplexes in promoters
throughout the human genome. Nucleic Acids Research 35:406-413.
121) Hurley, L. H., D. D. Von Hoff, A. Siddiqui-Jain, and D. Yang. 2006. Drug targeting of
the c-MYC promoter to repress gene expression via a G-quadruplex silencer element.
Pages 498-512 in Seminars in oncology. Elsevier.
122) Hussain Askree, S., L. N. Hjelm, M. Ali Pervaiz, M. Adam, L. J. Bean, M. Hedge, and
B. Coffee. 2011. Allelic dropout can cause false-positive results for Prader-Willi and
Angelman syndrome testing. The Journal of Molecular Diagnostics 13:108-112.
123) Innis, M., and D. Gelfand. 1999. Optimization of PCR: conversations between
Michael and David. PCR applications: protocols for functional genomics:3-22.
124) Isles, A. R. 2015. Neural and behavioral epigenetics; what it is, and what is hype.
Genes, Brain and Behavior 14:64-72.
125) Ivanov, V., L. Minchenkova, A. Schyolkina, and A. Poletayev. 1973. Different
conformations of double stranded nucleic acid in solution as revealed by circular
dichroism. Biopolymers 12:89-110.
126) Jaenisch, R., and A. Bird. 2003. Epigenetic regulation of gene expression: How the
genome integrates intrinsic and environmental signals. Nature Genetics 33:245-254.
127) Joyce, P. R., P. C. McHugh, K. J. Light, S. Rowe, A. L. Miller, and M. A. Kennedy.
2009. Relationships between angry-impulsive personality traits and genetic
polymorphisms of the dopamine transporter. Biological psychiatry 66:717-721.
128) Jung, A., S. Ruckert, P. Frank, T. Brabletz, and T. Kirchner. 2002. 7-deaza-2′deoxyguanosine allows PCR and sequencing reactions from CpG islands. Journal of
Clinical Pathology - Molecular Pathology 55:55-57.
129) Kalendar, R., D. Lee, and A. H. Schulman. 2011. Java web tools for PCR, in silico
PCR, and oligonucleotide assembly and analysis. Genomics 98:137-144.
130) Kaneko-Ishino, T., Y. Kuroiwa, N. Miyoshi, T. Kohda, R. Suzuki, M. Yokoyama, S.
Viville, S. C. Barton, F. Ishino, and M. A. Surani. 1995. Peg1/Mest imprinted gene on
chromosome 6 identified by cDNA subtraction hybridization. Nature Genetics 11:52-59.
131) Kang, J., S. L. Myung, and D. G. Gorenstein. 2005. The enhancement of PCR
amplification of a random sequence DNA library by DMSO and betaine: Application to in
vitro combinatorial selection of aptamers. Journal of Biochemical and Biophysical
Methods 64:147-151.
344 | P a g e

132) Kanwar, Y. S., X. Pan, S. Lin, A. Kumar, J. Wada, C. S. Haas, G. Liau, and J. W.
Lomasney. 2003. Imprinted mesodermal specific transcript (MEST) and H19 genes in
renal development and diabetes. Kidney International 63:1658-1670.
133) Karnani, N., C. M. Taylor, A. Malhotra, and A. Dutta. 2010. Genomic study of
replication initiation in human chromosomes reveals the influence of transcription
regulation and chromatin structure on origin selection. Molecular biology of the cell
21:393-404.
134) Karsisiotis, A. I., N. M. Hessari, E. Novellino, G. P. Spada, A. Randazzo, and M.
Webba da Silva. 2011. Topological characterization of nucleic acid G-quadruplexes by
UV absorption and circular dichroism. Angew Chem Int Ed Engl 50:10645-10648.
135) Kataoka, H., S. Nakano, Y. Kunimoto, N. Sugie, M. Osaki, N. Uzawa, M. A. Yoshida,
M. Oshimura, and H. Kitano. 2009. Allele-specific expression analysis of PEG1/MEST in
head and neck squamous cell carcinomas. Yonago Acta Medica 52:85-90.
136) Kaucher, M. S., W. A. Harrell, and J. T. Davis. 2006. A unimolecular G-quadruplex
that functions as a synthetic transmembrane Na+ transporter. Journal of the American
Chemical Society 128:38-39.
137) Kline, M. C., C. R. Hill, A. E. Decker, and J. M. Butler. 2011. STR sequence analysis
for characterizing normal, variant, and null alleles. Forensic Science International:
Genetics 5:329-332.
138) Kobayashi, S., T. Kohda, N. Miyoshi, Y. Kuroiwa, K. Aisaka, O. Tsutsumi, T.
Kaneko-Ishino, and F. Ishino. 1997. Human PEG1/MEST, an imprinted gene on
chromosome 7. Human Molecular Genetics 6:781-786.
139) Kohda, M., H. Hoshiya, M. Katoh, I. Tanaka, R. Masuda, T. Takemura, M. Fujiwara,
and M. Oshimura. 2001. Frequent loss of imprinting of IGF2 and MEST in lung
adenocarcinoma. Molecular Carcinogenesis 31:184-191.
140) Korbie, D. J., and J. S. Mattick. 2008. Touchdown PCR for increased specificity and
sensitivity in PCR amplification. Nature protocols 3:1452-1456.
141) Kosaki, K., R. Kosaki, W. J. Craigen, and N. Matsuo. 2000. Isoform-specific
imprinting of the human PEG1/MEST gene [1]. American Journal of Human Genetics
66:309-312.
142) Koshlap, K. M., P. Schultze, H. Brunar, P. B. Dervan, and J. Feigon. 1997. Solution
structure of an intramolecular DNA triplex containing an N7-glycosylated guanine which
mimics a protonated cytosine. Biochemistry 36:2659-2668.
143) Krafft, C., J. M. Benevides, and G. J. Thomas. 2002. Secondary structure
polymorphism in Oxytricha nova telomeric DNA. Nucleic Acids Research 30:3981-3991.
144) Kramer, M. F., and D. M. Coen. 2001. Enzymatic amplification of DNA by PCR:
Standard procedures and optimization. Current protocols in toxicology:A. 3C. 1-A. 3C.
14.
345 | P a g e

145) Kruisselbrink, E., V. Guryev, K. Brouwer, D. B. Pontier, E. Cuppen, and M.
Tijsterman. 2008. Mutagenic capacity of endogenous G4 DNA underlies genome
instability in FANCJ-defective C. elegans. Current Biology 18:900-905.
146)

Kulis, M., and M. Esteller. 2010. DNA methylation and cancer. Adv Genet 70:27-56.

147) Kumari, R., M. Nambiar, S. Shanbagh, and S. Raghavan. 2014. Detection of GQuadruplex DNA Using Primer Extension as a Tool. PloS one 10:e0119722-e0119722.
148) Kypr, J., I. Kejnovská, D. Renčiuk, and M. Vorlíčková. 2009. Circular dichroism and
conformational polymorphism of DNA. Nucleic Acids Research 37:1713-1725.
149) Laios, E., and K. Glynou. 2008. Allelic drop-out in the LDLR gene affects mutation
detection in familial hypercholesterolemia. Clinical Biochemistry 41:38-40.
150) Lavelle, L., and J. R. Fresco. 1995. H. UV spectroscopic identification and
thermodynamic analysis of protonated third strand deoxycytidine residues at neutrality in
the. Triplexes, Duplexes and Uniplexes 1001:5.
151) Lee, J. S. 1990. The stability of polypurine tetraplexes in the presence of mono-and
divalent cations. Nucleic Acids Research 18:6057-6060.
152) Lefebvre, L., S. Viville, S. C. Barton, F. Ishino, E. B. Keverne, and M. Azim Surani.
1998. Abnormal maternal behaviour and growth retardation associated with loss of the
imprinted gene Mest. Nature Genetics 20:163-169.
153) Lefebvre, L., S. Viville, S. C. Barton, F. Ishino, and M. A. Surani. 1997. Genomic
structure and parent-of-origin-specific methylation of Peg1. Human Molecular Genetics
6:1907-1915.
154) Leitner, D., W. Schröder, and K. Weisz. 2000. Influence of sequence-dependent
cytosine protonation and methylation on DNA triplex stability. Biochemistry 39:58865892.
155) Lemarteleur, T., D. Gomez, R. Paterski, E. Mandine, P. Mailliet, and J. F. Riou. 2004.
Stabilization of the c-myc gene promoter quadruplex by specific ligands' inhibitors of
telomerase. Biochemical and Biophysical Research Communications 323:802-808.
156) Levy, M. Z., R. C. Allsopp, A. B. Futcher, C. W. Greider, and C. B. Harley. 1992.
Telomere end-replication problem and cell aging. Journal of Molecular Biology 225:951960.
157) Li, X. 2013. Genomic Imprinting Is a Parental Effect Established in Mammalian Germ
Cells. Pages 35-49.
158) Lim, H. M., D. E. A. Lewis, H. J. Lee, M. Liu, and S. Adhya. 2003. Effect of varying
the supercoiling of DNA on transcription and its regulation. Biochemistry 42:1071810725.
159) Lin, J., J.-q. Hou, H.-d. Xiang, Y.-y. Yan, Y.-c. Gu, J.-h. Tan, D. Li, L.-q. Gu, T.-m.
Ou, and Z.-s. Huang. 2013. Stabilization of G-quadruplex DNA by C-5-methyl-cytosine
346 | P a g e

in< i> bcl-2</i> promoter: Implications for epigenetic regulation. Biochemical and
Biophysical Research Communications 433:368-373.
160) Lingner, J., T. R. Hughes, A. Shevchenko, M. Mann, V. Lundblad, and T. R. Cech.
1997. Reverse transcriptase motifs in the catalytic subunit of telomerase. Science 276:561567.
161) Lipps, H. J., and D. Rhodes. 2009. G-quadruplex structures: in vivo evidence and
function. Trends in cell biology 19:414.
162) Lopes, J., A. Piazza, R. Bermejo, B. Kriegsman, A. Colosio, M. P. Teulade-Fichou,
M. Foiani, and A. Nicolas. 2011. G-quadruplex-induced instability during leading-strand
replication. EMBO J 30:4033-4046.
163) Ma, Y., T. M. Ou, J. Q. Hou, Y. J. Lu, J. H. Tan, L. Q. Gu, and Z. S. Huang. 2008. 9N-Substituted berberine derivatives: Stabilization of G-quadruplex DNA and downregulation of oncogene c-myc. Bioorganic and Medicinal Chemistry 16:7582-7591.
164)

Maizels, N. 2005. Immunoglobulin gene diversification. Annu. Rev. Genet. 39:23-46.

165) Maizels, N. 2006. Dynamic roles for G4 DNA in the biology of eukaryotic cells.
Nature Structural & Molecular Biology 13:1055-1059.
166) Marathias, V. M., and P. H. Bolton. 1999. Determinants of DNA quadruplex structural
type: sequence and potassium binding. Biochemistry 38:4355-4364.
167) Maxam, A. M., and W. Gilbert. 1977. A new method for sequencing DNA.
Proceedings of the National Academy of Sciences 74:560-564.
168) Maxam, A. M., and W. Gilbert. 1980. [57] Sequencing end-labeled DNA with basespecific chemical cleavages. Methods in enzymology 65:499-560.
169) McConlogue, L., M. A. D. Brow, and M. A. Innis. 1988. Structure-independent DNA
amplification by PCR using 7-deaza-2'-deoxyguanosine. Nucleic Acids Research 16:9869.
170) McMinn, J., M. Wei, Y. Sadovsky, H. M. Thaker, and B. Tycko. 2006. Imprinting of
PEG1/MEST isoform 2 in human placenta. Placenta 27:119-126.
171) Menendez, C., S. Frees, and P. S. Bagga. 2012. QGRS-H Predictor: a web server for
predicting homologous quadruplex forming G-rich sequence motifs in nucleotide
sequences. Nucleic acids research:gks422.
172) Mergny, J.-L., J.-F. Riou, P. Mailliet, M.-P. Teulade-Fichou, and E. Gilson. 2002.
Natural and pharmacological regulation of telomerase. Nucleic Acids Research 30:839865.
173) Meyer LR, Z. A., Hinrichs AS, Karolchik D, Kuhn RM, Wong M, Sloan CA,
Rosenbloom KR, Roe G, Rhead B, Raney BJ, Pohl A, Malladi VS, Li CH, Lee BT,
Learned K, Kirkup V, Hsu F, Heitner S, Harte RA, Haeussler M, Guruvadoo L, Goldman
M, Giardine BM, Fujita PA, Dreszer TR, Diekhans M, Cline MS, Clawson H, Barber GP,
Haussler D, and Kent WJ. 2012. The UCSC Genome Browser database: extensions and
updates. Nucleic Acids Res.
347 | P a g e

174) Milani, D., L. Pezzani, S. Tabano, and M. Miozzo. 2014. Beckwith–Wiedemann and
IMAGe syndromes: Two very different diseases caused by mutations on the same gene.
Application of Clinical Genetics 7:169-175.
175) Mirchandani, K. D., and A. D. D'Andrea. 2006. The Fanconi anemia/BRCA pathway:
a coordinator of cross-link repair. Experimental cell research 312:2647-2653.
176) Mizusawa, S., S. Nishimura, and F. Seela. 1986. Improvement of the dideoxy chain
termination method of DNA sequencing by use of deoxy-7-deazaguanosine triphosphate
in place of dGTP. Nucleic Acids Research 14:1319-1324.
177) Moon, Y. S., S. K. Park, H. T. Kim, T. S. Lee, J. H. Kim, and Y. S. Choi. 2010.
Imprinting and expression status of isoforms 1 and 2 of PEG1/MEST gene in uterine
leiomyoma. Gynecologic and Obstetric Investigation 70:120-125.
178) Moore, G. E., M. Ishida, C. Demetriou, L. Al-Olabi, L. J. Leon, A. C. Thomas, S.
Abu-Amero, J. M. Frost, J. L. Stafford, Y. Chaoqun, A. J. Duncan, R. Baigel, M.
Brimioulle, I. Iglesias-Platas, S. Apostolidou, R. Aggarwal, J. C. Whittaker, A. Syngelaki,
K. H. Nicolaides, L. Regan, D. Monk, and P. Stanier. 2015. The role and interaction of
imprinted genes in human fetal growth. Philosophical Transactions of the Royal Society
B: Biological Sciences 370.
179) Mullis, K., F. Faloona, S. Scharf, R. Saiki, G. Horn, and H. Erlich. 1992. Specific
enzymatic amplification of DNA in vitro: the polymerase chain reaction.
BIOTECHNOLOGY SERIES:17-17.
180) Mullis, K. B. 1990. The unusual origin of the polymerase chain reaction. Scientific
American 262:56-61.
181) Nagamine, C., K. Chan, and Y. Lau. 1989. A PCR artifact: generation of
heteroduplexes. American Journal of Human Genetics 45:337.
182) Nakabayashi, K., L. Bentley, M. P. Hitchins, K. Mitsuya, M. Meguro, S. Minagawa, J.
S. Bamforth, P. Stanier, M. Preece, R. Weksberg, M. Oshimura, G. E. Moore, and S. W.
Scherer. 2002. Identification and characterization of an imprinted antisense RNA
(MESTIT1) in the human MEST locus on chromosome 7q32. Human Molecular Genetics
11:1743-1756.
183) Neidle, S. 2009. The structures of quadruplex nucleic acids and their drug complexes.
Current opinion in structural biology 19:239-250.
184) Neidle, S., and G. Parkinson. 2002. Telomere maintenance as a target for anticancer
drug discovery. Nature Reviews Drug Discovery 1:383-393.
185) Nicholls, R. D., S. Saitoh, and B. Horsthemke. 1998. Imprinting in Prader-Willi and
Angelman syndromes. Trends in Genetics 14:194-200.
186) Nishihara, S., T. Hayashida, K. Mitsuya, T. C. Schulz, M. Ikeguchi, N. Kaibara, and
M. Oshimura. 2000. Multipoint imprinting analysis in sporadic colorectal cancers with
and without microsatellite instability. International journal of oncology 17:317-322.
348 | P a g e

187) Nuovo, G. J., F. Gallery, P. MacConnell, J. Becker, and W. Bloch. 1991. An improved
technique for the in situ detection of DNA after polymerase chain reaction amplification.
The American journal of pathology 139:1239.
188) Oganesian, L., and T. M. Bryan. 2007. Physiological relevance of telomeric G‐
quadruplex formation: a potential drug target. Bioessays 29:155-165.
189) Okazaki, R., T. Okazaki, K. Sakabe, and K. Sugimoto. 1967. Mechanism of DNA
replication possible discontinuity of DNA chain growth. Japanese journal of medical
science & biology 20:255-260.
190) Oleg Kikin, L. D. A. a. P. S. B. 2006. QGRS Mapper: a web-based server for
predicting G-quadruplexes in nucleotide sequences. Nucleic Acids Research 34
191) Opel, M. L., S. M. Arfin, and G. Wesley Hatfield. 2001. The effects of DNA
supercoiling on the expression of operons of the ilv regulon of Escherichia coli suggest a
physiological rationale for divergently transcribed operons. Molecular Microbiology
39:1109-1115.
192) Ostrander, E. A., P. Benedetti, and J. C. Wang. 1990. Template supercoiling by a
chimera of yeast GAL4 protein and phage T7 RNA polymerase. Science 249:1261-1265.
193) Ou, T. M., Y. J. Lu, C. Zhang, Z. S. Huang, X. D. Wang, J. H. Tan, Y. Chen, D. L.
Ma, K. Y. Wong, J. C. O. Tang, A. S. C. Chan, and L. Q. Gu. 2007. Stabilization of Gquadruplex DNA and down-regulation of oncogene c-myc by quindoline derivatives.
Journal of Medicinal Chemistry 50:1465-1474.
194) Paeschke, K., J. A. Capra, and V. A. Zakian. 2011. DNA Replication through GQuadruplex Motifs Is Promoted by the Saccharomyces cerevisiae Pif1 DNA Helicase.
Cell 145:678-691.
195) Palmisano, W. A., K. K. Divine, G. Saccomanno, F. D. Gilliland, S. B. Baylin, J. G.
Herman, and S. A. Belinsky. 2000. Predicting lung cancer by detecting aberrant promoter
methylation in sputum. Cancer Research 60:5954-5958.
196) Paramasivam, M., A. Membrino, S. Cogoi, H. Fukuda, H. Nakagama, and L. E. Xodo.
2009. Protein hnRNP A1 and its derivative Up1 unfold quadruplex DNA in the human
KRAS promoter: implications for transcription. Nucleic Acids Research 37:2841-2853.
197) Patel, D. J., A. T. Phan, and V. Kuryavyi. 2007. Human telomere, oncogenic promoter
and 5′-UTR G-quadruplexes: diverse higher order DNA and RNA targets for cancer
therapeutics. Nucleic Acids Research 35:7429-7455.
198) Peattie, D. A., and W. Gilbert. 1980. Chemical probes for higher-order structure in
RNA. Proceedings of the National Academy of Sciences 77:4679-4682.
199) Pedersen, I. S., P. A. Dervan, D. Broderick, M. Harrison, N. Miller, E. Delany, D.
O'Shea, P. Costello, A. McGoldrick, G. Keating, B. Tobin, T. Gorey, and A. McCann.
1999. Frequent loss of imprinting of PEG1/MEST in invasive breast cancer. Cancer
Research 59:5449-5451.

349 | P a g e

200) Pedroso, I. M., L. F. Duarte, G. Yanez, K. Burkewitz, and T. M. Fletcher. 2007.
Sequence specificity of inter and intramolecular G-quadruplex formation by human
telomeric DNA. Biopolymers 87:74-84.
201) Pendino, F., I. Tarkanyi, C. Dudognon, J. Hillion, M. Lanotte, J. Aradi, and E. SégalBendirdjian. 2006. Telomeres and telomerase: Pharmacological targets for new anticancer
strategies? Current Cancer Drug Targets 6:147-180.
202) Phan, A. T., and D. J. Patel. 2003. Two-repeat human telomeric d
(TAGGGTTAGGGT) sequence forms interconverting parallel and antiparallel Gquadruplexes in solution: distinct topologies, thermodynamic properties, and
folding/unfolding kinetics. Journal of the American Chemical Society 125:15021-15027.
203) Pompanon, F., A. Bonin, E. Bellemain, and P. Taberlet. 2005. Genotyping errors:
causes, consequences and solutions. Nature Reviews Genetics 6:847-846.
204) Pontier, D. B., E. Kruisselbrink, V. Guryev, and M. Tijsterman. 2009. Isolation of
deletion alleles by G4 DNA-induced mutagenesis. Nature methods 6:655-657.
205) Qin, Y., and L. H. Hurley. 2008. Structures, folding patterns, and functions of
intramolecular DNA G-quadruplexes found in eukaryotic promoter regions. Biochimie
90:1149-1171.
206) Radhakrishnan, I., and D. J. Patel. 1993. Solution structure of a purine· purine·
pyrimidine DNA triplex containing G· GC and T· AT triples. Structure 1:135-152.
207) Radhakrishnan, I., and D. J. Patel. 1994. DNA triplexes: solution structures, hydration
sites, energetics, interactions, and function. Biochemistry 33:11405-11416.
208) Raghavan, S. C., S. Houston, B. G. Hegde, R. Langen, I. S. Haworth, and M. R.
Lieber. 2004a. Stability and strand asymmetry in the non-B DNA structure at the bcl-2
major breakpoint region. Journal of Biological Chemistry 279:46213-46225.
209) Raghavan, S. C., P. C. Swanson, X. Wu, C.-L. Hsieh, and M. R. Lieber. 2004b. A
non-B-DNA structure at the Bcl-2 major breakpoint region is cleaved by the RAG
complex. Nature 428:88-93.
210) Rahman, M. T., M. S. Uddin, R. Sultana, A. Moue, and M. Setu. 2013. Polymerase
Chain Reaction (PCR): A Short Review. Anwer Khan Modern Medical College Journal
4:30-36.
211) Rahmouni, A. R., and R. D. Wells. 1992. Direct evidence for the effect of
transcription on local DNA supercoiling in vivo. Journal of Molecular Biology 223:131144.
212) Raiber, E.-A., R. Kranaster, E. Lam, M. Nikan, and S. Balasubramanian. 2012. A noncanonical DNA structure is a binding motif for the transcription factor SP1 in vitro.
Nucleic Acids Research 40:1499-1508.
213) Rangan, A., O. Y. Fedoroff, and L. H. Hurley. 2001. Induction of Duplex to Gquadruplex Transition in the c-myc Promoter Region by a Small Molecule. Journal of
Biological Chemistry 276:4640-4646.
350 | P a g e

214) Rankin, S., A. P. Reszka, J. Huppert, M. Zloh, G. N. Parkinson, A. K. Todd, S.
Ladame, S. Balasubramanian, and S. Neidle. 2005. Putative DNA quadruplex formation
within the human c-kit oncogene. Journal of the American Chemical Society 127:1058410589.
215) Rawal, P., V. B. R. Kummarasetti, J. Ravindran, N. Kumar, K. Halder, R. Sharma, M.
Mukerji, S. K. Das, and S. Chowdhury. 2006. Genome-wide prediction of G4 DNA as
regulatory motifs: role in Escherichia coli global regulation. Genome Research 16:644655.
216) Rechitsky, S., C. Strom, O. Verlinsky, T. Amet, V. Ivakhnenko, V. Kukharenko, A.
Kuliev, and Y. Verlinsky. 1998. Allele dropout in polar bodies and blastomeres. Journal
of assisted reproduction and genetics 15:253-257.
217) Reik, W., and J. Walter. 2001. Genomic imprinting: parental influence on the genome.
Nature Reviews Genetics 2:21-32.
218) Remus, D., E. L. Beall, and M. R. Botchan. 2004. DNA topology, not DNA sequence,
is a critical determinant for Drosophila ORC–DNA binding. The EMBO journal 23:897907.
219) Ribeyre, C., J. Lopes, J.-B. Boulé, A. Piazza, A. Guédin, V. A. Zakian, J.-L. Mergny,
and A. Nicolas. 2009. The yeast Pif1 helicase prevents genomic instability caused by Gquadruplex-forming CEB1 sequences in vivo. PLoS Genet 5:e1000475-e1000475.
220) Rich, A., and S. Zhang. 2003. Z-DNA: The long road to biological function. Nature
Reviews Genetics 4:566-572.
221) Riesewijk, A. M., L. Hu, U. Schulz, G. Tariverdian, P. Höglund, J. Kere, H. H.
Ropers, and V. M. Kalscheuer. 1997. Monoallelic expression of human PEG1/MEST is
paralleled by parent- specific methylation in fetuses. Genomics 42:236-244.
222) Rueda, M., F. J. Luque, and M. Orozco. 2006. G-quadruplexes can maintain their
structure in the gas phase. Journal of the American Chemical Society 128:3608-3619.
223) Rules, P. 2011. Potential in vivo roles of nucleic acid triple-helices. RNA biology
8:427-439.
224) Saiki, R. K., D. H. Gelfand, S. Stoffel, S. J. Scharf, R. Higuchi, G. T. Horn, K. B.
Mullis, and H. A. Erlich. 1988. Primer-directed enzymatic amplification of DNA with a
thermostable DNA polymerase. Science 239:487-491.
225) Samadashwily, G., A. Dayn, and S. Mirkin. 1993. Suicidal nucleotide sequences for
DNA polymerization. The EMBO journal 12:4975.
226) Sandman, K., S. Pereira, and J. Reeve. 1998. Diversity of prokaryotic chromosomal
proteins and the origin of the nucleosome. Cellular and Molecular Life Sciences 54:13501364.
227) Sapienza, C. 1992. Genome imprinting and cancer genetics. Seminars in Cancer
Biology 3:151-158.
351 | P a g e

228) Sarkies, P., C. Reams, L. J. Simpson, and J. E. Sale. 2010. Epigenetic instability due
to defective replication of structured DNA. Molecular cell 40:703-713.
229) Saunders, C. J., M. J. Friez, M. Patterson, M. Nzabi, W. Zhao, and C. Bi. 2010. Allele
drop-out in the MECP2 gene due to G-quadruplex and i-motif sequences when using
polymerase chain reaction-based diagnosis for Rett syndrome. Genetic testing and
molecular biomarkers 14:241-247.
230) Scaria, V., M. Hariharan, A. Arora, and S. Maiti. 2006. Quadfinder: Server for
identification and analysis of quadruplex-forming motifs in nucleotide sequences. Nucleic
Acids Research 34:W683-W685.
231) Schaffitzel, C., I. Berger, J. Postberg, J. Hanes, H. J. Lipps, and A. Plückthun. 2001. In
vitro generated antibodies specific for telomeric guanine-quadruplex DNA react with
Stylonychia lemnae macronuclei. Proceedings of the National Academy of Sciences
98:8572-8577.
232) Scharf, S. J., G. T. HoRN, and H. A. Erlich. 1986. Direct cloning and sequence
analysis of enzymatically amplified genomic sequences. Science 233:1076-1078.
233) Schneider, P. M., K. Bender, W. R. Mayr, W. Parson, B. Hoste, R. Decorte, J.
Cordonnier, D. Vanek, N. Morling, M. Karjalainen, C. M. P. Carlotti, M. Sabatier, C.
Hohoff, H. Schmitter, W. Pflug, R. Wenzel, D. Patzelt, R. Lessig, P. Dobrowolski, G.
O'Donnell, L. Garafano, M. Dobosz, P. De Knijff, B. Mevag, R. Pawlowski, L. Gusmão,
M. C. Vide, A. A. Alonso, O. G. Fernández, P. S. Nicolás, A. Kihlgreen, W. Bär, V.
Meier, A. Teyssier, R. Coquoz, C. Brandt, U. Germann, P. Gill, J. Hallett, and M.
Greenhalgh. 2004. STR analysis of artificially degraded DNA - Results of a collaborative
European exercise. Forensic Science International 139:123-134.
234) Schochetman, G., C.-Y. Ou, and W. K. Jones. 1988. Polymerase chain reaction. The
Journal of infectious diseases:1154-1157.
235) Sen, D., and W. Gilbert. 1988. Formation of parallel four-stranded complexes by
guanine-rich motifs in DNA and its implications for meiosis.
236) Shay, J., and S. Bacchetti. 1997. A survey of telomerase activity in human cancer.
European journal of cancer 33:787-791.
237) Shi, W., L. Lefebvre, Y. Yu, S. Otto, A. Krella, A. Orth, and R. Fundele. 2004. Lossof-imprinting of Peg1 in mouse interspecies hybrids is correlated with altered growth.
Genesis 39:65-72.
238) Siddiqui-Jain, A., C. L. Grand, D. J. Bearss, and L. H. Hurley. 2002. Direct evidence
for a G-quadruplex in a promoter region and its targeting with a small molecule to repress
c-MYC transcription. Proceedings of the National Academy of Sciences 99:11593-11598.
239) Skowasch, K., and B. Brinkmann. 1992. Optimized amplification of the polymorphic
system COL2A1. International Journal of Legal Medicine 105:185-187.

352 | P a g e

240) Smith, R. J., P. Arnaud, and G. Kelsey. 2004. Identification and properties of
imprinted genes and their control elements. Cytogenetic and Genome Research 105:335345.
241) Smith, S. S., J. L. C. Kan, D. J. Baker, B. E. Kaplan, and P. Dembek. 1991.
Recognition of unusual DNA structures by human DNA (cytosine-5) methyltransferase.
Journal of Molecular Biology 217:39-51.
242) Song, Y., L. Feng, J. Ren, and X. Qu. 2011. Stabilization of unstable CGC+ triplex
DNA by single-walled carbon nanotubes under physiological conditions. Nucleic Acids
Research:gkr322.
243) Sparkes, R., C. Kimpton, S. Watson, N. Oldroyd, T. Clayton, L. Barnett, J. Arnold, C.
Thompson, R. Hale, J. Chapman, A. Urquhart, and P. Gill. 1996. The validation of a 7locus multiplex STR test for use in forensic casework. (I) Mixtures, ageing, degradation
and species studies. International Journal of Legal Medicine 109:186-194.
244) Spits, C., C. Le Caignec, M. De Rycke, L. Van Haute, A. Van Steirteghem, I.
Liebaers, and K. Sermon. 2006. Whole-genome multiple displacement amplification from
single cells. Nature protocols 1:1965-1970.
245) Stegle, O., L. Payet, J.-L. Mergny, D. J. MacKay, and J. L. Huppert. 2009. Predicting
and understanding the stability of G-quadruplexes. Bioinformatics 25:i374-i1382.
246) Stellwagen, N. C., C. Gelfi, and P. G. Righetti. 1997. The free solution mobility of
DNA. Biopolymers 42:687-703.
247) Stevens, A. J., S. Stuffrein-Roberts, S. L. Cree, A. Gibb, A. L. Miller, K. Doudney, A.
Aitchison, M. R. Eccles, P. R. Joyce, and V. V. Filichev. 2014b. G-Quadruplex Structures
and CpG Methylation Cause Drop-Out of the Maternal Allele in Polymerase Chain
Reaction Amplification of the Imprinted MEST Gene Promoter. PLoS ONE 9:e113955.
248) Stuffrein-Roberts, S. 2008. Allelic expression patterns in psychatric candidate genes.
PhD Thesis in Pathology. University of Otago: Christchurch. p. 216.
249) Sun, D., and L. H. Hurley. 2009. The importance of negative superhelicity in inducing
the formation of G-quadruplex and i-motif structures in the c-Myc promoter: implications
for drug targeting and control of gene expression. Journal of Medicinal Chemistry
52:2863-2874.
250) Sun, D., and L. H. Hurley. 2010. Biochemical techniques for the characterization of
G-quadruplex structures: EMSA, DMS footprinting, and DNA polymerase stop assay.
Methods in molecular biology (Clifton, N.J.) 608:65-79.
251) Sundquist, W. I., and S. Heaphy. 1993. Evidence for interstrand quadruplex formation
in the dimerization of human immunodeficiency virus 1 genomic RNA. Proceedings of
the National Academy of Sciences 90:3393-3397.
252) Sundquist, W. I., and A. Klug. 1989. Telomeric DNA dimerizes by formation of
guanine tetrads between hairpin loops.

353 | P a g e

253) Suzuki, M. M., and A. Bird. 2008. DNA methylation landscapes: Provocative insights
from epigenomics. Nature Reviews Genetics 9:465-476.
254) Suzuki, S., M. B. Renfree, A. J. Pask, G. Shaw, S. Kobayashi, T. Kohda, T. KanekoIshino, and F. Ishino. 2005. Genomic imprinting of IGF2, p57 KIP2 and PEG1/MEST in a
marsupial, the tammar wallaby. Mechanisms of Development 122:213-222.
255) Taberlet, P., L. P. Waits, and G. Luikart. 1999. Noninvasive genetic sampling: look
before you leap. Trends in Ecology & Evolution 14:323-327.
256) Takahama, K., K. Kino, S. Arai, R. Kurokawa, and T. Oyoshi. 2011a. Identification of
Ewing's sarcoma protein as a G-quadruplex DNA- and RNA-binding protein. FEBS
Journal 278:988-998.
257) Takahama, K., C. Sugimoto, S. Arai, R. Kurokawa, and T. Oyoshi. 2011b. Loop
Lengths of G-Quadruplex Structures Affect the G-Quadruplex DNA Binding Selectivity
of the RGG Motif in Ewing’s Sarcoma. Biochemistry 50:5369-5378.
258) Tijerina, P., S. Mohr, and R. Russell. 2007. DMS footprinting of structured RNAs and
RNA–protein complexes. Nature protocols 2:2608-2623.
259) Timp, W., H. C. Bravo, O. G. McDonald, M. Goggins, C. Umbricht, M. Zeiger, A. P.
Feinberg, and R. A. Irizarry. 2014. Large hypomethylated blocks as a universal defining
epigenetic alteration in human solid tumors. Genome medicine 6:61.
260) Todd, A. K., M. Johnston, and S. Neidle. 2005. Highly prevalent putative quadruplex
sequence motifs in human DNA. Nucleic Acids Research 33:2901-2907.
261) Tomaz, R. A., B. M. Cavaco, and V. Leite. 2010. Differential methylation as a cause
of allele dropout at the imprinted GNAS locus. Genetic testing and molecular biomarkers
14:455-460.
262) Tully, G., K. M. Sullivan, and P. Gill. 1993. Analysis of 6 VNTR loci by
‘multiplex’PCR and automated fluorescent detection. Human genetics 92:554-562.
263) Turek-Plewa, J., and P. Jagodzinski. 2005. The role of mammalian DNA
methyltransferases in the regulation of gene expression. Cellular and Molecular Biology
Letters 10:631.
264) Tvedebrink, T., P. S. Eriksen, H. S. Mogensen, and N. Morling. 2009. Estimating the
probability of allelic drop-out of STR alleles in forensic genetics. Forensic Science
International: Genetics 3:222-226.
265) TwistDX. 2014. TwistDx Ltd, Minerva Building, Babraham Research Campus,
Babraham
266) Cambridge CB22 3AT
267) United Kingdom
http://www.twistdx.co.uk/images/uploads/docs/TA01cmanual_Combined_Manual_RevL_
Web.pdf.

354 | P a g e

268) Varmuza, S., and K. Miri. 2014. What does genetics tell us about imprinting and the
placenta connection? Cellular and Molecular Life Sciences 72:51-72.
269) Verma, A., K. Halder, R. Halder, V. K. Yadav, P. Rawal, R. K. Thakur, F. Mohd, A.
Sharma, and S. Chowdhury. 2008. Genome-wide computational and expression analyses
reveal G-quadruplex DNA motifs as conserved cis-regulatory elements in human and
related species. Journal of Medicinal Chemistry 51:5641-5649.
270) Vorlickova, M., I. Kejnovska, K. Bednarova, D. Renciuk, and J. Kypr. 2012. Circular
dichroism spectroscopy of DNA: from duplexes to quadruplexes. Chirality 24:691-698.
271) Wang, C., K. B. Schroeder, and N. A. Rosenberg. 2012. A Maximum-Likelihood
Method to Correct for Allelic Dropout in Microsatellite Data with No Replicate
Genotypes. Genetics 192:651-669.
272) Wang, X., and B. Seed. 2006. High-throughput primer and probe design. Real-time
PCR 1:93-106.
273)

Watson, J. D. 1972. Origin of concatemeric T7DNA. Nature 239:197-201.

274) Watson, J. D., and F. H. C. Crick. 1953. Molecular structure of nucleic acids: A
structure for deoxyribose nucleic acid. Nature 171:737-738.
275) Wenzel, J. J., H. Rossmann, C. Fottner, S. Neuwirth, C. Neukirch, P. Lohse, J. K.
Bickmann, T. Minnemann, T. J. Musholt, B. Schneider-Rätzke, M. M. Weber, and K. J.
Lackner. 2009. Identification and prevention of genotyping errors caused by Gquadruplex- and i-motif-like sequences. Clinical chemistry 55:1361-1371.
276) Wickramasinghe, C. M., H. Arzouk, A. Frey, A. Maiter, and J. E. Sale. 2015.
Contributions of the specialised DNA polymerases to replication of structured DNA.
DNA repair.
277) Williamson, J. R., M. Raghuraman, and T. R. Cech. 1989. Monovalent cation-induced
structure of telomeric DNA: the G-quartet model. Cell 59:871-880.
278) Wilson, R. B., J. L. Ferrara, H. J. Baum, and R. C. Shaler. 1994. Guidelines for
internal validation of the HLA-DQα DNA typing system. Forensic Science International
66:9-22.
279) Wimmer, K., T. Callens, A. Wernstedt, and L. Messiaen. 2011. The NF1 gene
contains hotspots for L1 endonuclease-dependent De Novo insertion. PLoS Genetics 7.
280) Woodford, K. J., R. M. Howell, and K. Usdin. 1994. A novel K (+)-dependent DNA
synthesis arrest site in a commonly occurring sequence motif in eukaryotes. Journal of
Biological Chemistry 269:27029-27035.
281) Wright, W. E., V. M. Tesmer, K. E. Huffman, S. D. Levene, and J. W. Shay. 1997.
Normal human chromosomes have long G-rich telomeric overhangs at one end. Genes &
development 11:2801-2809.
282) Wu, H.-M., and D. M. Crothers. 1984. The locus of sequence-directed and proteininduced DNA bending.
355 | P a g e

283) Wu, Y., and R. M. Brosh. 2010. G‐quadruplex nucleic acids and human disease. FEBS
Journal 277:3470-3488.
284) Wu, Y., K. Shin-ya, and R. M. Brosh. 2008. FANCJ helicase defective in Fanconia
anemia and breast cancer unwinds G-quadruplex DNA to defend genomic stability.
Molecular and cellular biology 28:4116-4128.
285) Xodo, L. E., G. Manzini, F. Quadrifoglio, G. A. van der Marel, and J. H. van Boom.
1991. Effect pf 5-methylcytosine on the stability of triple-stranded DNA—a
thermodynamic study. Nucleic Acids Research 19:5625-5631.
286) Xu, Q., H. Deng, and W. H. Braunlin. 1993. Selective localization and rotational
immobilization of univalent cations on quadruplex DNA. Biochemistry 32:13130-13137.
287) Xu, Y., Y. Noguchi, and H. Sugiyama. 2006. The new models of the human telomere
d [AGGG (TTAGGG)] in K+ solution. Bioorganic & Medicinal Chemistry 14:5584-5591.
288) Xue, Y., Z.-y. Kan, Q. Wang, Y. Yao, J. Liu, Y.-h. Hao, and Z. Tan. 2007. Human
telomeric DNA forms parallel-stranded intramolecular G-quadruplex in K+ solution under
molecular crowding condition. Journal of the American Chemical Society 129:1118511191.
289) Yang, D., and L. H. Hurley. 2006. Structure of the biologically relevant G-quadruplex
in the c-MYC promoter. Nucleosides, Nucleotides, and Nucleic Acids 25:951-968.
290) Yang, M., S. S. Ghosh, and D. P. Millar. 1994. Direct measurement of thermodynamic
and kinetic parameters of DNA triple helix formation by fluorescence spectroscopy.
Biochemistry 33:15329-15337.
291) Yindeeyoungyeon, W., and M. A. Schell. 2000. Footprinting with an automated
capillary DNA sequencer. Biotechniques 29:1034-1036, 1038, 1040-1031.
292) Yokoyama, A., F. Maruiwa, M. Hayakawa, A. Kanai, R. Vervoort, A. F. Wright, K.
Yamada, N. Niikawa, and N. Nai. 2001. No evidence of PEG1/MEST gene mutations in
Silver-Russell syndrome patients. American Journal of Medical Genetics 104:225-231.
293) Youds, J. L., L. J. Barber, J. D. Ward, S. J. Collis, N. J. O'Neil, S. J. Boulton, and A.
M. Rose. 2008. DOG-1 is the Caenorhabditis elegans BRIP1/FANCJ homologue and
functions in interstrand cross-link repair. Molecular and cellular biology 28:1470-1479.
294) Zhou, J., C. Wei, G. Jia, X. Wang, Z. Feng, and C. Li. 2010. Formation of i-motif
structure at neutral and slightly alkaline pH. Molecular BioSystems 6:580-586.
295) Zhou, Z., J. Zhu, L. Zhang, Y. Du, S. Dong, and E. Wang. 2013. G-quadruplex-based
fluorescent assay of S1 nuclease activity and K+. Analytical chemistry 85:2431-2435.
296) Ziller, M. J., H. Gu, F. Müller, J. Donaghey, L. T.-Y. Tsai, O. Kohlbacher, P. L. De
Jager, E. D. Rosen, D. A. Bennett, and B. E. Bernstein. 2013. Charting a dynamic DNA
methylation landscape of the human genome. Nature 500:477-481.

356 | P a g e

357 | P a g e

Oligonucleotide sequence and function table
Name

Sequence (5’ to 3’)

Purpose

ATF_MEST

TTTGTGGGCGGCCTGTGTA

SNP specific PCR

BSPF1All

TTGTTGTAAAGGAAATTTGTT

Bisulfite PCR

BSPF1CG

AAGGAAATTTGTTTCGCG

Bisulfite PCR

BSPF1MEST509

TTAAGGAAAGAGTTGGGGTATTTAG

Bisulfite PCR

BSPF1TG

TGTAAAGGAAATTTGTTTTGTG

Bisulfite PCR

BSPF2MESTCPG

TTTATTTGAGGAGGGGGTGTTAT

Bisulfite PCR

BSPF3ALL_NEW

TTTAGAGTTTTGTTGTTTTTTAGT

Bisulfite PCR

BSPF3MEST

TTTAGAGTTTTGTTGTTTT

Bisulfite PCR

BSPF3MestTG

GGGTTGTTGTTTTTTAGTTTGAGTG

Bisulfite PCR

BSPF4MESTCPG

GATTTAAAGGATAGGTTTTAGTAT

Bisulfite PCR

BSPF6CG

GGTTGTAGTTGTTCGGCG

Bisulfite PCR

BSPF6TG

AGTGGTTGTAGTTGTTTGGTG

Bisulfite PCR

BSPMESTR3

CAAAAAAAATACC(A/G)AAATATACT

Bisulphite primer

BSPR1MEST509

TTTAAAAAACACCTTCAAAAATATC

Bisulfite PCR

BSPR2Mest

ACTCCTTTAAAAAACACCTTCAAAAAT

Bisulfite PCR

BSPR2MESTCPG

AATACCAAAATCTAAAAATCCCAATT

Bisulfite PCR

BSPR3Mest

CAAAAAAAATACCRAAATATACT

Bisulfite PCR

BSPR6

GAGGGGGTGTTATTTTTGTT

Bisulfite PCR

CMYCfhex

PCR/DMS
PAGE, DMS

CMYCrfam

/5HEX/CTAGAGCTAGAGTGCTCGGCT
/56-FAM/AAAAAAAAATGGGGAGGGTGGGG
AGGGTGGGGAAGGAA
/56-FAM/CGGAGATTAGCGAGAGAGGA

CTFMest

GTTTTTGCCCGTGGCCTTAACGC

SNP specific PCR

Duf1220PF1

CTGTTGCCTCCAGGTGTTA

PCR

Duf1220PF1tag

acagcctgaccgtggagaagCTGTTGCCTCCAGGTGTTA

Stop Assay

Duf1220PR1

AGCTTAATGTGTCTGTCCATG

PCR

Duf1220PR1tag

acagcctgaccgtggagaagAGCTTAATGTGTCTGTCCATG

Stop Assay

G4MEST1

GGGCTTGTGGGCAGCCTGTGGGGTTTGTGG

For G4 physical analyses

G4MEST1A

Mutated G4 control

G4MEST2

GAACTTGTGAACAGCCTGTGGAATTTGTGA
GGGCTTGTGGGCAGCCTGTGGGGTTTGTGGGCGGCCT
GTGGAGTTTGTGGG
GGGCTTGTGGGCAGCCTGTGGGGTTTGTGGGCGGCCT
GTGGAGTTTGTGGG
GGGAGCAGCGGGGTCTTGGGGAGGGGG

G4MEST2A

GAGAGCAGCGAAGTCTTGAAGAGAAAG

Mutated G4 control

G4MEST2M**

GGGAGCAGCGGGGTCTTGGGGAGGGGG

CD

G4MEST2RC

CCCCCTCCCCAAGACCCCGCTGCTCCCTCGTTAA

DMS

G4MEST2RC

CCCCCTCCCCAAGACCCCGCTGCTCCCTCGTTAA

CMYCG4FAM

G4MEST1L
G4MEST1LM**

PCR/DMS

For G4 physical analyses
CD
CD, PAGE

G4MEST3

GGGCGGGCTAGGGGCGGGGCGCGGGTGGG

For G4 physical analyses

G4MEST3A

GAGCGAGCTAGAAGCGAAGCGCGAGTGAG
AGAGCCCACCCGCGCCCCGCCCCTAGCCCGCCCATCGC
CGCAGAACCCCTA
GGGCGGGCTAGGGGCGGGGCGCGGGTGGG

Mutated G4 control

G4MEST3LRC
G4MEST3M**
G4MEST3Trip

DMS
CD

GTF_MEST

AGAGCCCACCCGCGCCCCG
/56-FAM/TTAACGAGGGAGCAGCGGGGTCT
TGGGGAGGGGG
/56-FAM/TAGGGGTTCTGCGGCGATGGG
CGGGCTAGGGGCGGGGCGCGGGTGGGCTCT
TTTGTGGGCGGCCTGTGTG

KrasPF1

CGGCCCCCTCCTTCTCC

PCR

KrasPF1tag

acagcctgaccgtggagaagCGGCCCCCTCCTTCTCC

Stop Assay

KrasPR1

CCGCGCTCGATTCTTCTT

PCR

KrasPR1tag

acagcctgaccgtggagaagCCGCGCTCGATTCTTCTT

Stop Assay

LINE1G4

GGGGACTGTGATGGGGTCGGGGGAGGGGGG

CD

Mest CON3

GGGCGGGCTAGGGGCGGGGCGCGGGTGGG

CD, nPAGE

Mest F1 APTtag
MEST3FbindsPr3
c

Stop Assay

MESTF1HEX

acagcctgaccgtggagaagCGTGGCTCGCCACCTCTCAC
ATGGGCGGGCTAGGGGCGGGGCGCGGGTGGGCTCTAA
AAGTCGGTGGGCACCTCCTCTGCGGCA
GGG CTT GTG GGC AGC CTG TGG GGT TTG TGG GCG
GCC TGT GGG GTT TGT GGG
GGG CTT GTG GGC AGC CTG TGG GGT TTG TGG
GC/iMe-dC/G GCC TGT GGG GTT TGT GGG
CCCACAAACCCCACAGGCCGCCCACAAACCCCACAGGC
TGCCCACAAGCCCC
HEX/CGTGGCTCGCCACCTCTCAC

MestF1unMeth

GAACGAGGGATGGGAGCAGG

PCR

MestF3Meth

CCCTGCTGCCCCTTAGTTCGAGC

PCR

MESTPF1

CGTGGCTCGCCACCTCTCAC

PCR primer

MESTPF1A*

CGTGGCTCGCCACCTCTCACGGTTCAGTACCCAC

Mismatch primer

MestPF2

CCCTCGTGGCTCGCCACCTCTCAC

PCR

MestPF2

ACTCAGGGGTCTGCTGTTT

Stop Assay

MestPF2tag

acagcctgaccgtggagaagACTCAGGGGTCTGCTGTTT

Stop Assay

MESTPF3

CCCAGAGCCCTGCTGCCCCTTAG

PCR primer

mestPF4tag

acagcctgaccgtggagaagCCCATCTTTGTGGCCATG

Stop Assay

MESTPF5

GCGGCGAGCAAGGGAGCAGG

MESTPF5

GCGGCGAGCAAGGGAGCAGG

MESTPF5HEX

/5HEX/GCGGCGAGCAAGGGAGCAGG

mestPF5tag

acagcctgaccgtggagaagGGCGAGCAAGGGAGCA

Stop Assay

MestPR1Btag

acagcctgaccgtggagaagTAAGGCCACGGGCAAAA

Stop Assay

MestPR2

ATGGCCACAAAGATGG

Stop Assay

MESTPR2

CGTTAACCGCCAACCCTGAG

PCR primer

MestPR2tag

acagcctgaccgtggagaagATGGCCACAAAGATGG

Stop Assay

MESTPR3

AGTGGGCACCGACTTTTAGAG

PCR primer

MESTPR3C

TGCCGCAGAGGAGGTGCC

PCR primer

MESTPR3CFAM

/56-FAM/TGCCGCAGAGGAGGTGCC

DMS/Stops Assay

G4MESTFAM2
G4MESTFAM3L

MESTCON1L
MESTCON1LMET
H
MESTCON1RC

PAGE, DMS, CD
DMS
SNP specific PCR

Stop Assay
CD, nPAGE
CD, nPAGE
CD, nPAGE
DMS/Stops Assay

PCR primer

MESTPR4

CGTTAACCGCCAACCCTGAG

PCR primer

MESTPR4AFAM

/56-FAM/CACCGCCATGGCCACAAAGAT

DMS/Stops Assay

MESTPR4FAM

/56-FAM/CGTTAACCGCCAACCCTGAG

DMS/Stops Assay

MESTPR6

CGCCCAGAGGCAGCCCCAGCT

PCR primer

MestR3Apt1

acagcctgaccgtggagaagAGTGGGCACCGACTTTTAGAG

Stop Assay

MestR4STOPApt1

acagcctgaccgtggagaagCGTGCGCTGCGGCACTG

Stop Assay

MestR5STOPApt1

MYCPF1

acagcctgaccgtggagaagGAGGCGATCTCGGCGCAC
/5Phos/TTTTTCCTTCCCCACCCTCCCCACCCTCCCCA
TTTTTTCCTCTCTCGCTAATCTCCG
GCCCGGCTGAGTCTCCT

Stop Assay
Ligation,
template
PCR

MYCPF1

GCCCGGCTGAGTCTCCT

Stop Assay

MYCPF1tag

acagcctgaccgtggagaagGCCCGGCTGAGTCTCCT

Stop Assay

MYCPR1

CGGAGATTAGCGAGAGAGGA

PCR

MYCPR1

CGGAGATTAGCGAGAGAGGA

Stop Assay

MYCPR1tag

PF1AMEST

acagcctgaccgtggagaagCGGAGATTAGCGAGAGAGGA
/5Phos/AAAAATGGGGAGGGTGGGGAGGGTGGGGAA
GGAAAAAAGCCGAGCACTCTAGCTCTAG
CGTGGCTCGCCACCTCTCACGGATCAGTACCCAC

Stop Assay
Ligation,
Stop
Assay
template
PCR artificial haplotype A

PF1CMEST

CGTGGCTCGCCACCTCTCACGGCTCAGTACCCAC

PCR artificial haplotype C

PF1Mest

CGTGGCTCGCCACCTCTCAC

PCR

PF3

CCCAGAGCCCTGCTGCCCCTT

Bisulfite PCR

PFAClone

ACAGCTCGCTCGTCCAGAACT

PCR artificial haplotype A

pr1

TTAAGGCCACGGGCAAAAACA

PCR

PR3A

ATCGCCGCAGAACCCCTA

PCR

PR3A

ATCGCCGCAGAACCCCTA

PCR

PR3B MEST

TTGCCGCGGCAGCGCGG

PCR

PR3C MEST

TGCCGCAGAGGAGGTGCC

PCR

PR4A

CACCGCCATGGCCACAAAGAT

PCR

PR6B

ACACCCCCTCCTCAAGTAGGCAGAG

PCR

PrClone1Apt1

acagcctgaccgtggagaagCGGCCAGTTTATCTAGTCAG

Stop Assay

Pu27

TGGGGAGGGTGGGGAGGGTGGGGAAGG

DMS

T_Target_F

TTGCCCGTGGCCTTAACGT

SNP specific PCR

Tpf2

CTTAGTTCGAGCGGCCATCCTCCTGTGGGGCTT

TwistDX

Tpr2

TGCCGCAGAGGAGGTGCCGGGGTGTGCTGGTTG

TwistDX

TTF2MEST

GTTTTTGCCCGTGGCCTTAACTT

SNP specific PCR

MycFbindsR2

MycRbindsF

TTRMest
CAGAAACCCTCCCCTGACA
* Underlining indicates penultimate base mismatch.
**Underlining indicates methylated cytosine.

Stop

SNP specific PCR

Assay

Attempted genotyping of MEST alleles
B.1 Trialling different enzymes for PCR
Several different polymerase enzymes were trialled for PCR amplification, where
comparisons were made against standard PCR protocol (section 2.2.2, Materials and
Methods). The addition of 1M betaine (final concentration) to the baseline PCR was the
only additive which significantly increased the reliability and yield of amplification (data
not shown), and this was subsequently used in all PCR analysis. DMSO was trialled and
showed no significant improvement.

Table B.1 List of enzymes and PCR outcome
Enzyme
Fisher Taq-ti
Fisher Hot Fire
Elongase
Accuzyme
Kapa 2GRobust
AmpliTaq Gold
Kapa Hi-Fi
TwistDX

Result
Baseline
Equivalent performance
Failed amplification
Failed amplification
Amplifies both alleles, trialled at a late stage of research
Inconsistent amplification
Equivalent performance
Amplification failure

B.2 Attempted Allele Specific PCR Amplification for genotyping
Allele-specific PCR was trialled on SNPs rs75098511 and rs73724326, in an attempt to
force amplification of the drop-out allele.

Allele-specific primers (IDT Pte. Ltd.,

Singapore) contained a penultimate mismatch and were used in combination with a
common primer pair (Pf1/Pr3). In total, six different primer pairs were unsuccessfully
trialled, where amplification occurred regardless of haplotype, or failed all together
(Figure B.1).

1

2

3

4

5

6

7

500 bp
300 bp

Figure B.1 Genotyping result of SNP specific PCR
Gel image of attempted genotyping by SNP specific amplification using primer combinations pf1/pr3/TtargetF2, targeting rs73724236. 500 bp band is the internal control fragment (Pf1/Pr3). 288 bp band is
generated by primers T-targetF2/Pr3. Lane 1. 100 bp DNA marker. Lane 2. ATA homozygote DNA sample
#1 Lane 3. ATA homozygote DNA sample #2 Lane 4. GCG homozygote DNA sample #3 lane 5. GCG
homozygote DNA sample #7. Lane 6. Heterozygote DNA sample #10. Lane 7. Heterozygote DNA sample
#6.

B.3 HRM analysis for genotyping PCR products
I investigated the application of PCR based SNP amplification, followed by high
resolution melt for genotyping using an Eco real-Time PCR instrument (Illumina, San
Diego, CA). Control assays were established using synthetic DNA templates of opposite
haplotypes, and appeared successful (Figure B.2). However, no definitive melt
corresponding to either haplotype was observed, when performed on genomic DNA
samples.

Figure B.2 HRM normalised fluorescent melt of artificially synthesized templates.
Artificially mixed templates of opposite haplotype were used as reference heterozygotes, approximating
zero fluorescence. Under this set up “T” homozygotes showed negative fluorescence, melting at 75.5oC and
“C” homozygotes had positive fluorescence, melting at 76oC.

B.4 Isothermic DNA amplification
A novel method of DNA amplification was investigated using the commercial
TwistAmpTM Basic Kit, developed by TwistDX. This is a non PCR based procedure which
uses recombinase polymerase amplification without heat denaturation, allowing for the
analyses of genomic DNA in its native state. This technique produced amplification
products of low yield, which were not successfully sequenced. After further unsuccessful
attempts at amplification by an independent lab member this method was not pursued.

Table B.2
Sample Name
1F1
1E1
1C3

CODE*
1031
1032
1033

Relation
Mother
Father
Offspring

Genotype
GCG homozygote
Heterozygote
Heterozygote

3C12
3D12
4E1

2031
2032
2033

Mother
Father
Offspring

GCG homozygote
Heterozygote
Heterozygote

ATA

1C4
1G10
1E10

1181
1182
1183

Mother
Father
Offspring

GCG homozygote
Heterozygote
Heterozygote

ATA

1D6
1D5
1C5

1191
1192
1193

Mother
Father
Offspring

GCG homozygote
GCG homozygote
GCG homozygote

GCG

*denotes the box number, in the first digit and sample position in the next two.

Drop-out Allele

ATA

Sequence of the MEST synthetic gBlocksTM
To experimentally differentiate between the contribution of methylation and G4 formation in
allelic drop-out, two customized gene fragments (gBlockTM) were synthesized (IDT Pte. Ltd.,
Singapore), and supplied as plasmid constructs. The “wild-type” gBlockTM plasmid contained
a product spanning 636 bp of the human MEST promoter, and encompassed all three SNPs (of
the ATA haplotype) and all three G4 forming regions (as described in Chapter 4). The
sequences for these constructs are presented below.

CGGTAGTTAAGCTTAGGGCGCATAGGGCCCTCGTGGCTCGCCACCTCTCACGGTTCAGTACCC
ACGCTTCGAACGAGGGATGGGAGCAGGCGCCACGGCCGGCACCCCAGAGCCCTGCTGCCCCTT
AGTTCGAGCGGCCATCCTCCTGTGGGGCTTGTGGGCAGCCTGTGGGGTTTGTGGGCGGCCTGT
GGAGTTTGTGGGTGGTCTAAGGAAAGAGTTGGGGCACTCAGGGGTCTGCTGTTTTTGCCCGT
GGCCTTAACTTATCAGGGGAGGGTTTCTGCAGCAGAATCTCGGGCTCAGGGTTGGCGGTTAAC
GAGGGAGCAGCGGGGTCTTGGGGAGGGGGCTCGACACCCCTGAAGGTGCCCCCTAAAGGAGCC
ACTGTTAGAGGGGCACCCCATCTTTGTGGCCATGGCGGTGGTAGAGCGGCTGGGAGGGGCTCT
GCGGCGAGCAAGGGAGCAGGCGGTAGGGGTTCTGCGGCGATGGGCGGGCTAGGGGCGGGGCG
CGGGTGGGCTCTAAAAGTCGGTGCCCACTCACTCCGCGCTGCCGCGGCAACCAGCACACCCCG
GCACCTCCTCTGCGGCAGCTGCGCCTCGCAAGCGCAGTGCCGCAGCGCACGCCGGAGTGGCTG
TAGCTGCC
Sequence of the MEST wildtype synthetic gBlocksTM templates (IDT Pte. Ltd., Singapore)

CGGTAGTTAAGCTTAGGGCGCATAGGGCCCTCGTGGCTCGCCACCTCTCACGGTTCAGTACCC
ACGCTTCGAACGAGGGATGGGAGCAGGCGCCACGGCCGGCACCCCAGAGCCCTGCTGCCCCTT
AGTTCGAGCGGCCATCCTCCTGTGTTTCTTGTTGTCAGCCTGTGTTGTTTGTGTGCGTCCTGT
TGATTTTGTGTGTGGTCTAAGGAAAGAGTTGGGGCACTCAGGGGTCTGCTGTTTTTGCCCGTG
GCCTTAACTTATCAGGGGAGGGTTTCTGCAGCAGAATCTCGGGCTCAGGGTTGGCGGTTAACG
ATTGAGCAGCGTTTTCTTTTTGAGTTGTCTCGACACCCCTGAAGGTGCCCCCTAAAGGAGCCA
CTGTTAGAGGGGCACCCCATCTTTGTGGCCATGGCGGTGGTAGAGCGGCTGGGAGGGGCTCTG
CGGCGAGCAAGGGAGCAGGCGGTAGGGGTTCTGCGGCGATTTGCGTGCTATGTGCGTGTCGCG
TGTTTTCTCTAAAAGTCGGTGCCCACTCACTCCGCGCTGCCGCGGCAACCAGCACACCCCGGCA
CCTCCTCTGCGGCAGCTGCGCCTCGCAAGCGCAGTGCCGCAGCGCACGCCGGAGTGGCTGTAG
CTGCC
Sequence of the MEST mutant synthetic gBlocksTM templates (IDT Pte. Ltd., Singapore

G4 potential of in “non-MEST” Genes
Over the course of this research G4 potential in a diverse subset of human genes was
investigated. The following Appendix characterises important findings, not directly relevant
to research presented on the analysis of the human MEST promoter region. These finding may
have relevance to future research and complement assays performed on MEST.

Preliminary analysis of the prevalence of G4 sequence in imprinted genes of
the human genome.
The interaction of G4 with 5-methylcytosine to cause ADO may be limited to the human
MEST promoter region, or it may be of more widespread occurrence throughout the genome.
To investigate the co-location of methylation within G4 motifs, QGRS mapper was used to
interrogate the G4 potential in the majority of all known, imprinted human genes. The DNA
sequences of 92 imprinted human genes drawn from the Catalogue of Parent of Origin
Effects (http://igc.otago.ac.nz/1101Summary-table.pdf), were individually assessed for
the presence of candidate G4 sequences.

The coding strand of each gene was screened for G4 potential using a strict search
criterion (G-stretch: >3nt , linker: < 8nt and total length: < 30 nt. Only motifs with a Gscore potential of 70 or greater were considered statistically significant, returning
predictions of G4 with three tetrads, of equal to or greater G-score than G4MEST1-3. To
reduce over-representation of G4 motifs the total number of non-overlapping G4 was
recorded, along with the number which contained one or more internal CpG, and
whether G4 resided within an intron or exon. Exonic and intronic boundaries were
classified by NCBI annotations within the database (Geer et al. 2009).

Exonic and intronic boundaries were classified by annotations within the NCBI database,
and this allowed for the analysis of each G4 with relation to an RNA transcript (Geer et
al. 2009). Analysis was only performed on the coding strand, which severely
underestimates the true potential for G4 formation, however, allows for investigation of
sequences likely to form in the RNA.

Within the 92 genes investigated, there were 831 predicted G4 motifs across 77 genes
(84%). A total of 61 genes (66%) accounted for 41% of the total G4 predictions where
cytosine methylation may reside within a G4 motif. 93% of all G4 motifs resided within
an intron (data not shown), which is consistent with previous bioinformatic analysis
(Huppert and Balasubramanian 2005).

Preliminary analysis of the prevalence of G4 sequences in Line-1
Retrotransposons
Transposable elements are mobile gene families, scattered across the genome and
comprise around 15% of eukaryotic genomic DNA (Finnegan 1992). Epigenetic
mechanisms have evolved to reduce the spread of transposable elements where
expression is repressed by methylation (Yoder et al. 1997). G4s within transposable
elements (LINE-1 elements and long terminal repeat (LTR)) have been previously
documented (Abad and Villasante 1999, Capra et al. 2010, Lexa et al. 2014), where
functional roles have been implicated but not yet demonstrated.

All Human Full-length, intact LINE-1 elements (flI-L1) (Ens38.36) were downloaded
from L1Base (Penzkofer et al. 2005) and each file manually analysed for G4 potential
using QGRS mapper. Five variations of a single G4 motif were identified across the

majority of files analysed, residing within the 3’ UTR (Table D.1). Generally only a single
G4 was observed per sample and in most instances, variation was confined to the linkers
and not the G-tracts.

This conserved nature of polymorphisms within the G4 motif has not been reported.
Potential may exist for interesting research into the selective maintenance of this G4
motif in the 3’ UTR of line elements, with potential for a functional role in vivo. Over the
past decade there has been a rapid increase in the interest of G4 formation in the 5’ UTR
of mRNAs as a more general mechanism to regulate mRNA translation (Bugaut and
Balasubramanian 2012). Like MEST, human LINE-1 elements are heavily methylated
and the potential influence of methylation within G4 motifs may be of interest as novel
mechanism of gene regulation.

Length G4 forming motif
21

G-Score

AGGAACTGTTGTGGGTGGGGGGAGGGGGGAGGG 72

30

GGGGACTGTGGTGGGGTCGGGGGAGGGGGG

103

30

GGGGACTGTGGTGGGGTCCGGGGAGGGGGG

103

30

GGGGACGGTGGTGGGGTCAGGGGAGGGGGG

103

30

GGGGACTGTCGTGGGGTCGGGGGAGGGGGG

103

Table D.1 Pairwise alignment of predominant G4 motifs from 100 full-length,
human LINE-1 elements.
Underlined bases indicate guanine residues available for potential Hoogsteen bonding in G4 formation
and bold nucleotides indicate the presence of a single base polymorphism.

Preliminary analysis of the prevalence of G4 sequences in DUF1220
The NBPF14 - neuroblastoma breakpoint family, member 14 gene located on the human
chromosome 1q21.1 consists of a high number of duplicated genes, characterized by
tandem repeated copies of DUF1220 protein domains. This gene family has undergone
high expansion recently within the human lineage, especially when compared to

expansion rates among general primates. Gene copy number variations have been
implicated in numerous developmental and neurogenetic diseases including cognitive
dysfunction, including microcephaly, macrocephaly, autism, schizophrenia and mental
retardation. I interrogated the potential for G4 formation within this gene using QGRS
mapper, upon request from an overseas collaborator.

In total, three potential G4 were identified on the transcribed strand and two on the
non- transcribed strand (Table D.2). In addition to these, the transcribed strand
contained a gene sequence of 68 nucleotides in length which had potential for G4
formation at the DUF1220 protein domain (Figure D.1). It was unclear from
computational analysis if this PG4 was likely to exist as two smaller G4 or one larger
motif consisting of a single G4 structure (Table D.3).

The NBPF14 gene contains several potential G4 forming motifs; of particular interest is
one G-rich domain which resides within the DUF1220 protein coding domain. Potential
exists for this G4 to regulate translation through a CAP independent mechanism by
providing internal ribosomal binding. This may enable each DUF1220 triplet repeat to
be individually expressed at the level of the mRNA.

FOPE performed on the DUF1220 protein coding domain is presented in appendix L.
Table D.2Putative G4 forming regions on the transcribed strand of the NBPF14
gene.
Position Length G4 forming motif*

G-Score

110

28

GGGGACCCCATGGGGGCAGGCAGGGGGG

64

174

36

GGGAGACGTAAGAGCTAAGCTGGGCCAGGGGAAGGG 57

6413

14

GGGTGGGGGGAGGG

71

*Underlined bases indicate guanine residues available for potential Hoogsteen bonding in G4 formation.
G-score indicates the relative of the predicted G4 motif as determined by QGRS. Position indicates the
number of basepairs from the 5’ end of the transcribed strand.

GTTATGTGTGTAGGGGAATCAGCTTAATGTGTCTGTCCATGTCTGAATTTATTGCAGAAATT
GAAAAGAAGGGGAAGGGGAAGAAAAGAAGGGGAAGAAGATCAAAGAAGGAAAGAAGAAGGG
GAAGAAAAGAAGGGGAAGAAGATCAAAACCCACCATGCCCCAGGTGACTTTCAGCAATTGTG
GATGCTTAATTCTGTGTTAACACCTGGAGGCAACAGATTCAGGGAAACCAGAGT
Figure D.1Extract of NBPF14 gene.
Putative G4 forming region (grey shading) of the DUF1220 domain. Underlined bases indicate guanine
residues available for potential Hoogsteen bonding in G4 formation. Light grey indicates the maximum
size constraint for a G4 motif enforced by QGRS software, dark grey indicates a smaller alternative G4
structure predicted to form.

Length G4 Forming motif*

G-Score

20

26

GGAAGGGGAAGAAAAGAAGG

45
GGAAGAAGATCAAAGAAGGAAAGAAGAAGGGGAAGAAAAGAAGGG 32
Table D.3 Putative G4 forming regions on the DUF1220 protein coding domain
G4 motif predictions on the transcribed strand of the NBPF14 gene. Underlined bases indicate guanine
residues available for potential Hoogsteen bonding in G4 formation. G-score indicates the relative of the
predicted G4 motif as determined by QGRS.

Full length Sanger sequences
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Figure E.1 Synthetic MEST template mixing experiments (full sequence)
Analysis performed using mutated vs. wild-type templates, full Sanger sequence from results presented in figure 4.5 and figure 4.6 Chapter 4. The G4 forming region
(G4MEST1L) is indicated as a grey bar above sequence traces. Wild-type MEST sequence is illustrated at bottom of figure. SNP rs75098511 is underlined. (A). Methylated
wild-type vs. unmethylated mutant; (B). Methylated mutant vs. unmethylated wild-type; (C). Methylated wild-type vs. methylated mutant; (D). Unmethylated wild-type vs.
unmethylated mutant.(C) wild-type templates for which the “T” allele was methylated, and the “A” allele was unmethylated, showing apparent “A” homozygosity; (D)
mutant (non-G4 forming) templates for which the “T” allele was methylated, and the “A” allele was unmethylated, showing apparent heterozygosity (W). (E) wild-type
templates for which the “T” allele was methylated, and the “A” allele was unmethylated, showing apparent “A” homozygosity; (F) mutant (non-G4 forming) templates for
which the “T” allele was methylated, and the “A” allele was unmethylated,

Variability observed during nPAGE analysis in NaCl
nPAGE was used to test the electrophoretic mobility of G4MEST1,2,3,2M and 3M, under
different ionic conditions. In NaCl, G4MEST2 displayed comparable migration rates to the
mutant oligonucleotide, G4MEST2A (Figure 5.1). However, significant variability in
migration was observed during two of the four repeat runs. Comparison of Figure 5.3
(Chapter 5) and Figure F.1 demonstrates the range in electrophoretic mobility of G4MEST2
(lane 5). Figure F.1 demonstrates the formation of two distinct oligonucleotides bands which
are not present in Figure 5.3, Chapter 5. This corresponds to a decrease in the mobility of the
dominant band, which migrates at the equivalent rate of the mutant oligonucleotides in lane 3.
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Figure F.1 variability in migration of G4MEST2 during of nPAGE G4 forming
oligonucleotides in NaCl.
Gel and buffers contain 100 mM NaCl, visualisation performed using UV shadowing. Lane 1: Oligo-dT size
marker is not visible; an approximate marker has been added for reference only. Lane 2: G4MEST1A
(mutant). Lane 3: G4MEST1 (wild type). Lane 4: G4MEST2A (mutant). Lane 5: G4MEST2 (wild type). Lane
6: G4MEST3A (mutant). Lane 7: G4MEST3 (wild type). Lane 8: G4MEST2M (methylated). Lane 9:
G4MEST3M (methylated).

Structure formation of G4MEST2 during a typical PCR
cycle in NaPi
To investigate if G4 structure was maintained throughout a mock PCR cycle, CD spectra were
gathered at the relevant conditions. This was performed in both PCR buffer (Chapter 5) and
NaPi (Figure G.1)

25oC
95oC
55oC
72oC

Figure G.1 Additional CD spectroscopy performed on G4MEST2 in NaPi Buffer.
Molar ellipticity (x105 deg.cm2.dmol-1) is on the vertical axes and wavelength (nm) on the horizontal axis.

Influence of heat denaturation conditions on GQuadruplex conformation
Standard protocol for DMS footprinting involves heat denaturing oligonucleotides for
between five and ten minutes at 95oC, followed by controlled cooling, which allows for G4
annealing over a long time period. To test if annealing time influenced G4 conformation or
formation slow and rapid cooling was compared. Band 1 displayed a high level of
cleavage at G-tracts 2 and 3, with a low level of cleavage at G1-G15 (Figure H.1).
Variation in the levels of cleavage at G1-G15 were large (Figure H.1 and Figure 6.21,
Chapter 6), however cleavage was consistently observed at G-tracts 4-7.
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Figure H.1 Alternative analysis from interrogation of structural formation in
G4MESTFAM3L under different annealing conditions
Example of variation in the level of guanine cleavage of G1-G15 for Band 1 of the fast annealed treatment.
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Figure H.2 Example of dsFADFA negative control for G4MESTFAM3L (template 2)

DMS G4MESTFAM3L annealed with non-fluorescent reverse complementary sequence. Templates were
annealed in LiCl and nPAGE purified before heat denaturation and annealing in MPW. Annealed
oligonucleotides were repurified and G4 potential assessed using DMS treatment. Cleavage at guanine
residues shows no G4 pattern of protection.

Repetition of FADFA performed on G4MEST3FAM
Each FADFA experiment presented in Chapter 6 was repeated a large number of times.
Examples of the results obtained from alternative experiments are presented in Figure
I.1.
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Figure I.1 Repetition of ssFADFA performed on G4MESTFAM3L
Blue bars represent DMS cleavage at guanine residues on FAM labelled G4MESTFAM3L oligonucleotide. Nucleotide sequence is on the X-axis and fluorescence intensity is
on the y-axis. A. Negative control in MPW. B. DMS footprint for G3MESTFAM3L in NaPi + 100 mM KCl. C. Negative control in MPW. D. DMS footprint for G3MESTFAM3L in
PCR buffer without MgCl2.

I.1 The Influence of MgCl2 on G4 topology
Previous analysis using ssFADFA (Chapter 6) and CD spectroscopy (Chapter 5)
indicated that MgCl2 had diverse influences on G4 formation and topology. To
investigate if the increased MgCl2 concentration induced topological change in
G4MESTFAM3L, ssFADFA was performed in 10 mM MgCl2 (PCR buffer).

To detect the formation of intermolecular G4, a double stranded 78 bp marker was
generated

by

annealing

G4MESTFAM3L

with

the

reverse

complementary

oligonucleotide (G4MEST3LRC), in the absence of KCl (Lane 1, Figure I.2) nPAGE of
G4MESTFAM3L in PCR buffer, containing 10 mM MgCl2 showed two distinctly migrating
bands (bands A and B, Figure I.3 ) which were separately extracted, and examined for
the formation of secondary structure. Band A migrated more slowly than the double
stranded DNA marker, which indicates more than two strands were likely to be
involved in the structural formation. This was confirmed using ssFADFA which
demonstrated complete cleavage protection, indicative of intermolecular G4 (Figure I.4,
upper part of graph). Band B had a footprint characteristic of the previously observed
structure B. This indicates that increased MgCl2 concentrations do not induce structural
change, but do appear to favour the formation of intermolecular G4 structure.

1

78 bp

2

A
B

Figure I.3 nPAGE of G4MESTFAM3L heat denatured in PCR buffer containing 10
mM MgCl
lane 1. 78 bp DNA size marker. The marker was generated by annealing forward G4MESTFAM3L with
reverse complementary sequence in the absence of KCl. Lane 2. G4MESTFAM3L annealed in PCR buffer
containing 10 mM MgCl; two bands are visible (A and B).

Figure I.4 Analysis of G4MESTFAM3L from Figure I.3

ssFADFA performed on G4MESTFAM3L annealed in 10 mM KCl and PCR Buffer. Top. Band A. Bottom.
Band B.

I.2 Hypothesized nucleotide alignment of the triplex structure
formed in band 2, Figure 6.3
The formation of H-DNA by G4MESTFAM3L and G4MESTtriplex was investigated using
nPAGE. The pattern of band migration observed appeared to be unlikely to have resulted
through the formation of H-DNA. Figure I.5 presents a schematic representation of the
hypothesised strand alignment present in Figure 6.31. The nucleotides are believed to be
bound through triplex bonds, involving a total of three DNA molecules.
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5’TAGGGGTTCTGCGGCGATGGGCGGGCTAGGGGCGGGGCGCGGGTGGGCT 3’
3’CCCCGCGCCCACCCGA 5’
3’GGGTGGGCGCGGGGCGGGGATCGGGCGGGTAG//CTTGGGGAT5’
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Figure I.5 Nucleotide alignment of potential Hoogsteen structure
Potential alignment of nucleotides in structure extracted from band 2, Figure 6.31.

Structural investigation of H-DNA using FADFA
The following investigation builds on the results from Chapter 6, by using FADFA to
differentiate triplex and G4 DNA structure in the MEST promoter region. Native PAGE
performed in NaCl demonstrated unusual oligonucleotide migration, indicating
potential formation of triplex bonds (Chapter 5). I investigated if the complementary
strand contributed towards structural formation, by interacting with G4MESTFAM3L, to
form a three stranded structure (H-DNA). The formation of H-DNA would result in the
single stranded region (G-tracts 1- 3) of G4MESTFAM3L Hoogsteen binding with a short
double stranded region (G-tracts 4-7) around an internal position of symmetry. The
formation of H-DNA during PCR would result in a hairpin like structure where the single
stranded template has looped around the nascent strand, contributing to PCR failure by
trapping the polymerase in a dead-end junction (Chapter 6).

Evidence strongly suggested G4 formation to be the predominant form of secondary
structure present in G4MESTFAM3L, as the pattern of DMS cleavage was characteristic
of G4. Discerning G4 formation from triplex formation can be difficult, especially using
PAGE and CD spectroscopy. Due to the lack of published data detailing the use of DMS
for triplex analysis, my results were provisional. I used the following knowledge of
triplex bonds (Figure J.1) to form a hypothetical DMS footprint of H-DNA. An absence of
guanine cleavage was anticipated when the N7 of guanine contributed towards a
Hoogsteen bond and not a Watson-Crick basepair. It was anticipated that this could
result through G:G, G:C+ and G:A Hoogsteen bonds.
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YR*Y

Figure J.1 Potential DNA triplex bonds between dNTPS.
Nucleotide base shown on top left of each triplex forms Hoogsteen hydrogen bonds with the central base.
Base shown on the right of each triad forms Watson-crick bonds with the central base. Triplexes are
grouped according to whether bonds are formed between two pyrimidines and a central purine (YR*Y) or
one pyrimidine and one purine (YR*R) with a central purine (Y is a pyrimidine, R is a purine, * is a
Hoogsteen basepair). Arrows to the right indicate the 5’ to 3’ orientation of the DNA backbone, where
solid arrows represent purine bases, dashed arrows pyrimidine bases, solid lines Watson-crick hydrogen
bonds, dashed lines Hoogsteen bond. Figure recreated from (Frank-Kamenetskii and Mirkin 1995).

Due to the purine base sequence symmetry of G4MESTFAM3L, ambiguity surrounds the
potential position of the loop (Table J.1, Figure J.2 and Figure J.3). Formation of these
structures would result in a unique pattern of guanine protection during FADFA.

Table J.1 Sequence of G4MESTFAM3L showing mirror symmetry
Motif sequence*
5’TAGGGGTTCTGCGGCGATGGGCGGGCTAGG//GGCGGGGCGCGGGTGGGCTCT3’
5’TAGGGGTTCTGCGGCGATGGGCGGGCTAGGGG/C/GGGGCGCGGGTGGGCTCT3’
* Two potential Hoogsteen hairpins could form in this region. Top. Structure X. Bottom Structure Y. The
central line of symmetry denoted by forward slashes.

5’ TAGGGGTTCTGCGGCGATGGGCGGGCTAGG
3’TCGGGTGGGCGCGGGGCGG
Figure J.2 Hypothesized formation of structure X in G4MEST3FL
Diagram shows alignment of Hoogsteen base pairs (solid vertical lines) and Watson Crick-basepairs
(broken lines). Blanks spaces indicate the absence of bond formation. Grey shading indicates guanine
nucleotides susceptible to modification by DMS.

5’ TAGGGGTTCTGCGGCGATGGGCGGGCTAGGGG
C
3’TCGGGTGGGCGCGGGG
Figure J.3 Schematic representation of structure Y.
Solid vertical lines represent Hoogsteen basepairs between aligned guanines, which would result in
guanine protection. Solid vertical lines represent Hoogsteen bonds. Grey shading indicates guanine
nucleotides susceptible to modification by DMS.

The formation of structure X could occur through Hoogsteen bonds between guanines
connected by solid lines, combined with Watson-Crick basepairs (broken lines), with a
three basepair mismatch (Figure J.2). DMS treatment of this structure would result in
cleavage protection at guanines connected by solid lines (Figure J.4). FADFA analysis of
G4MESTFAM3L did not return a cleavage pattern, representative of structure X,
matching Figure J.4. The formation of this structure was not investigated further.
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Figure J.4 Hypothetical Pattern of DMS cleavage representing structure X
DMS cleaves guanines not involved in Hoogsteen bonds. The resulting pattern of cleavage occurs at every
unbound or Watson-Crick basepaired guanine.

The formation of structure Y, includes ten Hoogsteen bonds, and was predicted by nonB DNA motif search tools (Cer et al. 2012). Two possible scenarios exist where this
structure could occur; as intramolecular hairpin or an intercalated dimer between two
monomers. In both instances, the same pattern of guanine nucleotides are involved, and
formation would only be discerned using nPAGE. FADFA analysis performed on this

structure would result in a pattern of guanine protection at G-tracts 2, 3, 4, 5, 6 and 7,
with G-tract 1, G11, G13, G14 and G16 exposed to DMS. This pattern of protection was
not observed during analysis. This reinforces that G4 formation is the predominant
structural topology to be adopted by G4MESTFAM3L.

Future experimental application of FADFA for G4 interrogation
Differential chemical treatment could discern Watson-Crick basepairing of G:C and A:T
from any potential Hoogsteen interactions. DMS can be used to detect the absence of
Watson-Crick bonds, as it also methylates adenine at the N1 position, and cytidine at the
N3 position. Adenine strand cleavage can be induced after incubation with .5 M HCl on
ice for 1.5 H and cytosine through treatment with sodium borohydride (Maxam and
Gilbert 1980) or treatment with hydrazine for 30 minutes at room temperature,
followed by re-suspension in .3 M sodium acetate. Possible future analysis could utilize
these chemical modifications to test for triplex formation of the single stranded portion
of the template DNA. Bromoacetaldehyde (BAA) reacts with the N1 and N2 of guanine,
the N3 and N4 of cytosine and the N1 and N6 of adenine. This could be utilized to probe
non B-DNA structure achieved by incubating samples at 37oC (50 mM BAA) for one hour
followed by the addition of formic acid to 36% for 40 seconds at 18oC, precipitation and
re-suspension in piperidine (Howell et al. 1996).

By combining fluorescent polymerase extension with dsFADFA, the formation of H-DNA
during PCR could be directly observed. This would involve extension of a single
fluorescent template with a second fluorescent primer and immediate treatment of the
polymerase arrested product (Figure J.5). These techniques are easily adapted to
investigate non G4 formation, including triplex/H-DNA structure and have further

relevance to RNA structure, protein/ transcription binding factors and in vivo G4
mapping (Appendix L).
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Figure J.5 Schematic representation of steps involved in detecting H-DNA.
A. dsDNA template has been generated using PCR where one primer contains a fluorescent label (blue). B.
This fluorescent template is used for FOPE (fluorescent oligonucleotide primer extension) using a
separate fluorescent primer (green), Taq polymerase (yellow) extends from this primer (dotted arrow)
along the differentially labelled template (blue). C Hypothesized structure of H-DNA which has
terminated the elongation of Taq polymerase (yellow). Dots represent Hoogsteen bonds between
differentially labelled strands (blue and green) crosses indicate areas where bases are not involved in
Hoogsteen or Watson-crick base pairs. This structure is then treated with DMS to visualise guanines
involved in Hoogsteen bonds.

FANFA performed on the full length MEST promoter
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Figure K.1 Replication of dsFANFA performed on overlapping templates of the full
MEST promoter amplicon.
Basepairs are represented on the horizontal axis and fluorescence on the vertical axis. Results are the
average of three repeats on three unique templates which collectively span the entire region. Peaks
represent regions of single strand digestion on the forward HEX labelled (green) strand and the FAM
labelled (blue) reverse strand. Peaks arising from full length, non-digested templates were deleted to
avoid confusion with cleavage positions.

snFOPE performed on the full length MEST promoter
Polymerase arrest during extension of the full length MEST template (500 bp), encompassing
G4MEST1, 2 and 3 was investigated. This experiment produced replicable positions of
polymerase arrest at 426 bp and 460 bp (Figure K.1). In this example, the two peaks of arrest
which correspond to G4MEST3 (460 bp) are reduced in height, and fluorescence originating
from non-extended primer (480-490 bp) has not been removed.
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Figure L.1 snFOPE analysis of full MEST template
A 500 bp template, encompassing all three MEST G4 motifs was synthesized using primer Pf1/PR3tag.
Extension was initiated from the FAM-labelled reverse primer, copying the G-rich (G4 containing)
template. Extension occurred at an annealing temperature of 63oC for 2 PCR cycles. The vertical blue lines
denote positions of Taq arrest and the blue arrow represents direction of primer extension. The x-axis
represent amplicon size in nt, y-axis represents fluorescence, which is relative to DNA concentration.

L.1 FOPE performed on DUF1220 G4 forming motif
In an attempt to resolve the combination of G-tracts involved in the formation of G4 at
the DUF1220 (section D.1.3), snFOPE was performed on this domain. Polymerase arrest
corresponded to the loop region between G-tracts 2 and 3, which did not aid in
resolving the structural formation (Figure L.1).
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3’ GGGGAAGAAAAGAAGGGGAAGAAGAAAGGAAGAAACTAGAAGAAGGGGAAGAAAAGAAGGGGAAGGGGG 5’

Figure L.2FOPE performed on genomic DNA, encompassing the motif of Duf1220
A 221bp region of the Duf1220 locus A. FAM extension was initiated from the forward primer amplifying
the C-rich strand B. FAM extension initiated from the reverse primer amplifying the G-rich strand.

Methods for In vivo DMS footprinting
To investigate the ability of G4 motifs to form within the genome of living cells I
performed in vivo DMS footprinting with fluorescent primers. This technique was
performed on DH5a E. coli transformed cells, containing the MEST wild-type gBlockTM.
This technique was adapted for fluorescent footprinting from the protocols published
by (Brewer et al. 1990) and (Lefevre et al. 2005). It was found that piperidine cleavage
was not necessary for the termination of Taq polymerase, as reported by (Brewer et al.
1990), so this step was omitted.

Approximately 4ml of 2YT was inoculated with a single colony of MEST wild-type E. coli
clones and grown in a shaking incubator overnight at 37oC. Cells were centrifuged at
5000 g for 10 minutes and resuspended in 396 µl of phosphate buffered saline (PBS).
DMS was added to a final concentration of 2% and incubated at room temperature for
1.5 hours. Cells were pelleted by centrifugation for 10 min at 5000 g and washed once
with PBS. Cells were then suspended in lysis buffer (100mM Tris-HCl, pH 8.0, 40 mM
EDTA, 2% SDS and 200 µg/ml proteinase K) and incubated for 15 min at 50oC. DNA was
extracted using phenol:chloroform separation, including a chloroform wash, prior to
isopropanol precipitation (Section 2.2).

DNA was then re-suspended in 20 µl 1 x TE and fluorescent primer extension
performed using deferentially labelled forward and reverse primers, according to
earlier FOPE protocol. DNA was then concentrated and visualised using the same
protocol. Where this technique was performed on extracted, genomic DNA, 3 µg of

genomic DNA was suspended in 1 x TE, DMS added to 2% and incubated at room
temperature for 1 hour.

Modelling allelic failure using PCR (repetition)
FOPE was modified and applied to the investigation of ADO during PCR (Chapter 7, section
7.3.5.1). Repetition of this assay demonstrated variability in the quantity of full length
products at each cycle and the amplification lag between methylated and non-methylated
templates. This correlated to the amount of input DNA, and the methylation content of
template DNA. The methylation content of template DNA was assessed using enzymatic
restriction, where a low level of methylation was observed to correlate with a reduction in the
number of lag cycles.

Enzymatic digestion of the DNA template used for experiments presented in Figure N.1,
indicated a high rate of methylation (data not shown). This corresponded to a lack of visible
full length amplicons produced from the methylated template. The non-methylated template
produced a lower yield of full length amplicons, compared to Figure 7.22, Chapter 7. At
cycle 35, assessment of a parallel sample indicated that the final yield was approximately 10
ng/ul after size exclusion centrifugation and was sufficient for visualisation using gel
electrophoresis (data not shown). The extent of variability in the yield of full length
amplicons was not expected, however, likely results from inefficient PCR across a difficult
region and may explain the frequent amplification failures observed during genotyping of
MEST.
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Figure N.1 FOPE cycle analyses (repeat)
Non- methylated (top) and methylated (bottom) synthetic DNA templates. Primers used are PF1HEX and
PR3cFAM A. Cycle 2 B.Cycle 4C. Cycle6 D.Cycle 8 E. Cylce 12 F. Cycle 35
In this experiment sample F, for the non-methylated sample was easily visualised using gel
electrophoresis and Sanger sequencing, which was not possible for the methylated sample.

Discussion of optimisation required for the DMS and
FOPE protocols
Optimal visualisation is achieved by titrations of DNA concentration with DMS
concentration and incubation length, both of which are altered by the template length
and guanine content. For the correct interpretation of results, the full length template
must be visualised during capillary electrophoresis. This allows for calibration of the
base calling, as the template is of known size. If the full length template has not been
accurately determined by the software, the size accuracy of additional peaks is
uncertain. When samples are over-incubated in DMS, long length products are underrepresented, which could be interpreted as protection of guanine at the 3’ end of the
oligonucleotide. Optimal visualisation requires homogenous cleavage across the
template; however, this is difficult to obtain with longer templates.

I found analyses can be accurately performed down to 10 nucleotides and subsequently
aimed to have a 15 bp buffer between the fluorescent marker and the first peak of
interest. This was not always possible as overall oligonucleotide length was limited to
60 nt, as set by the manufacturer (IDT, Singapore). This was not a known advantage at
the time of synthesis for G4MESTFAM3L, and appropriate linkers for the analysis of Gtract 1 were not included.

Although the methods presented here have been subjected to substantial investigation,
optimisation will be required when applied to different DNA substrates. This occurs as

each unique template differs in size and guanine content. There were three main
components to the optimisation of these techniques:

(1) Determination of sample concentration and salts. This is dependent on the size of
the DNA substrate to be treated and the number of potential cut positions. A dilution
series of products generated from each method was run on the Genetic Analyser in
order to determine the optimal amount of input sample. The software cannot accurately
determine peak size from overloaded samples, and the result is akin to smears on a gel.
When a high DNA concentration is used, fluorescence saturates the DNA analyser,
preventing accurate visualisation of the internal size standard and resulting in an offscale error. This is of particular importance when samples contain multiple fluorescent
markers per capillary. For example, when FAM was particularly concentrated,
fluorescence was also detected in the HEX channel and the software would report this
as a (false) peak. This was detected through concentration trials and confirmed by
running each of the fluorescent markers individually (data not shown). Large amounts
of non-fluorescent DNA may potentially overload the Genetic Analyser, causing
interference with migration. This is a likely problem when using salmon sperm in DNA
precipitation; however this problem was not encountered.

(2) Determination of suitable electrophoresis conditions. The use of a centrifugal
evaporator for concentrating the sample is crucial to the successful application of these
techniques, as it ensures small sized fragments are not lost during ethanol
precipitations. Samples concentrated using a centrifugal evaporator, contain high salt
concentrations, which are loaded onto the Genetic Analyser. Subsequently, to prevent
G4 structure interfering with migration, it is crucial to ensure samples were denatured

in highly deionized (HIDI) formamide, prior to capillary electrophoresis. To minimise
the total salt content of the analysed sample, experiments were performed in low
volumes.

(3) If samples contain multiple fluorescent markers, there is a need to ensure the
markers don’t overlap as a result of similar size or cause false pull-up peaks. The
expected size range of fragments produced from each primer should be separated as
much as possible to reduce this possibility.

G-Quadruplex Structures and CpG Methylation Cause
Drop-Out of the Maternal Allele in Polymerase Chain
Reaction Amplification of the Imprinted MEST Gene
Promoter

The results presented in Chapters 3 to 5 of this thesis formed the basis for a publication
(Stevens et al. 2014), which is presented on the following page.
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